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Preface to ”Efficient Technology for the Pretreatment
of Biomass II”

Biomass can be used as feedstock for the production of biomaterials, chemicals, platform

molecules and biofuels. It is the most reliable alternative to reduce fossil fuel consumption and

greenhouse gas emissions. Within the framework of the circular economy, resource recovery from

organic waste, including sewage sludge, biowaste, manure and slaughterhouse waste, is particularly

useful, as it helps save resources while reducing environmental pollution. In contrast to energy crops,

lignocellulosic biomass and algae do not compete for food production; therefore, they represent

an important source of biomass for bioenergy and bioproducts. However, biomass may require a

pretreatment step in order to enhance its conversion into valuable products in terms of process yield

and/or productivity. Furthermore, a pretreatment step may be mandatory for waste management

(i.e., animal by-products).

Pretreatment technologies are applied upstream of various conversion processes of biomass

into biofuels or biomaterials, including bioethanol, biohydrogen, biomethane, biomolecules or

bioproducts. Pretreatments may include mechanical, thermal, chemical and biological techniques,

which represent a crucial, cost-intensive step for the development of biorefineries. Thus, research

is needed to help identify the most effective, economic, and environmentally friendly pretreatment

options for each feedstock.

This Special Issue aims to gather recent developments of biomass pretreatments for bioproduct

and biofuel production.

Ivet Ferrer, Cigdem Eskicioglu, Georgia Antonopoulou, Audrey Battimelli

Editors
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Abstract: Different methods were tested to evaluate the performance of a pretreatment before
anaerobic digestion. Besides conventional biochemical parameters, such as the biochemical methane
potential (BMP), the methane production rate, or the extent of solubilization of organic compounds,
methods for physical characterization were also developed in the present work. Criteria, such as
the particle size distribution, the water retention capacity, and the rheological properties, were thus
measured. These methods were tested on samples taken in two full-scale digesters operating with
cattle manure as a substrate and using hammer mills. The comparison of samples taken before and
after the pretreatment unit showed no significant improvement in the methane potential. However,
the methane production rate increased by 15% and 26% for the two hammer mills, respectively. A
relevant improvement of the rheological properties was also observed. This feature is likely correlated
with the average reduction in particle size during the pretreatment operation, but these results needs
confirmation in a wider range of systems.

Keywords: anaerobic digestion; mechanical pretreatments; agricultural wastes; rheology; physical
properties

1. Introduction

In the field of anaerobic digestion, a vast number of reviews have been published in the last
twenty years about substrate conditioning and pretreatments of organic biowaste [1–3], or more
specifically, on different products such as municipal wastewater sludge [4], municipal organic solid
wastes [5–8], lignocellulosic biomass [9–12], and agricultural wastes [13]. Even with an extensive and
diverse research literature about different substrates, pretreatments, and the biomass recovery sector,
research on mechanical pretreatments is still, to our knowledge, limited [14]. However, mechanical
pretreatments are the most commonly used devices at full-scale [15,16]. Many functions and objectives
are attributed to mechanical (physical) pretreatments. One of the most important objectives is to
upgrade the digester feeding conditions in order to avoid floating layers [1] and reduce the size of
materials and, consequently, to improve mixing, heat, and mass transfer [17]. Biomass pretreatment
also extends to the types of feedstocks usable in anaerobic digestion The reduction in particle size
leads to an increment in the accessible surface area and may increase methane production, either by
increasing the methane yield or by increasing the methane production rate [18]. Nevertheless, physical
pretreatments require considerable energy, ranging from 1 to 50 kWh per ton of fresh matter [3,18,19].

Different techniques are cited in the bibliography in order to perform substrate comminution,
grinding or milling. Instruments, such as ball mills, knife mills, vibratory mills, hammer mills, and
extruders, are used. Kratky and Jirout [3] concluded that the adequate device will mainly depend
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on the moisture content of the substrate. Knife and hammer mills were cited as the most suitable
techniques for dry matter comminution, while extruders are more suitable for wet matter. In addition,
they point out that particle size reduction will depend on the feeding system and the equipment
operation (e.g., rotational rate). However, studies on mechanical devices are principally focused on
energy requirements [3,20], and generally their functions and integral performance description are
not explained. Thus, the performances of industrial mechanical pretreatments are mostly found in
commercial booklets. In this context, knife mills are supposed to comminute and shear the biomass.
Hammer mills break up the matter through a crippling effect which is a more advanced treatment.
On the other hand, discs mills fragment and compress the biomass; string mills pull fibers of biomass
reducing their size and cylindric mills dilacerate and decompact the biomass. There are also grinding
pumps, pulpers, presses, and extruders, and their main functions are to reduce particle size and
improve the fluidity. However, some mechanical pretreatments have been evaluated at full-scale such as
cross-flow grinders [14,21], ball mills [22], and knife mills [23]. In these studies, the recurrent parameters
investigated were the methane production yield (BMP) and the methane production rate, before and
after pretreatment. Some authors also evaluated the potential release of inhibiting compounds during
pretreatments through BMP tests and continuous experiments [14,15,24–26]. Tsapekos et al. [27]
proposed physicochemical analysis, such as electrical conductivity tests, soluble chemical oxygen
demand tests, and enzymatic hydrolysis on lignocellulosic biomass, as part of a pretreatment evaluation
in order to find a correlation with the methane yield. Other methods, such as the measurement of
the accessible surface area and of the water retention capacity, were suggested to evaluate the
accessibility as an indicator of pretreatment efficiency [28]. The results obtained were interesting
but not conclusive. By their side, Cai et al. [29] summarized some physicochemical characterization
methods on lignocellulosic biomass such as particle size, grindability, density, flowability, and moisture
adsorption, among others. Those analytical methods were pointed out as relevant for the process
performance. Indeed, evaluation methods of a pretreatment must be in accordance with its main
objectives. In summary, kinetics, biochemical, and solubilization parameters are the most common
indicators to evaluate the pretreatment performance. However, physical parameters evaluations are
also important, and their evaluation could be innovative to assess the benefits of the process in terms
of energy consumption (lower mixing) and maintenance cost.

Parameters, such as size particle distribution, water retention capacity (WRC) and fluidity, are
modified by a physical pretreatment. Water retention capacity is defined as the permanently bound
amount of water attached to substrate when an external suction force is applied [30]. It is related with
some properties of the substrate’s nature, such as porosity, and it can be an indicator of accessibility
improvement [31]. In addition, water availability is important to make a substrate more flowable [32].
A substrate’s rheological properties play an important role in reactor mixing; among other parameters,
homogeneity, mixing energy, and heat and mass transfer depend on these properties [33,34]. Many
studies have demonstrated that rheological properties are related to a substrate’s physico-chemical
properties, total solids (TS) content, particle size, and temperature [35]. Further research on the
influence of mechanical pretreatments at the industrial scale on the rheological behavior of untreated
and treated substrates with high TS and long-sized fiber contents is important in order to evaluate their
performance. Mönch-Tegeder et al. [36] reported that smaller particles resulted in an improvement
of the flow behavior. Indeed, energy efficiency in anaerobic digestion from unit operations is deeply
associated to flow rheology characteristics. The pattern and the specific features, such as agitators and
pumps, depend on raw and digested manure’s rheological behavior [37]. As an example, mixing in the
reactor is an important energy factor to be considered, because it avoids significant gradients in the
concentration of nutrients, inhibitor substances formation, suspended biomass and solids, temperature
or pH. Besides, it limits the sedimentation of heavy solids, the formation of floating foams and scum as
well as promotes the transfer of biogas [36–38].

In short, contrary to chemical, thermal or enzymatic pretreatments, mechanical pretreatments
before anaerobic digestion have received very little attention by the research community. Despite this,
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it is clear that mechanical treatments affect the biochemical properties, soluble fractions, particle size,
and rheological behavior of a given substrate.

The main novelty of the present work is the proposal of a comprehensive method to evaluate
mechanical pretreatments at full-scale. In addition to biochemical parameters, physical parameters,
such as size reduction, rheological properties, and water retention capacity, were evaluated. This
method was tested on two anaerobic digesters using two different hammer mills as pretreatments.

2. Results and Discussion

2.1. Characterization of Incoming Products

Incoming products of both sites were relatively similar (Table 1). The TS (%TW) was 19.6% and
23.9% for sites I and II, respectively. For versus VS (%TS), a higher amount was found for Site I
in relation to Site II. The pH values were similar for both sites and were typical of these kinds of
substrates [14,24]. The COD and TKN concentrations were similar for Sites I and II as well. The
ammonia nitrogen concentration was found to be higher in Site I, but the difference for this parameter
is not uncommon [39].

Table 1. Physical and biochemical characteristics of untreated and pretreated samples.

Site I Site II

Parameter Unit SI-US1 SI-PS 2 SII-US 3 SII-PS 4

TS %(TW *) 19.6 ± 1.0 18.8 ± 0.5 23.9 ± 1.1 25.8 ± 0.4
VS % (TS) 88.4 ± 0.9 87.1 ± 0.1 83.0 ± 3.4 75.6 ± 2
pH - 8.23 8.04 8.28 8.27

COD mg/g VSRS ** 1305 1317 1215 1219
TKN mg/g VSRS ** 27.0 25.7 21.0 23.5

NH4-N mg/g VSRS ** 6.2 3.9 1.7 1.5
VFA mg/gVSRS ** 1.7 24.7 4.3 2.7
BMP mL/gVSRS ** 275 ± 7 269 ± 10 199 ± 15 224 ± 7

k j−1 0.066 ± 0.005 0.077 ± 0.004 0.055 ± 0.004 0.070 ± 0.004
1 SI-US: untreated samples; 2 SI-PS: pretreated samples; 3 SII-US: untreated samples; 4 SII-PS: pretreated samples.
* TW: total weight; ** RS: raw sample.

2.2. Effect of Mechanical Pretreatments on Biochemical Characteristics

An example of the methane production is shown in Figure 1. The methane production followed a
first-order kinetics for all samples. The biochemical methane potential of raw cattle manure was much
higher in Site I than in Site II (275 and 199 NL/gVS, respectively). This indicates that the manure of
Site II is probably stored longer before use (which is confirmed by the elevated amount of ammonia
nitrogen). However, the single factor ANOVA test found no significant differences between the BMP
values of untreated and pretreated samples for both sites. This shows that mechanical pretreatments
had no significant impact on the intrinsic biodegradability of the substrates. Divergent results can be
found in the literature. Indeed, previous works made at full-scale found an enhancement of methane
production by 10% with horse manure as a substrate [21]. Likewise, an enhancement of 26% on
methane production was also reported with a cross-flow grinder pretreatment for horse manure [14].
Other available data reports an enhancement between 15% and 45% using different mechanical devices
with manure fibers as substrate at laboratory-scale [15]. Dahunsi [40] found an average improvement of
22% of the BMP on different types of lignocellulosic substrates. Overall, the substrate biodegradability
with mechanical pretreatments application depends on different factors such as the substrate nature
and mechanical devices and their specificities.
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Figure 1. Methane production versus time for the biochemical methane potential (BMP) tests performed
on Site II, after pretreatments (triplicate tests). The fitted curves represent the fitted first-order
kinetic model.

The first-order kinetic constant k measured during the BMP tests was considered an indicator of
the methane production rate. This parameter was improved by the mechanical pretreatments. Single
factor ANOVA tests found significant differences in k for the untreated and treated samples for both
sites. An improvement of 15% and 27% with the pretreatment application was found in Site I and
Site II, respectively. Published results with manure as a substrate and mechanical pretreatments at
full-scale are scarce and difficult to compare. Mönch-Tegeder et al. [21] pointed out a small effect on
degradation kinetics with a cross-flow grinder device application at full-scale. These results agreed
with Moset et al. [41], who found similar k values between excoriating and chopping grass pretreatment,
unfortunately untreated samples were not evaluated. For their part, Herrmann et al. [25] described an
enhancement of approximately 18% on the methane production rate with a chopping pretreatment of
lignocellulosic feedstocks at farm-scale. In contrast, a remarkable enhancement (approximately 43%)
was found by Dumas et al. [23] at the laboratory-scale with wheat straw mechanical pretreatment. In
short, the methane production rate not only depends on the size reduction but also on other parameters
such as the fiber structure and the chemical characteristics [42,43].

Probably, laboratory-scale devices provide higher energy levels than full-scale ones which results
in a higher extent of biomass degradation and, consequently, a higher impact on both the BMP and on
the methane production rate. For instance, a 500 W laboratory-scale blender treating 1 kg of manure in
5 min delivers around 42 kWh/t of fresh manure which is four times higher than the energy consumed
by the hammer mills (10 kWh/t). In the work by Dahunsi, the energy required for the pretreatment
comprised between 300 and 350 kWh/t (of total solids), while in our case, at real scale, the energy was
lower (10 kWh/t of fresh matter at 20% TS was 50 kWh/t of TS).

Volatile fatty acids (VFAs) content increased with pretreatment for Site I, from 1.1 to 24.7 mg/gVS
in contrast to Site II which presented almost no difference. However, this increase was less than 3% of
the initial volatile solid content. No losses of VFA were reported through warming by mechanical
pretreatments of lignocellulosic silage and manure [14,22]. An increment of VFA concentration could
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be attributed to a better VFA solubilization [22,26]. In addition, the substrate nature’s, such as the
initial proteins contents, and its fermentation may affect VFA concentration [26]. In all samples, no
soluble sugars were detected.

2.3. Effect of Mechanical Pretreatments on Physical Characteristics

2.3.1. Size Reduction

Figure 2 shows the particle size distributions of the untreated and treated samples for Site I and
Site II. For Site I, almost 50% of the total solids were composed of fibers larger than 31.5 mm. The
second largest proportion was fibers shorter than 0.25 mm (approximately 15%) followed by fibers
between 20 and 10 mm (approximately 11%); the other measured proportions (20–31.5 mm, 4–10 mm,
1–4 mm, 0.5–1 mm, 0.25–0.5 mm) were less than 10%. For Site II, the same proportions (approximately
25%) were found on samples higher than 31.5 mm, between 31.5 and 20 mm, and lower than 0.25 mm.
Fibers between 10 and 20 mm accounted for more than 12% of the total amount of solids. Thus, initial
differences may be found between the untreated Site I and Site II samples’ fiber sizes. Site I presented
a bigger fraction of larger fibers than Site II. Nevertheless, similarities were also found between the
two evaluated samples; the biggest proportion for each sample were fibers longer than 31.5 mm and
shorter than 0.25 mm.Molecules 2019, 24, x FOR PEER REVIEW 6 of 15 
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Figure 2. Particle size reduction before and after hammer milling pretreatment: (a) Site I; (b) Site II.

Size reduction behavior after mechanical pretreatment was relatively similar for both sites. Site I
sample fibers >31.5 mm were mainly reduced to 20–31.5 mm in size. Indeed, the decrease of longest
measured fibers was approximately 22%, and the amount of fibers between 20 and 31.5 mm in length
increased by approximately 35%. For Site II, the fibers >20 mm were mainly reduced to 10–20 mm
in size. Initially, fibers longer than 31.5 mm were reduced by more than 20%. Then, fibers between
20 and 31.5 mm were reduced, and the amount of fibers between 10 and 20 mm increased by 10%.
The proportion of fibers sized 4–10 mm, 1–4 mm, 0.5–1 mm, 0.25–0.5 mm, and lower than 0.25 mm
were in all the cases reduced to a smaller size. In short, the reduction in particle size was produced
mainly on longer fibers and a slight increase on the smallest particles was found with mechanical
pretreatments. Sun and Cheng [44] pointed out a reduction of lignocellulosic substrate particle size
between 10 and 30 mm with a chipping pretreatment and 0.2–2 mm with a grinding or milling operation.
Indeed, particle size reduction depends on many factors related to the mechanical device and its
operation in addition to the substrate’s properties such as humidity and initial particle size [3,10,25,45].
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Furthermore, size reduction is commonly reported as a factor explaining higher methane production
yields and methane production rates due to the increase in the accessible surface area [46,47].

2.3.2. Water Retention Capacity

The WRC results were relatively similar for Site I and Site II (Figure 3). On the one hand, the WRC
increased with the pretreatment for Site I from 5.6 ± 0.2 g water/TS to 6.7 ± 0.3 g water/TS (around
+19%). On the other hand, for Site II, no significant changes were obtained (WRC of 5.6 ± 0.3 g water/TS
to 5.2 ± 0.1 g water/TS). The ANOVA tests found significant differences for WRC values for Site I.
These results suggest that the pretreatment improved the water retention capacity as consequence of
particle size reduction [32]. In contrast, an excess of particle size reduction could lead to a decrease of
WRC. Indeed, water behavior was not changed for Site II, and it could probably be due to the fact
of its higher amount of particles smaller than 0.25 mm and contents with shorter fibers than Site I.
Dumas et al. [23] noted that water behavior does not change considerably if the particle size becomes
lower. Other authors [48,49] have suggested improvements in terms of biodegradability when the
WRC increases, because it may favor nutrients and substrate dissolution and diffusion. No relation
was found between biodegradability and WRC in our case.
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2.3.3. Rheological Properties

Yield stress and apparent viscosity decreased when mechanical pretreatments were applied at
similar TS contents of untreated and treated samples (Table 2). A reduction in the yield stress of 63%
and 18% was observed for Sites I and II, respectively. SI-US apparent viscosity in Site I could not be
measured due to the equipment limitations. In Site II, a reduction of 85% of the apparent viscosity
was recorded with the pretreatment. The difference among the results of each site can be explained by
the fact that the rheological properties are also linked to particle size distribution [50]. Particle sizes >

31.5 mm (Figure 2) were approximately 20% higher at Site I than Site II before pretreatment. The yield
stress values were three times higher for Site I than Site II at similar TS. According to Tian et al. [38],
the required energy for appropriate mixing of the digester may be reduced by 9.2% with a particle size
reduction from 20 to 80 mesh (with corn stover as a substrate). In addition, the mixing energy is (in
first approximation) directly proportional to the apparent viscosity of the digester content [51]. Thus, it
was found that higher contents of long particle size increased the yield stress and viscosity values,
and mechanical device application had a positive impact on rheological properties. A similar trend
was reported with tests made with agricultural wastes as a substrate by different authors [14,38,44].
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In addition, flow and viscosity behavior did not necessarily correspond at similar biomass TS values
according to published data [33,35].

Table 2. Rheological properties for untreated and treated samples.

Site I Site II

Parameter Unit Untreated * Pretreated * Untreated ** Pretreated **

τy Pa 755.3 ± 18.4 281.0± 4.2 250.7 ± 6.6 ** 205.0 ± 16.1
ηapp Pa.s ND *** 28.6 ± 3.9 38.7 ± 2.1 5.8 ± 0.2

* TS = 12%; ** TS = 11%; *** ND = non-determined.

As mentioned previously, the reduction in the yield stress and viscosity values could mean an
important reduction of energy consumption in terms of pumping and mixing at full-scale sites [36,52].
Moreover, the relationship between high solids concentration and different particle sizes should be
investigated more in detail for a better comprehension of rheological properties, biodegradability,
hydrophilicity, and mechanical pretreatments influence.

3. Materials and Methods

3.1. Biomass Sampling and Handling

Two full-scale plants with mechanical pretreatment operations were selected for this study. In
both units, cattle manure was the main feedstock.

Site I: The mechanical pretreatment was a mobile hammer mill. Samples were collected before
and after the hammer mill device and just before the anaerobic digestion tank. Untreated and treated
samples were stored at 4 ◦C and analyzed within a few days. At this site, a mesophilic digester
is operated. Mechanical pretreatment is used to improve the feeding system and to avoid digester
difficulties such as clogging.

Site II: A fixed (in-line) hammer mill was evaluated. Samples were collected before and after the
mechanical pretreatment operation. This site operates with a mesophilic digester and produces heat
and electricity from biogas. This mechanical operation is mainly used to reduce the fiber size. At each
site, 50 kg of untreated and 50 kg of treated manure was sampled. The samples were transported and
stored in a 4 ◦C cold chamber and processed less than 48 h after storage for further analysis.

3.2. Biochemical Characterization

The biochemical characterization of the samples followed the procedure suggested by Teixeira
Franco et al. [53]. A fractionation of the sample was made through a leaching test with water. The
leaching test was performed with 10:1 water/dry matter proportion over 2 h under a constant bottle
rotation. Subsequently, the sample was centrifuged (20 min at 5000× g). The liquid fraction was
filtrated (1.2 µm), while the particulate fraction was dried at 70 ◦C and ground to 1 mm length. The
measurements carried out on the biomass samples are described below.

Analyses on the raw (untreated) sample: parameters as total solids (TS); volatile solids (VS); and
biochemical methane potential (BMP) test assays were carried out. The samples were dried at 105 ◦C
with a drying oven in order to measure TS; afterwards, samples were burned at 550 ◦C then versus
were calculated.

Analyses on the liquid fraction: liquid fraction was used to measure pH, dissolved chemical
organic demand (COD); ammonia nitrogen (NH3-N); total Kjeldahl nitrogen (TKN); volatile fatty acids
(VFAs); BMP; TS; and VS. The pH was measured with a consort C3020 device with SP10B. Lactic
and formic acids were analyzed with a high-performance liquid chromatography (LC Module 1 plus,
Waters) equipped with a Supelcogel™ C-610 H column (300 mm × 7.8 mm, Sigma–Aldrich), with
both refractive index (RID) and UV detectors and operating with H3PO4 0.1%v/v as solvent (flow rate
of 0.5 mL/min). Acetic, propionic, butyric, valeric, and caproic acids contents were analyzed by gas
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chromatography (Shimadzu Corp.) with an HP-FFAP fused silica capillary column (30 m × 0.25 mm,
Agilent Technologies), a flame ionization detector, and H2 as the carrier gas. The sum of lactic, formic,
acetic, propionic, butyric, valeric, and caproic acids was considered as the total VFA. The TKN and
NH3-N were determined according to the NF EN 25,663 standard procedures.

Analyses on the particulate fraction: Parameters, such as TKN, COD, total solids (TS) and volatile
solids (VS) were determined.

The BMP tests were performed according the guidelines given by Holliger et al. [54]. Batch assays
were prepared in 1 L glass bottles in a 35 ◦C temperate room. The inoculum used was a digested sludge
from a wastewater treatment plant (La Feyssine, Lyon, France). The total versus content was 20 g/L
(sample + inoculum), and the substrate to inoculum ratio was 0.5 on VS basis. A mineral solution was
added (as recommended by the ISO 117734:1995 standard). The mineral solution contained essential
elements in order to give optimal conditions to the microbial growth and act as a buffer solution. Then
glass bottles were purged with 80/20%v/v N2/CO2 and finally incubated. Control assays without
substrate were performed as well in order assess the background methane production from inoculum.
The gas production was followed by manometric measurements (Digitron precision manometer). The
biogas was vented when the pressure went above 1200 hPa. The biogas composition was analyzed
with an Agilent 300 micro gas chromatography with a thermal conductivity detector (GC-TCD). Argon
and helium were used as carrier gases and Molsieve 5 A (14 m length; pore size: 5 Å) and PoraPlot
(10 m length; 0.320 mm ID) columns as stationary phases. Each sample was tested in triplicate.

The background methane production (from inoculum) was retrieved, and the methane volume
produced was normalized and expressed in ml standard conditions for temperature and pressure (0 ◦C,
1 atm) per gram of volatile solid. From the methane production, a first-order model was fitted to the
data in order to get further information from the experiments:

VCH4(t) = BMPmax
(
1− e−kt

)
(1)

- the final (or ultimate) maximal biochemical methane potential, BMPmax;
- the first-order kinetic parameter k that can be compared prior and after the mechanical pretreatment
as an indicator of methane production rate improvement.

3.3. Physical Characterization

3.3.1. Size Reduction Evaluation

Particle size distribution was measured to evaluate the effects of the mechanical devices on particle
size. Different procedures are proposed in the literature. Herrman et al. [25] used a quantification of
ensiled feedstock by image analyses with 10 to 20 g of sample. Samples were weighted, scanned, and
evaluated with an image analyzer software. In contrast, Mönch-Tegeder et al. [21] performed a wet
sieving for horse manure and ensiled feedstocks at a determined size and then evaluated them with an
image analyzer software. Lindner et al. [22] also used a wet sieving with a vibrating sieve shaker in
order to verify the size reduction of digestate composed of cattle manure and silage. Samples were
soaked in distilled water, and then samples were sieved (10 min), weighted, and dried. On the other
hand, Tsapekos et al. [27] used a visual method to analyze ensiled meadow grass particle distribution.
Indeed, these procedures depend on the substrate conditions and research aim for evaluating different
particle sizes. Sieving is often used to measure particle size distribution due to the fact of their ample
range. Nevertheless, some caution must be taken to prevent from clogging, which would result lower
amounts of small particles [55].

The procedure carried out in this work was also a wet sieving method with a vibrating sieve shaker
(Retsch AS 200 basic) with water recirculation. The sieve openings were 0.25 mm, 0.5 mm, 1.0 mm,
4.0 mm, 10.0 mm, 20.0 mm, and 31.5 mm. First, 50–80 g of samples was weighted, disaggregated, and
carefully introduced into the upmost sieve (31.5 mm). The amount of sample was chosen in order to
prevent any clogging of the sieves. Then, samples were sieved with 1 L of recirculated demineralized
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water for 15 min. A flow of 938 mL/min until a 40 amplitude vibration was performed. Water was
retrieved, and it was reinjected for 5 min of sieving. All fractions were recovered with aluminum paper
(weighted previously) and dried over 24 h at 105 ◦C. The size distributions were calculated in %TS,
and their proportion corresponded to the total dried weight. For each sample, this operation was done
in triplicate.

3.3.2. Rheological Properties

According to different authors, fermenting agricultural biomasses has been shown to have a
rheofluidifying behavior characteristic of non-Newtonian fluids [33,35–37,56] where viscosity decreases
non-linearly under a shear stress. Conventional methods for measuring rheological properties are
mostly performed with rotational or tubular rheometers in order to build a rheogram and, consequently,
to identify the behavior fluid model [56]. These measurements relate shear stress in Pascal (Pa) and
shear rate (s−1) depending on the force applied to the fluid [52]. In addition, other characteristics
may influence the rheological properties as the temperature, the TS content, the particle size, and the
presence of dispersed gas bubbles [36]. Indeed, rotary and tubular devices are not adapted for long
and heterogeneous straw fibers present in cattle manure. Their size and capacity to measure only
small and homogeneous quantities of sample are not representative at full-scale. By consequence,
these measurements with heterogeneous substrate are difficult to investigate. Thus, information about
measurement methods of rheological properties on heterogeneous samples with important fiber sizes
at the industrial scale is still limited [42,44].

A few studies in this field were found in the literature, one of them by Mönch-Tegeder et al. [36],
who developed an in-line process viscometer at full-scale in order to determine the rheological
properties of untreated and pretreated mixed substrates with grass silage, maize silage, and solid
and liquid manure. The viscosity increased with the fibrous material, and the substrate’s mechanical
disintegration positively influenced the rheological properties; however, an important effect of higher
TS was pointed out.

Moreover, Ruys [50] proposed a dedicated rheometer of dimensions larger than commercial ones
and adapted to heterogeneous substrates before anaerobic digestion at industrial scale. However,
this kind of prototype is not commercially available; moreover, it is complex to operate at industrial
scale. In this context, Garcia-Bernet et al. [48] developed a fast method to measure the yield stress for
anaerobically digested solid waste with a slump test. It involves a cylindrical shape PVC chamber
with a 10 cm diameter and 18 cm height; this chamber is filled with the sample, then it is quickly lifted
vertically to allow the medium to collapse, and the difference between the initial and final heights is
termed the “slump”.

We tested two devices commonly used for fresh concrete characterization. These devices are
able to measure the yield stress [57] and the apparent viscosity [58] using a slump test and a V funnel
test, respectively. Yield stress value represents the minimum stress to cause the fluid flow, and its
measurement is essential for understanding flow properties [57]. Apparent viscosity represents a
fluid’s property to resist forces causing it to flow; thus, a flow’s velocity is controlled by these internal
resistances of the fluid [52]. These internal variations become a key factor during the application of a
force on the fluid for its correct handling and management [59].

The slump and V funnel tests were carried out according to the PR NF EN 12350-2 and PR NF
EN 12350-9 standards used for fresh concrete, respectively, and the TS content of the samples was
standardized to 11%–12% approximately. The experiments were performed at 20 °C. The slump test
was carried out with an Abram cone, and the results were evaluated with a cylindrical analytical
model as Pashias et al. [57] suggested, where the slump height is related to yield stress. Dimensionless
height can be expressed by Equation (1), where dimensionless slump height is defined as s′ = s/H,
dimensionless yield stress is defined by τ′y = τy/ρgH, and H is the cone’s height, H = 30 cm.

s′ = 1− 2τ′y
[
1− Ln

(
τ′y

)]
(2)
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Apparent viscosity ηapp was calculated with Equations (3)–(5) described by Mokéddem [58], where
dP is the difference in pressure between the V funnel input and output, tVF is the flow time through
the V funnel in seconds (s), VVF is the V funnel volume (10 L), and LVF, O, za, and zb are the V funnel
dimensions as shown in Figure 4.

dPmean =
dPmax

2
(3)

dPmax = ρg(zb − za) (4)

ηapp =
dPmeantVFO4

24LVFVVF
(5)
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3.3.3. Water Retention Capacity (WRC)

There are various methods to measure the water retention capacity of a given sample; and most
of them have been used in the food industry [30,60,61] and for lignocellulosic biomass [23,32]. A
centrifugation of samples with distilled water was applied in most of the cases. Sanchez et al. [32]
assembled a vacuum system with a Buchner funnel, filter paper, and a Kitasato flask. Regarding the
evaluated substrate, a procedure considering a higher mass amount was privileged. Similarly, we
used a column with a filter cloth system and a vacuum pump inserted into an Erlenmeyer flask, and
250–500 g of raw sample and distilled water were inserted into the column. Water was carefully added
in order to have total contact with the sample at ambient temperature for 2 h. Water was pulled out via
gravity by opening the tap and under slight vacuum for 120 s. The measurement was calculated as
suggested by Raghavendra et al. [61]; the water quantity was retained over the TS substrate. Analyses
were performed in triplicate for all samples.

4. Conclusions

The present work developed a comprehensive methodology to investigate the effect of mechanical
pretreatments in the context of agricultural waste anaerobic digestion including biochemical and
physical characteristics. Conventional methods included solid/liquid separation, BMP measurement,
and solubilization characteristics. Physical methods included particle size distribution, water retention
capacity, and rheological characteristics. Our methodology was tested on sites with two different
hammer mills.

The results showed no improvement in the methane yield (BMP) before and after the pretreatments.
However, the methane production rate increased significantly (+15% and +27% for Sites I and II,
respectively). These results were quite in line with the increase in water retention capacity, indicating
that the organic matter was somewhat more easily accessible to hydrolysis.
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Rheological properties were assessed by rapid tests (the Abram cone and the V funnel) that can be
easily used on site. Pretreatments improved both the yield stress (−18% and −63% for Sites I and II,
respectively) and the apparent viscosity (−85% for Site II). The average particle size reduction played
a significant role in these improvements. Since rheological parameters are directly linked with the
energy required for digester mixing, these tests are very promising tools for further evaluation of
pretreatments at full scale.

Author Contributions: H.C.F. contributed to the experimental part and to the writing of the manuscript. D.A.R.
contributed to the development and to the implementation of the rheological methods. R.T.F. has developed the
experimental procedure for the biochemical characterization and contributed to the analysis of the results. P.B.
contributed to the design of the experiment and to the final writing of the manuscript. R.B. is the project leader, he
contributed to the design of the experiments, to the experimental investigations, and to the final writing of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the French National Environmental Agency (ADEME) as part of the PAM
program (Pretreatment before Anaerobic Digestion), grant number 1706C0013. This work was performed within
the framework of the EUR H2O’Lyon (ANR-17-EURE-0018) of Université de Lyon (UdL), within the program
“Investissements d’Avenir” operated by the French National Research Agency (ANR). Helen Coarita Fernandez
held a doctoral fellowship from Ministerio de Educacion del Estado Plurinacional de Bolivia.

Acknowledgments: The authors wish to thank Nathalie Dumont and David Lebouil for their help on the analytical
tests and Hervé Perier-Camby for their contribution to the rheological tests.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Carrere, H.; Antonopoulou, G.; Affes, R.; Passos, F.; Battimelli, A.; Lyberatos, G.; Ferrer, I. Review of feedstock
pretreatment strategies for improved anaerobic digestion: From lab-scale research to full-scale application.
Bioresour. Technol. 2016, 199, 386–397. [CrossRef] [PubMed]

2. Patinvoh, R.J.; Osadolor, O.A.; Chandolias, K.; Sárvári Horváth, I.; Taherzadeh, M.J. Innovative pretreatment
strategies for biogas production. Bioresour. Technol. 2017, 224, 13–24. [CrossRef] [PubMed]

3. Kratky, L.; Jirout, T. Biomass Size Reduction Machines for Enhancing Biogas Production. Chem. Eng. Technol.
2011, 34, 391–399. [CrossRef]

4. Carrère, H.; Dumas, C.; Battimelli, A.; Batstone, D.J.; Delgenès, J.P.; Steyer, J.P.; Ferrer, I. Pretreatment methods
to improve sludge anaerobic degradability: A review. J. Hazard. Mater. 2010, 183, 1–15. [CrossRef]

5. Ma, J.; Duong, T.H.; Smits, M.; Verstraete, W.; Carballa, M. Enhanced biomethanation of kitchen waste by
different pre-treatments. Bioresour. Technol. 2011, 102, 592–599. [CrossRef]

6. Ariunbaatar, J.; Panico, A.; Esposito, G.; Pirozzi, F.; Lens, P.N.L. Pretreatment methods to enhance anaerobic
digestion of organic solid waste. Appl. Energy 2014, 123, 143–156. [CrossRef]

7. Kondusamy, D.; Kalamdhad, A.S. Pre-treatment and anaerobic digestion of food waste for high rate methane
production—A review. J. Environ. Chem. Eng. 2014, 2, 1821–1830. [CrossRef]

8. Zhang, C.; Su, H.; Baeyens, J.; Tan, T. Reviewing the anaerobic digestion of food waste for biogas production.
Renew. Sustain. Energy Rev. 2014, 38, 383–392. [CrossRef]

9. Mosier, N. Features of promising technologies for pretreatment of lignocellulosic biomass. Bioresour. Technol.
2005, 96, 673–686. [CrossRef]

10. Taherzadeh, M.; Karimi, K. Pretreatment of Lignocellulosic Wastes to Improve Ethanol and Biogas Production:
A Review. Int. J. Mol. Sci. 2008, 9, 1621–1651. [CrossRef]

11. Barakat, A.; de Vries, H.; Rouau, X. Dry fractionation process as an important step in current and future
lignocellulose biorefineries: A review. Bioresour. Technol. 2013, 134, 362–373. [CrossRef]

12. Shrestha, S.; Fonoll, X.; Khanal, S.K.; Raskin, L. Biological strategies for enhanced hydrolysis of lignocellulosic
biomass during anaerobic digestion: Current status and future perspectives. Bioresour. Technol. 2017, 245,
1245–1257. [CrossRef]

13. Paudel, S.R.; Banjara, S.P.; Choi, O.K.; Park, K.Y.; Kim, Y.M.; Lee, J.W. Pretreatment of agricultural biomass
for anaerobic digestion: Current state and challenges. Bioresour. Technol. 2017, 245, 1194–1205. [CrossRef]
[PubMed]

11



Molecules 2020, 25, 860

14. Mönch-Tegeder, M.; Lemmer, A.; Oechsner, H. Enhancement of methane production with horse manure
supplement and pretreatment in a full-scale biogas process. Energy 2014, 73, 523–530. [CrossRef]

15. Tsapekos, P.; Kougias, P.G.; Frison, A.; Raga, R.; Angelidaki, I. Improving methane production from digested
manure biofibers by mechanical and thermal alkaline pretreatment. Bioresour. Technol. 2016, 216, 545–552.
[CrossRef] [PubMed]

16. Lindmark, J.; Leksell, N.; Schnürer, A.; Thorin, E. Effects of mechanical pre-treatment on the biogas yield
from ley crop silage. Appl. Energy 2012, 97, 498–502. [CrossRef]

17. Neshat, S.A.; Mohammadi, M.; Najafpour, G.D.; Lahijani, P. Anaerobic co-digestion of animal manures and
lignocellulosic residues as a potent approach for sustainable biogas production. Renew. Sustain. Energy Rev.
2017, 79, 308–322. [CrossRef]

18. Zheng, Y.; Zhao, J.; Xu, F.; Li, Y. Pretreatment of lignocellulosic biomass for enhanced biogas production.
Prog. Energy Combust. Sci. 2014, 42, 35–53. [CrossRef]

19. Hendriks, A.T.W.M.; Zeeman, G. Pretreatments to enhance the digestibility of lignocellulosic biomass.
Bioresour. Technol. 2009, 100, 10–18. [CrossRef]

20. Schell, D.J.; Harwood, C. Milling of lignocellulosic biomass: Results of pilot-scale testing. Appl. Biochem.
Biotechnol. 1994, 45–46, 159–168. [CrossRef]

21. Mönch-Tegeder, M.; Lemmer, A.; Jungbluth, T.; Oechsner, H. Effects of full-scale substrate pretreatment with
a cross-flow grinder on biogas production. Agric. Eng. Int. CIGR J. 2014, 16, 138–147.

22. Lindner, J.; Zielonka, S.; Oechsner, H.; Lemmer, A. Effects of mechanical treatment of digestate after anaerobic
digestion on the degree of degradation. Bioresour. Technol. 2015, 178, 194–200. [CrossRef] [PubMed]

23. Dumas, C.; Silva Ghizzi Damasceno, G.; Barakat, A.; Carrère, H.; Steyer, J.-P.; Rouau, X. Effects of grinding
processes on anaerobic digestion of wheat straw. Ind. Crops Prod. 2015, 74, 450–456. [CrossRef]

24. Kalamaras, S.D.; Kotsopoulos, T.A. Anaerobic co-digestion of cattle manure and alternative crops for the
substitution of maize in South Europe. Bioresour. Technol. 2014, 172, 68–75. [CrossRef] [PubMed]

25. Herrmann, C.; Heiermann, M.; Idler, C.; Prochnow, A. Particle Size Reduction during Harvesting of Crop
Feedstock for Biogas Production I: Effects on Ensiling Process and Methane Yields. BioEnergy Res. 2012, 5,
926–936. [CrossRef]

26. De la Rubia, M.A.; Fernández-Cegrí, V.; Raposo, F.; Borja, R. Influence of particle size and chemical
composition on the performance and kinetics of anaerobic digestion process of sunflower oil cake in batch
mode. Biochem. Eng. J. 2011, 58–59, 162–167. [CrossRef]

27. Tsapekos, P.; Kougias, P.G.; Angelidaki, I. Biogas production from ensiled meadow grass; effect of mechanical
pretreatments and rapid determination of substrate biodegradability via physicochemical methods. Bioresour.
Technol. 2015, 182, 329–335. [CrossRef]

28. Karimi, K.; Taherzadeh, M.J. A critical review on analysis in pretreatment of lignocelluloses: Degree of
polymerization, adsorption/desorption, and accessibility. Bioresour. Technol. 2016, 203, 348–356. [CrossRef]

29. Cai, J.; He, Y.; Yu, X.; Banks, S.W.; Yang, Y.; Zhang, X.; Yu, Y.; Liu, R.; Bridgwater, A.V. Review of
physicochemical properties and analytical characterization of lignocellulosic biomass. Renew. Sustain. Energy
Rev. 2017, 76, 309–322. [CrossRef]

30. Raghavendra, S.N.; Ramachandra Swamy, S.R.; Rastogi, N.K.; Raghavarao, K.S.M.S.; Kumar, S.;
Tharanathan, R.N. Grinding characteristics and hydration properties of coconut residue: A source of
dietary fiber. J. Food Eng. 2006, 72, 281–286. [CrossRef]

31. Williams, D.L.; Hodge, D.B. Impacts of delignification and hot water pretreatment on the water induced cell
wall swelling behavior of grasses and its relation to cellulolytic enzyme hydrolysis and binding. Cellulose
2014, 21, 221–235. [CrossRef]

32. Sanchez, A.; Hernández-Sánchez, P.; Puente, R. Hydration of lignocellulosic biomass. Modelling and
experimental validation. Ind. Crops Prod. 2019, 131, 70–77. [CrossRef]

33. Daniel, J. O’Neil: Rheology and Mass/Heat Transfer Aspects of Anaerobic Reactor Design. Biomass 1985, 8,
205–216. [CrossRef]

34. Miryahyaei, S.; Olinga, K.; Abdul Muthalib, F.A.; Das, T.; Ab Aziz, M.S.; Othman, M.; Baudez, J.C.;
Batstone, D.; Eshtiaghi, N. Impact of rheological properties of substrate on anaerobic digestion and digestate
dewaterability: New insights through rheological and physico-chemical interaction. Water Res. 2019, 150,
56–67. [CrossRef] [PubMed]

35. Björn, A.; Karlsson, A.; Ejlertsson, J.; Svensson, B.H. Rheological Characterization. Biogas 2012, 1, 63–76.

12



Molecules 2020, 25, 860

36. Mönch-Tegeder, M.; Lemmer, A.; Hinrichs, J.; Oechsner, H. Development of an in-line process viscometer for
the full-scale biogas process. Bioresour. Technol. 2015, 178, 278–284. [CrossRef]

37. Hreiz, R.; Adouani, N.; Fünfschilling, D.; Marchal, P.; Pons, M.-N. Rheological characterization of raw and
anaerobically digested cow slurry. Chem. Eng. Res. Des. 2017, 119, 47–57. [CrossRef]

38. Tian, L.; Shen, F.; Yuan, H.; Zou, D.; Liu, Y.; Zhu, B.; Li, X. Reducing agitation energy-consumption by
improving rheological properties of corn stover substrate in anaerobic digestion. Bioresour. Technol. 2014,
168, 86–91. [CrossRef]

39. Chen, Y.; Cheng, J.J.; Creamer, K.S. Inhibition of anaerobic digestion process: A review. Bioresour. Technol.
2008, 99, 4044–4064. [CrossRef]

40. Dahunsi, S.O. Mechanical pretreatment of lignocelluloses for enhanced biogas production: Methane yield
prediction from biomass structural components. Bioresour. Technol. 2019, 280, 18–26. [CrossRef]

41. Moset, V.; Fontaine, D.; Møller, H.B. Co-digestion of cattle manure and grass harvested with different
technologies. Effect on methane yield, digestate composition and energy balance. Energy 2017, 141, 451–460.
[CrossRef]

42. Zhang, Y.; Banks, C.J. Impact of different particle size distributions on anaerobic digestion of the organic
fraction of municipal solid waste. Waste Manag. 2013, 33, 297–307. [CrossRef] [PubMed]

43. Palmowski, L.M.; Müller, J.A. Anaerobic degradation of organic materials—Significance of the substrate
surface area. Water Sci. Technol. 2003, 47, 231–238. [CrossRef] [PubMed]

44. Sun, Y.; Cheng, J. Hydrolysis of lignocellulosic materials for ethanol production: A review. Bioresour. Technol.
2002, 83, 1–11. [CrossRef]

45. Shinners, K.J. Engineering Principles of Silage Harvesting Equipment; American Society of Agronomy Inc.:
Madison, WI, USA; Crop Science Society of America: Fitchburg, WI, USA, 2003; pp. 361–403.

46. Palmowski, L.M.; Müller, J.A. Influence of the size reduction of organic waste on their anaerobic digestion.
Water Sci. Technol. 2000, 41, 155–162. [CrossRef]

47. Kim, I.S.; Kim, D.H.; Hyun, S.-H. Effect of particle size and sodium ion concentration on anaerobic
thermophilic food waste digestion. Water Sci. Technol. 2000, 41, 67–73. [CrossRef]

48. Garcia-Bernet, D.; Loisel, D.; Guizard, G.; Buffière, P.; Steyer, J.P.; Escudié, R. Rapid measurement of the yield
stress of anaerobically-digested solid waste using slump tests. Waste Manag. 2011, 31, 631–635. [CrossRef]

49. Pommier, S.; Chenu, D.; Quintard, M.; Lefebvre, X. Modelling of moisture-dependent aerobic degradation of
solid waste. Waste Manag. 2008, 28, 1188–1200. [CrossRef]

50. Ruys, V. Rhéologie des Résidus Agricoles Pour un Procédé Multi-Étapes de Méthanisation en Voie Sèche.
Ph.D. Thesis, Grenoble Alpes University, Grenoble, France, 2017.

51. Wu, B. CFD simulation of mixing for high-solids anaerobic digestion. Biotechnol. Bioeng. 2012, 109, 2116–2126.
[CrossRef]

52. Brambilla, M.; Romano, E.; Cutini, M.; Bisaglia, C.; Pari, L. Rheological Properties of Manure/Biomass
Mixtures and Pumping Strategies to Improve Ingestate Formulation: A Review. Trans. ASABE 2013, 56,
1905–1920. [CrossRef]

53. Teixeira Franco, R.; Coarita, H.; Bayard, R.; Buffière, P. An improved procedure to assess the organic
biodegradability and the biomethane potential of organic wastes for anaerobic digestion. Waste Manag. Res.
2019, 37, 746–754. [CrossRef] [PubMed]

54. Holliger, C.; Alves, M.; Andrade, D.; Angelidaki, I.; Astals, S.; Baier, U.; Bougrier, C.; Buffière, P.; Carballa, M.;
de Wilde, V.; et al. Towards a standardization of biomethane potential tests. Water Sci. Technol. 2016, 74,
2515–2522. [CrossRef] [PubMed]

55. Palmowski, L.; Müller, J.; Schwedes, J. Comminution of Organic Materials to Improve Their Bioavailability.
Eng. Life Sci. 2001, 1, 121–125. [CrossRef]

56. Ratkovich, N.; Horn, W.; Helmus, F.P.; Rosenberger, S.; Naessens, W.; Nopens, I.; Bentzen, T.R. Activated
sludge rheology: A critical review on data collection and modelling. Water Res. 2013, 47, 463–482. [CrossRef]
[PubMed]

57. Pashias, N.; Boger, D.V.; Summers, J.; Glenister, D.J. A fifty cent rheometer for yield stress measurement. J.
Rheol. 1996, 40, 1179–1189. [CrossRef]

58. Mokéddem, S. Contrôle de la rhéologie d’un béton et de son évolution lors du malaxage par des mesures en
ligne à l’aide de la sonde Viscoprobe. Ph.D. Thesis, Centrale Nantes University, Nantes, France, 2012.

13



Molecules 2020, 25, 860

59. Eshtiaghi, N.; Yap, S.D.; Markis, F.; Baudez, J.-C.; Slatter, P. Clear model fluids to emulate the rheological
properties of thickened digested sludge. Water Res. 2012, 46, 3014–3022. [CrossRef]

60. Robertson, J.A.; de Monredon, F.D.; Dysseler, P.; Guillon, F.; Amado, R.; Thibault, J.-F. Hydration Properties
of Dietary Fibre and Resistant Starch: A European Collaborative Study. LWT Food Sci. Technol. 2000, 33,
72–79. [CrossRef]

61. Raghavendra, S.N.; Rastogi, N.K.; Raghavarao, K.S.M.S.; Tharanathan, R.N. Dietary fiber from coconut
residue: Effects of different treatments and particle size on the hydration properties. Eur. Food Res. Technol.
2004, 218, 563–567. [CrossRef]

Sample Availability: Samples of the untreated and pretreated manure are available from the authors. However,
the storage conditions may have affected their physical or biochemical properties.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

14



molecules

Article

High-Rate Anaerobic Digestion of Waste Activated
Sludge by Integration of Electro-Fenton Process

Emna Feki 1, Audrey Battimelli 2, Sami Sayadi 3,* , Abdelhafidh Dhouib 1 and Sonia Khoufi 1,*
1 Laboratory of Environmental Bioprocesses, Centre of Biotechnology of Sfax, BP 1177, Sfax 3018, Tunisia;

emnafeki2010@hotmail.fr (E.F.); abdelhfidh.douib@cbs.rnrt.tn (A.D.)
2 INRAE, Université de Montpellier, Laboratoire de Biotechnologie de l’Environnement, 102 avenue des

Etangs, 11100 Narbonne, France; audrey.battimelli@inrae.fr
3 Center for Sustainable Development, College of Arts and Sciences, Qatar University, Doha 2713, Qatar
* Correspondence: sami.sayadi@gmail.com (S.S.); sonia.khoufi@cbs.rnrt.tn or soniakhoufi@gmail.com (S.K.);

Tel.: +216-74-874-452 (S.K.)

Academic Editors: Ivet Ferrer, Cigdem Eskicioglu, Georgia Antonopoulou and
Audrey Battimelli
Received: 24 October 2019; Accepted: 29 January 2020; Published: 31 January 2020

����������
�������

Abstract: Anaerobic digestion (AD), being the most effective treatment method of waste activated
sludge (WAS), allows for safe disposal. The present study deals with the electro-Fenton (EF)
pretreatment for enhancing the WAS biogas potential with low-cost iron electrodes. The effect
of pretreatment on the physicochemical characteristics of sludge was assessed. Following EF
pretreatment, the pH, conductivity, soluble chemical oxygen demand (SCOD), and volatile fatty acids
(VFA) increased to 7.5, 13.72 mS/cm, 4.1 g/L, and 925 mg/L, respectively. Capillary suction time (CST)
analysis highlighted the dewaterability effect of EF on WAS, as demonstrated by the decrease in CST
from 429 to 180 s following 30 min of pretreatment. Batch digestion assays presented an increase in
the biogas yield to 0.135 L/g volatile solids (VS) after 60 min of EF pretreatment in comparison to
raw sludge (0.08 L/g VS). Production of biogas was also found to improve during semi-continuous
fermentation of EF-pretreated sludge conducted in a lab-scale reactor. In comparison to raw sludge,
EF-pretreated sludge produced the highest biogas yield (0.81 L biogas/g VS) with a high COD removal
rate, reaching 96.6% at an organic loading rate (OLR) of 2.5 g VS/L. d. Results revealed that the
EF process could be an effective WAS disintegration method with maximum recovery of bioenergy
during AD.

Keywords: anaerobic digestion; biogas yield; waste activated sludge; electro-Fenton;
disintegration; dewaterability

1. Introduction

Municipal wastewater treatment holds an important role in environmental concerns since
wastewater discharges have greatly evolved in quantity and quality during recent decades. Activated
sludge process is the main effective method used for treatment of municipal wastewater and thus
leads to the production of large quantities of waste activated sludge (WAS). This residue, composed of
cellular biomass (20–40%), refractory organic matter (40–60%), and mineral matter (10–30%), contains
various minerals, organic micropollutants, and pathogenic organisms which can be potentially harmful
for the environment and present genuine management problems [1]. With such environmental and
economic concerns, there is growing interest focusing on the reduction in volume and stabilization
of WAS [2].

Nowadays, thanks to its environmental and economic benefits, anaerobic digestion (AD) is
considered to be the best option for managing WAS [3]. It is widely used as the most cost-effective
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way for stabilization, pathogen removal, and energy recovery. In addition, AD favors the reduction of
sludge volume while producing clean energy in the form of biogas [4]. This biogas can be upgraded
for direct utilization as transport fuel or injection into the gas grid. It can also be utilized in combined
heat and power systems for providing electricity and heat to the wastewater treatment plant (WWTP)
or for export in cases of overproduction. Any improvement in the AD efficiency should therefore lead
to a further reduction in sludge volume for transport and disposal. It is likely that the biogas yield will
increase, hence producing a greater amount of renewable energy and resulting in higher environmental
performance and savings for the plant [5]. AD comprises a series of reactions including hydrolysis,
acidogenesis, acetogenesis, and methanogenesis. Hydrolysis is the rate-limiting step for the AD of
activated sludge because most organic matter present in WAS is enclosed in cell walls and membranes
that protect the intracellular components [6]. The cells are shielded against osmotic lysis thanks to the
semi rigid structure of the cell envelope [7]. Sludge retention time (SRT) or hydraulic retention time
(HRT) are believed to be key parameters in sludge AD [8]. Various studies focus on the effect of HRT
on reactor performance such as biogas production and volatile solid destruction [9]. It has often been
demonstrated that a high HRT is necessary (20–30 days) to obtain a 30–50% degradation efficiency
of organic solids [10]. Cell lysis has been referred as a possible method for releasing intracellular
organics and increasing the rate and efficiency of the digestion process [6]. Indeed, this is possible
when extracellular polymeric substances (EPS) become more bioavailable [11].

Recently, different pretreatments have been examined for improving the physicochemical
characteristics of organic waste and consequently the performance of anaerobic digestion [12]. During
several studies performed in half-scale and lab-scale plants, these methods, including chemical and
thermal methods [12–14], as well as mechanical [15] and biological hydrolysis with enzymes [16,17],
were investigated for sludge disintegration purposes. By increasing the digestion rate, biogas yields
were maximized in smaller digesters while the HRTs decreased [11]. Currently, advanced oxidation
processes (AOPs) are considered as valuable sludge pretreatments that might reduce hydraulic retention
times and increase methane production rates [18,19]. These innovative technologies are widely used
for the treatment of polluted waters. They apply the concept of producing hydroxyl radicals (HO·)
which are capable of decomposing a number of organic substances via oxidation. AOPs include
a series of powerful technologies: photo-catalysis, Fenton reaction, photo-Fenton, etc. Recently,
researchers have focused on the disintegration of WAS by electro-Fenton (EF), although few studies
have evaluated the performance of EF pretreatment on WAS anaerobic biodegradability as well as its
biogas potential [19,20]. The electro-Fenton process is an advanced electrochemical oxidation process
that comprises several steps. It involves electrochemical reactions that generate the reagents used
for the Fenton reaction in situ. The generated reagents depend on the solution and on the nature of
the electrodes. Generally, with an inert electrode, oxidation occurs via the hydroxyl radicals formed
during the electrolysis of water [19].

Here, the EF process was investigated as a pretreatment step for improving the AD of activated
sludge and its biogas potential. Low-cost iron electrodes were employed during EF pretreatment for
in situ generation of Fe2+. The effect of this pretreatment on the solubilization and dewaterability
of flocs was investigated. Biochemical methane potential tests were conducted to optimize the
pretreatment time in terms of maximum biogas yields. The performance of an anaerobic reactor fed
with EF-pretreated sludge and operated under semi-continuous conditions was also assessed.

2. Results

2.1. Disintegration of Activated Sludge by Electro-Fenton Process

2.1.1. Physicochemical Analysis

During the EF reaction, pH, conductivity, total and soluble COD, and VFA analyses were performed
(Table 1). Sludge pH increased with treatment time and reached 7.5 after 2 h of reaction. At the
same time, conductivity increased to 13.72 mS/cm. The soluble COD of raw sludge is about 1.7 g/L.
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By applying an EF reaction, a gradual increase was observed up to a value of 4.1 g/L after 120 min
of treatment time (Figure 1a). Meanwhile, a decrease in total COD occurred during the treatment,
thus indicating a partial mineralization of organic matter. The volatile fatty acids concentration during
the EF reaction increased as a function of the treatment time (Figure 1b). In the case of raw sludge,
the total concentration of VFA is about 84.3 mg/L. This concentration increased to 1100 mg/L after 1 h
then decreased with treatment time (925 mg/L at 2 h) (Figure 1b).

Table 1. Physicochemical characteristics of waste activated sludge (WAS) before and after pretreatment.

Parameters Raw WAS EF-Pretreated WAS

pH 6.95 ± 0.2 7.5 ± 0.8
Conductivity (mS/cm) 3.72 ± 0.3 13.72 ± 0.1

TS (g/L) 19.45 ± 1.4 14.28 ± 2
VS (g/L) 12.67 ± 1.2 10.34 ± 1.3
TSS (g/L) 15.16 ± 0.9 10.5 ± 0.5
VSS (g/L) 7.27 ± 1.3 3 ± 0.6

TCOD (g/L) 20.4 ± 4 26 ± 1.2
SCOD (g/L) 1.73 ± 2 4.1 ± 0.3
NTK (mg/L) 914 ± 10 920 ± 3
VFA (mg/L) 84.3 ± 13 925 ± 35
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Figure 1. Evolution of soluble and total chemical oxygen demand (a), volatile fatty acid concentrations
(b), and capillary suction time (c) during electro-Fenton (EF) pretreatment of WAS.

2.1.2. Capillary Suction Time (CST) Analysis

To identify the effect of EF treatment on sludge dewaterability, the capillary suction time (CST) of
raw and pretreated sludge was determined. CST is a fast and reliable method for determining the
filterability of activated sludge.

Figure 1c illustrates the decrease in elapsed time during filtration with increasing sludge
pretreatment time. The CST decreased from 429 to 180 s by treating sludge by EF during 30 min.
This decrease was even higher after 1 h, while dewaterability improved by about 95%.

2.1.3. Fourier Transform Infrared Spectroscopy Analysis (FTIR)

The characterization of organic material in a sludge sample was performed by FTIR. Spectrums of
the raw and EF-pretreated sludge presented in Figure 2 showed absorption bands related to biomass.
Both samples are characterized by a strong peak around 3100–3500 cm−1. The second major band was
identified between 1500 and 1700 cm−1 with a peak at 1634 and 1631 cm−1 for raw and pretreated
sludge, respectively. The difference between the two spectrums is the fact that the intensity of the
two major bands increased after EF pretreatment. New peaks also emerged in the pretreated sludge
spectrum. The main absorption bands were thus observed in the range between 950 and 1100 cm−1.
Other vibrations at 2015, 2176 and 2359 cm−1 between 2800 and 1900 cm−1 were also only observed in
the pretreated sludge in comparison to raw WAS.

2.1.4. Biogas Potential

To determine the effect of EF pretreatment time on anaerobic biodegradability and to optimize
pretreatment time, batch anaerobic fermentations were performed. WAS samples pretreated by EF
at different times (0, 30, 60, 90 and 120 min) were thus used as substrates. Figure 3 provides the
kinetics of cumulative biogas yields obtained during these fermentations. In comparison to raw sludge
fermentation, no time lag for biogas production was observed at the beginning of pretreated sludge
fermentations. A biogas yield of about 0.080 L biogas/g vs. was achieved with raw WAS. However,
an increase in biogas yields was observed for all pretreated samples in comparison to raw samples.
Thus, yields calculated at the end of fermentation were 0.100, 0.113, 0.135 and 0.129 L biogas/g VS,
respectively, for sludge pretreated by EF during 30, 60, 90 and 120 min.
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Figure 3. Biogas yields during batch anaerobic fermentation of raw and EF-pretreated (0, 30, 60, 90,
and 120 min) sludge.
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2.2. Semi-Continuous Fermentation of Raw and Pretreated WAS

In a first step of this study, the digester was fed with raw sludge at an organic loading rate (OLR)
increasing from 0.17 g VS/L.d to 0.54 g VS/L.d (day 130). For the pretreated sludge, the first OLR
applied to the reactor was 0.45 g VS/L.d. This parameter was then gradually increased to 2.5 g VS/L.d
(Figure 4a). During these two fermentations, different HRTs (20, 14, 10 and 7 days) were applied which
decreased with increasing OLR.
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Figure 4. Evolution of organic loading rate (a) and biogas yield (b) during semi-continuous fermentation
of raw and pretreated sludge in an up-flow anaerobic sludge blanket reactor.

According to data presented in Figure 4a, the daily biogas production in the two cases was low
during the first days of fermentation and then increased with the increase of OLR. Figure 4b provides
the biogas yields for raw and pretreated sludge. Low biogas yields were observed during the first
20 days: 0.03 and 0.14 L/g VS, respectively, in the case of raw and pretreated sludge. Improvement in the
biogas yield was observed after 20 days of feeding which represent the reactor HRT. Indeed, maximum
daily biogas production rates of about 1.56 and 12 L/d were recorded during the fermentation of raw
and pretreated sludge, respectively, which corresponds to a biogas yield of about 0.35 and 0.81 L/g vs.
(Figure 4b).

The reactor effluent COD was determined during this study. Figure 5 illustrates the evolution of
this COD effluent during the fermentation of EF-pretreated sludge. When fermentation began, the COD
effluent was very high. This confirms the low degradation of raw sludge during the fermentation
study of raw sludge when the COD values were around 20 g/L (data not shown). The total COD of
pretreated sludge was observed to be about 26 g/L. This value then decreased after passing through
the bed sludge reactor. COD removal was enhanced during the fermentation step, reaching 96.7% at
an OLR of 2.5 g VS/L.d.
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3. Discussion

The physicochemical characteristics of WAS before and after EF pretreatment, provided in Table 1,
point to the improvement of sludge quality after subsequent anaerobic treatments, both in terms of pH
and organic matter solubilization (COD, VFA). On one hand, the increase of pH can be explained by the
generation of hydroxyl radicals by electrochemical reactions and by the decrease in H+ production [21].
On the other hand, after 2 h of treatment, residual flocs precipitated with iron, which was continuously
dissolved from the iron anode as governed by the law of Faraday. This observation has also been
made for industrial effluents treated with an electro-coagulation process using a cast iron anode [22].
The increase in conductivity was probably related to the release of mineral salts during cell lysis
but also to the mineralization of organic matter [23]. According to COD analyses, a solubilization
reaction occurred during the pretreatment. However, the decrease of total COD during the second
hour of treatment can be explained by the mineralization of organic matter due to the oxidation of
simple molecules released into the solution. The release of VFA (acetic acid, isobutyric acid, propionic
acid) was also observed in correlation with a soluble COD increase which probably results from
the solubilization of the cellular content during the treatment [24]. This increase was higher than
that obtained by Xu et al. [25] who found a total VFA concentration of 396.2 mg/L after 40 min of
electrochemical sludge treatment (Ti/RuO2 anode) relative to an initial concentration in raw sludge
of 86.7 mg/L. Therefore, the presence of VFA in pre-treated sludge should obviously promote the
subsequent anaerobic digestion process.

Examination of WAS dewaterability pointed out that EF tends to decrease CST values of pretreated
samples as a function of treatment time. Theoretically, high CST values indicate a low dehydration
rate, whereas low CST values indicate greater dehydration properties [26]. Consequently, EF reactions
considerably reduce the required time for dewatering sludge. This implies that dissociation of sludge
flocs had occurred. The decrease in the biosolid resistance to dewatering in terms of CST was also
observed with Fenton pretreatment of biological sludge [27]. According to Jin et al. [28], proteins and
polysaccharides, which are the main constituents of EPS, actively contribute to the water retention
capacity in sludge flocs. It is therefore conceivable that material released following the disruption
of the cell wall increases the available surface area of these compounds [28]. Many previous studies
have also demonstrated how decantation, bioflocculation, and sludge dewatering show an excellent
relationship with the EPS content and EPS spatial distribution [29,30]. Liu et al. [31] and Xu et al. [32]
reported that the disruption of flocs and cells by Fenton pretreatment led to the solubilization of EPS
and acceleration of solid–water separation.
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The FTIR method is based on the absorption of infrared radiation by the analyzed material.
It allows for both the detection of the characteristic vibrations of the chemical bonds and the analysis
of the chemical functions present in the material [31]. Infrared spectrophotometer analysis in the
400–4000 cm−1 range is most often performed because this is where most of the frequencies of the
functional groups are located [32]. Relevant peaks attributed to special functional groups according to
the literature are summarized in Table 2.

Table 2. Functional groups or compounds analyzed by Fourier transform infrared spectroscopy (FTIR)
analysis in raw and EF-pretreated sludge.

Wave Number (cm−1) Vibration and Functional Groups

1634
C=O carboxylic acids

C=C alkenes
OH adsorbed water

3275
O-H hydroxyl group and water

NH2 amine

According to the results, the FTIR spectrum of pretreated sludge presented a change in the
intensity and shift of peaks in comparison to the raw sample. The strong peak around 3100–3500 cm−1

observed in the two spectrums corresponded to NH and OH stretching vibrations including hydrogen
bonds. The increase in intensity and the shift towards a lower frequency of this band in the spectrum
of the treated sample reflect an increase in hydrogen bonds which justifies the production of proteins
with amine functions (NH2). The rising intensity of the main bands after EF pretreatment can be
explained by the increase in reducing sugar (C=O carboxyl functions) and protein (NH2 amine
functions) concentrations which are released into the supernatant after cell lysis. The appearance
of new peaks observed around 1100–950 cm−1 has been attributed to polysaccharides by Naumann
et al. [33]. In the present case, these polysaccharides are released from exopolymers (EPS) dissociated
during the disintegration of WAS. This can account for the improvement in dewaterability of pretreated
samples. However, the apparent peak at 1030 cm−1 in the pretreated sludge spectrum is related to
the vibration of the Si–O–Si function [32], due to the release of silicon organic compounds (siloxanes,
silanols) present in the waste activated sludge. Siloxanes are generally adsorbed to EPS flocs because
of their low solubility in water. These compounds have been detected in biogas during the AD of
sludge, resulting from their release during organic matter degradation and the increase in temperature
within the anaerobic digester [34]. Indeed, their presence in the pretreated sludge can be explained
by EPS dissociation during the disintegration of sludge by EF reaction. The 2800–1900 cm−1 range is
related to elongations of the triple bonds C≡C and C≡N (acetylene, cyanogen) and cumulative double
bonds X=Y=Z [32]. Compared with the raw WAS spectrum, this range presented vibrations at 2015,
2176, and 2359 cm−1 in the case of pretreated sludge. This could be due to the effect of EF on the
transformation of certain molecules into molecules with triple or double bonds.

Batch anaerobic fermentations of raw and pretreated samples performed in similar conditions
led to an improvement in the biogas yield after EF pretreatment. The low biogas yield of raw WAS
characterizes its low biodegradability as well as the rate-limiting stages of anaerobic digestion as
hydrolysis due to the strong protection of EPS and cell walls. Therefore, as demonstrated in the present
study with EF process application, a pretreatment step is crucial for biodegradability as well as the
entire sludge AD performance to be enhanced [14]. Pretreated sample biogas yields have thus been
improved in comparison with raw sludge. In addition, EF pretreatment allows for AD to be accelerated,
since there is no more time lag for biogas production. Biogas improvement has been observed to
correlate with treatment time. Indeed, a significant improvement in the biogas yield occurs after
60 min of pretreatment compared with the other treatment times. An increase in the biogas potential of
about 68% was obtained, coinciding with the highest VFA concentration released during the treatment

22



Molecules 2020, 25, 626

(Figure 1b). These results imply that EF pretreatment during 30 or 60 min has a positive effect on the
anaerobic digestion process by increasing the biodegradability and biogas yield.

In order to comprehend the effect of EF pretreatment on the AD process, semi-continuous
fermentations on raw and pretreated sludge were investigated in a lab-scale reactor. The low biogas
yields observed during the first 20 days of both fermentations could be explained by the absence of
degradable substrates in the upper part of the digester which concerns methanogens. Comparison
between results highlighted how the biogas yields improved when EF-pretreated sludge was used as
feed for the reactor, thus confirming the batch test results. A 2.3-fold increase in biogas yields was
achieved. Table 3 summarizes the results from both fermentations and also indicates the improvement
in the methane percentage of biogas during the fermentation of EF-pretreated sludge that reached 68%
against 56% in the case of raw sludge fermentation.

Table 3. Evolution of organic loading rate (OLR), biogas yield and methane percentage during anaerobic
digestion of raw and pretreated sludge in UASB reactor.

Feed Sample OLR
(g VS/L.d)

Biogas Yield
(mL/g VS) CH4 (%)

Raw
0.25 ± 0.02 434 ± 0.017 48 ± 4
0.35 ± 0.01 480 ± 0.031 54 ± 2
0.50 ± 0.02 440 ± 0.024 56 ± 1

Pretreated

0.50 ± 0.016 400 ± 0.028 58 ± 3
1.60 ± 0.018 625 ± 0.030 66 ± 2

2 ± 0.027 735 ± 0.032 68 ± 1
2.50 ± 0.030 685 ± 0.029 67 ± 3

In addition, a strong COD removal rate (96.7%) was measured in the effluent even at low HRT
(7 days) and at an OLR of 2.5 g VS/L.d. This improvement in COD removal could result from the increase
in sludge biodegradability and from the purification performance of the Up-flow anaerobic sludge
blanket reactor (UASB).This performance is higher than those obtained by Xu et al. [35] and Li et al. [36]
who reported a COD removal of about 49.2% and 12.5%, respectively. Yuan et al. [37] also demonstrated
that a combination of electrochemical and sodium hypochlorite pretreatments significantly enhanced
the biogas yields by about 1.83-fold the sludge anaerobic digestion and shortened the stabilization
period. According to Li et al. [38] and Chong et al. [13], the anaerobic UASB reactor is the most robust
digester for the sludge treatment. Indeed, this type of reactor contains microorganisms that form
granules through which, in an upward movement, the distributed effluent passes through the base
of the reactor [39]. Hence, the proposed sludge treatment system within the UASB can potentially
improve treatment efficiency. It can also reduce the discharge of pollutants into the environment as
well as reduce the sludge toxicity in aquatic environments [40,41].

All these results confirm the efficiency of EF sludge pretreatment for improving biogas production.
This technique therefore allows for sludge to become more accessible to the anaerobic consortium,
consequently enhancing the anaerobic process and biogas yield. In addition, the UASB system has
proven its effectiveness by significantly improving sludge anaerobic degradation, since the different
microbial communities presented in the digester are probably well balanced.

4. Materials and Methods

4.1. WAS and Anaerobic Inoculum

The WAS sample was obtained from a municipal wastewater treatment plant (WWTP) located in
the Sidi Mansour region (north of Sfax, Tunisia) with a capacity of 17,900 m3/d. Collected samples
were stored at 4 ◦C for subsequent experiments. The characteristics of the WAS sample are provided in
Table 1. For anaerobic digestion experiments (batch and semi-continuous fermentations), the inoculum
was sampled from a semi-pilot anaerobic bioreactor installed in the laboratory.
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4.2. Electro-Fenton Pretreatment

Electro-Fenton treatment was carried out under optimum conditions determined during a previous
study [42]. The reaction took place in a 500 mL glass reactor using an ASF type 400/40.10 electric
generator to apply a current density of 2.5 A/dm2. It comprised one pair of anodic and cathodic
electrodes (cast iron plates) which were positioned approximately 2 cm apart from each other and were
dipped in the effluent. The total effective surface area of electrodes was 0.16 dm2. During this treatment,
the main electrochemical reactions occurred at the anode with oxidation of iron and at the cathode with
the reduction of water. It was based on the principle of soluble iron anodes. Iron electrodes were used
for in-situ generation of Fe2+. In each run, 300 mL of raw WAS were treated and operated in batch
mode. The pH of the WAS sample was adjusted to 3 by adding an HCl solution (2N). The H2O2 (30%
v/v) was added after adjustment of pH to the desired value; the pH of the solution was not controlled
again during the reaction. The aqueous solution of reactants was homogenized by magnetic agitation
to avoid sedimentation of WAS particles and produced at room temperature.

4.3. Batch Anaerobic Digestion

Batch AD tests were conducted to determine the effect of EF pretreatment time on biogas
production. WAS samples pretreated by EF at different times (0, 30, 60, 90 and 120 min) were
used as substrates. For each treatment time, three batch reactors with a capacity of 120 mL were
tested in parallel. Batch reactors treating raw sludge were also conducted for comparison. In each
reactor, substrate and inoculum were introduced with a vs. substrate/VS inoculum ratio equal to 1.
All batches were adjusted to 7.2 then purged with a gas mixture of 75% N2 and 25% CO2 for 3 min
to maintain anaerobic conditions and finally incubated under mesophilic conditions (37 ± 1 ◦C) for
35 days. During fermentation, biogas production was measured using a gas displacement device.
The Biochemical methane potential (BMP) experiments and the related analysis were performed by the
Bio2E platform [43].

4.4. Semi-Continuous Anaerobic Reactor

An up-flow anaerobic sludge blanket (UASB) reactor was used to study the semi-continuous
fermentation of WAS before and after 1 h of EF pretreatment. The working volume of the digester
was 7 L. For maintaining a constant temperature (37 ◦C), it had a PVC double wall filled with heated
water from a heated bath circulator. Before beginning the experiments, the bioreactor was inoculated
with the anaerobic microbial consortium and fed with raw sludge (0.05 g VS/L.d) during 2 months.
This preparation period ensured biomass enrichment and process stability. The hydraulic retention
time (HRT) during fermentation of raw and pretreated sludge was set to 20 days during the first period.
It was then reduced to 14, 10 and 7 days. Feeding and withdrawing were done once a day, using a
pump. The volume of biogas was measured by liquid displacement. During the experiments, the COD
of influent and effluent, biogas production, pH, and VFA were monitored.

4.5. Analytical Methods

The pH was measured with a pH meter (Metrohm). Total and soluble COD were quantified
with a titration method after a total digestion with H2SO4 and potassium dichromate at 150 ◦C for
2 h [42]. BOD5 was determined by the manometric method with a respirometer (BSB-Controller Model
620 T (WTW)). Total solids (TS) and Total suspended solids (TSS) were measured by weighing samples
before and after overnight drying at 105 ◦C. Volatile solids (VS) and volatile suspended solids (VSS)
were analyzed by loss on ignition at 600 ◦C for 2 h. The total Kjeldahl nitrogen content (TKN) and the
ammoniacal nitrogen (N–NH4

+) were analyzed according to the Kjeldahl-N method.
Conductivity was measured using a conductimeter (CONSORT). Total volatile fatty acids (VFA)

were analyzed by centrifuging the samples for 15 min at 8000 rpm and then filtering them on 0.45 µm
pore size syringe filters. The resulting filtrates were acidified (pH 3) with HCl (0.1 N) before being
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analyzed and quantified by high-performance liquid chromatography (HPLC: SHIMADZU 10 AVP).
Fourier transform infrared spectroscopy (FTIR 380 Nicolet model) equipped with a He-Ne laser and
a telluride, mercury, and cadmium detector (MCT) at a frequency of 400–4000 cm−1 was used to
analyze the organic functional groups present in raw and pretreated WAS. Before the FTIR analysis,
sludge samples were centrifuged for 20 min at 4500 rpm and then filtered through a 0.45 µm pore size
membrane filter.

The capillary suction time (CST) was measured with a CST analyzer (Triton Electronics Ltd.,
United Kingdom) using a 7 × 9 cm2 size CST paper. All sludge samples were used in their initial state
without centrifugation and filtration. A volume of 5 mL of sample was placed into a metal tube and
the ring time was recorded as CST.

5. Conclusions

The present study has highlighted the effect of EF pretreatment on the efficiency of disintegration
and AD of sludge. The pretreatment has shown to improve organic matter solubilization by increasing
soluble COD and volatile fatty acids. FTIR analysis also revealed the release of reducing sugars,
polysaccharides, and proteins, thus confirming the dissociation of flocs. This result can account for
the improvement in sludge filterability indicated by low CST results of 22.4 and 14 s after 1 and 2 h
of pretreatment, respectively. Results from batch and semi-continuous anaerobic fermentations have
confirmed the positive effect of the EF process in enhancing the biogas potential and stability of the
anaerobic system. The EF process therefore promises to be a more reliable and robust solution for the
enhancement of WAS anaerobic treatment.
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Abstract: The increasing population creates excess pressure on the plantation and production of
fruits and vegetables across the world. Consumption demand during the whole year has made
production compulsory in the covered production system (greenhouse). Production, harvesting,
processing, transporting, and distribution chains of fruit and vegetables have resulted in a huge
amount of wastes as an alternative source to produce biofuels. In this study, optimization of two
pretreatment processes (NaOH and HCl assisted thermal) was investigated to enhance methane
production from fruit and vegetable harvesting wastes (FVHW) that originate from greenhouses.
NaOH concentration (0–6.5%), HCl concentration (0–5%), reaction temperature (60–100 ◦C), solid
content (1–5%), time of reaction (1–5 h), and mixing speed (0–500 rpm) were chosen in a wide range of
levels to optimize the process in a broad design boundary and to evaluate the positive and negative
impacts of independent variables along with their ranges. Increasing NaOH and HCl concentrations
resulted in higher COD solubilization but decreased the concentration of soluble sugars that can
be converted directly into methane. Thus, the increasing concentrations of NaOH and HCl in the
pretreatments have resulted in low methane production. The most important independent variables
impacting COD and sugar solubilization were found to be chemical concentration (as NaOH and
HCl), solid content and reaction temperature for the optimization of pretreatment processes. The high
amount of methane productions in the range of 222–365 mL CH4 gVS−1 was obtained by the simple
thermal application without using chemical agents as NaOH or HCl. Maximum enhancement of
methane production was 47–68% compared to raw FVHW when 5% solid content, 1-hour reaction
time and 60–100 ◦C reaction temperature were applied in pretreatments.

Keywords: biogas production; fruit and vegetable harvesting wastes; process optimization; thermo
chemical pretreatment

1. Introduction

The acceptance of the generated wastes as a resource within the scope of the circular economy,
recovery, and reuse is the major condition for sustaining life on earth. The increasing population
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coupled with economic development has resulted in huge agricultural production [1]. Based on the
consumption requirements, the plantation and production of fruits and vegetables have increased
across the world and production reached 1960 million tons in 2017 [2]. The continuation of consumption
demand during the whole year has made production compulsory in the covered production system
(greenhouse).

China is placed in the first rank of the world with a 27000 km2 covered area for the production of
fruits and vegetables. South Korea, Spain, and Japan followed China in the ranking. Turkey, holding
approximately 772 km2 of covered production area, occupies fifth place across the world for the massive
production of fresh fruit and vegetables from greenhouses. It is expected that the global commercial
greenhouse market will be 32.31 billion USD with an annual growth rate of 8.8% by 2021. Judging by
this enormous production, it is predictable that huge amounts of fruits and vegetables wastes have
been generated during the production, harvesting, processing, transporting and distribution chain.
Fruits and vegetable wastes are the main components of municipal solid waste. The conventional
disposal methods of FVHW from greenhouses are the storage in forest area, uncontrolled burning
and landfilling by farmers [3]. Moreover, processing, transporting and distribution chain wastes are
disposed of landfills by the municipalities. Although EU greenhouse gas emissions from landfills have
already declined due to the well-practiced MSW managements [4], the degradation of FVHW during
landfilling causes the production of leachates and emissions of greenhouse gases all around the world.
Furthermore, uncontrolled burning has also resulted in greenhouse gases and toxic compounds [5].

Maintaining high agricultural production capacities for Turkey, as well as for other countries,
has three main objectives. These are increasing agricultural income and its contribution to national
income, meeting agricultural and food demand of nationals domestically, and keeping farmers on their
lands to secure agricultural production [6]. About 250 km2 of greenhouses have been located in Antalya,
south of Turkey. It is around 47% of Turkey’s greenhouse production hold in Antalya. Eighty percent
of fruit and vegetables, such as tomato, cucumber, pepper, eggplant, courgette, banana, strawberry and
any other are grown in the greenhouses. Apart from all these positive contributions, the region has
been under heavy pressure in terms of FVHW to be managed. The production area urgently required
the implementation of relevant policies for managing the waste disposal and recovering energy from
renewable and cost-free lignocellulosic wastes.

On the other side, fossil fuels have supplied over 80% of global energy needs. However, these
fuels are not renewable and lead to climate change by the production of CO2 and other greenhouse
gases [7]. Consequently, building a sustainable society requires reducing dependence on fossil fuels,
minimizing the amount of waste produced, and increasing recycling. Generating renewable bioenergy
from wastes makes it possible to realize these targets at the same time. The anaerobic digestion (AD)
of FVHW combines these advantages, as it produces methane and simultaneously treats the wastes.
AD is a trustful and approved technology with a long exercise for the degradation of organic wastes
from industry, municipality, and agriculture over the decades. It is known that the predicted energy
gain/input ratio for AD was 28.8 MJ/MJ. This finding has been better compared to other technologies
for energy production from biomass in energy efficiency [8–10].

However, the complex structure of agricultural residues is the major limitation, which makes
lignocellulosic biomass refractory to anaerobic digestion and yields in low methane production [11,12].
This restricts the hydrolysis of material in which enzymes fail to degrade complex structures.
Commercial limitations of methane production from lignocellulosic residues should be solved by the
pretreatment processes [12,13]. To solve this limitation, different kinds of pretreatment methods such
as mechanical, chemical (acidic, alkali, oxidative), thermal, biological, and combinations have been
applied to the countless number of lignocellulosic feedstock [10].

On the other hand, FVHW, primarily non-commercial parts of plants such as leaves, bodies, stems
as well as unmerchantable fruits and vegetables, have a milder lignocellulosic structure than the other
agricultural residues and require less severe pretreatment conditions before AD. There have been
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very limited studies investigating the methane production potentials of mixed FVHW combined with
pretreatment methods in the literature [3,5,14–17].

In this study, it was proposed to combine the cost-effective integrated process of chemical-assisted
thermal pretreatment and anaerobic digestion for the improvement of methane production from FVHW.
The impacts of sodium hydroxide (NaOH) and hydrochloric acid (HCl) assisted thermal pretreatment
on methane production were investigated. In the first stage of the work, impacts of variables (reaction
temperature, time of reaction, amounts of chemical, solid content, mixing speed) on soluble chemical
oxygen demand (sCOD) and soluble sugars (sSugar) were determined with very detailed experimental
work for NaOH- and HCl-assisted thermal pretreatments. In the second part of the work, process
optimizations were performed for both pretreatment processes; optimum conditions for methane
production were discussed and biochemical methane potential (BMP) tests were implemented under
the determined conditions. Finally, molecular bond characterization and surface properties of raw and
pretreated FVHW were compared.

2. Materials and Methods

2.1. Sources of FVHW and Characterization Analysis

FVHW were obtained from Antalya region. The area of Kumluca has been well known for the
extensive production of fruits and vegetables in greenhouses. Kumluca area makes a significant
contribution to the fruits and vegetables supplies of Turkey and its trade partners during the four
seasons. FVHW included leaves; stalks; stems; roots; and unmerchantable fruits from pepper,
cucumber, tomato, courgette, and eggplant. FVHW were sun-dried and milled to 1 mm size for the
characterization tests, while size-reduced (4–5 mm) fresh wastes were subjected to chemical-assisted
thermal pretreatment experiments and BMP tests. The analyses of total solids (TS), volatile solids (VS)
and total chemical oxygen demand (COD) were performed according to standard methods 2540C
and 5220B, respectively [18]. The contents of lignin, cellulose, hemicellulose, and soluble matter
were determined using procedures proposed by Van Soest (1963) [19] by Gerhard FBS6 (Gerhard,
Königswinter, Germany). Carbohydrate and the soluble reducing sugar (sRedSugar) concentrations
were measured via the Anthrone method [20] and the Dinitrosalicylic acid (DNS) method [21],
respectively. Protein concentration was done by the Lowry method [22]. Extractive matter and lipids of
the wastes were measured by soxhlet extraction using petroleum ether [23]. Elemental composition of
the wastes was determined by CHNS analyzer (LECO, CHNS-932, St. Joseph, MI, USA). The Kjeldahl
nitrogen content of the FVHW was quantified by an analyzer (Büchi Digest Automat K-438, Büchi
Auto Kjeldahl Unit K-370 and Radiometer TitraLab 840, Büchi, Flawil, Switzerland).

2.2. Chemical-Assisted Thermal Pretreatments Experiments

Fresh FVHW were pretreated in a 0.3 L stainless steel reactor (Parr series 5500 high-pressure
reactor; Parr Instrument Company, Moline, IL, USA) equipped with a temperature controller and
magnetically-driven turbine agitator. NaOH and HCl were selected as chemical agents in the
chemical-assisted thermal pretreatments experiments to enhance methane yield. Selected independent
variables and their ranges for NaOH- and HCl-assisted thermal pretreatment are presented in Table 1.
For the specified conditions, chemically-assisted thermal pretreatment runs were performed in parallel.
NaOH and HCl solutions were loaded into the reactor along with the computed amount of FVHW and
heated to predefined reaction temperatures. When the predefined reaction temperature was sustained,
the time of reaction was initiated. Later, completing the target reaction time, the reaction vessel was
soaked into water and an ice bath to cool down to 40 ◦C in a short time. Evaluation of the pretreatment
performance was made by sCOD, sRedSugar, and BMP. Samples were separated into a liquid and solid
phase by centrifugation after cooling. sCOD and sRedSugar analyses were performed from the liquid
phase. The analysis of sCOD was performed by a Hach-Lange DR5000 spectrophotometer (Hach
Lange GmbH, Duesseldorf, Germany) and a Lange LT200 (Keison Products, Grasshut, Germany) with
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COD kits. Since the studies done in literature to determine the effectiveness of chemically-assisted
pretreatment processes are generally based on the usage of the DNS-reduced sugar method instead of
the Anthrone method for the sSugar analysis [24–28], sRedSugar concentrations were quantified by
the DNS method [21]. Solubilization degrees for COD and Sugar (or variation in sCOD and sSugar
compared to raw FVHW) were calculated according to Mottet et al. (2009) [29]. Pretreated FVHW
containing liquid and solid fractions were preserved at −20 ◦C for the BMP test.

Table 1. Selected independent variables and their ranges for NaOH- and HCl-assisted
thermal pretreatments.

NaOH-Assisted Thermal Pretreatment

A: Reaction Temperature, (◦C) 60 80 100
B: Reaction Time, (Hour) 1 2.5 4
C: Mixing Speed, (rpm) 0 250 500

D: NaOH Concentration, (%, w/v) 0 3.25 6.5
E: Dry Matter (DM) Content, (%) 5

HCl-Assisted Thermal Pretreatment

Independent Variables Coded Variable Levels

Minimum (−1) Center (0) Maximum (+1)

A: HCl Concentration, (%, w/v) 0 2.5 5
B: Reaction Temperature, (◦C) 60 80 100

C: Dry Matter (DM) Content (%) 1 2.5 5
D: Mixing Speed, (rpm) 0 250 500

E: Reaction Time, (Hour) 1

Chemical-assisted pretreatments experiments were planned by central composite design (CCD)
of Response Surface Methodology (RSM). Four independent variables with the three levels were
utilized for CCD in Design-Expert®11 software trial version (Minneapolis, MN, USA) for NaOH- and
HCl-assisted thermal pretreatments. Fifty-one pretreatment experiments containing three experiments
at the center point along with the duplicates of each run were planned for each chemical (NaOH
and HCl) assisted thermal pretreatment by CCD. Consequently, 108 values for each response (sCOD,
sRedSugar) were used in the optimization of each chemical-assisted pretreatment processes.

Results of experiments were modeled and acquired regression models were assessed by the
analysis of variance (ANOVA), regression coefficients along with the p- and F- values. The quality
of models was concluded via the coefficient of determination (R2) and an adjusted determination
coefficient (adj-R2). With the help of the obtained model equations, optimizations of chemical-assisted
thermal pretreatment processes were performed by using maximization and minimization criteria for
independent and dependent variables [3,30]. The goal settings of the variables have been adjusted by
using the plus (+) symbols in the module of optimization of a Design-Expert® software program for
process optimization. The significance of the goals was chosen as (+++++), the highest, for all variables
in software. Design-Expert® software solved all goals for all variables to obtain the desirability
function. The optimization module investigated the merging of independent variable values that meet
the demands placed on each of the dependent variables. The targets were chosen as maximum sSugar
and sCOD production, and optimizations were performed for economical process conditions along
with the high sSugar and sCOD production.

2.3. Biochemical Methane Potential (BMP)

The impact of chemical-assisted thermal pretreatment was also evaluated by a BMP test. The BMP
test according to Carrère et al. (2009) and Us and Perendeci (2012) [3,31] was accomplished. Raw and
pretreated FVHW, micro and macro nutrients, anaerobic seed sludge along with the buffer solution
were incubated at mesophilic temperature (35 ◦C). Seed sludge was obtained from a wastewater
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treatment plant’s anaerobic digester unit in Antalya, Turkey. The substrate-to-seed ratio in every reactor
was 0.5 (gVS/gVS for samples). After adding the sample, seed sludge, necessary nutrients, and buffer
solution to the reactors, volume was set to 400 mL by adding deionized water. pH was set to neutral,
and reactors were flushed with N2/CO2 (70%/30%) gas mixture to provide an anaerobic environment.
Triplicate BMP tests were done for all pretreated samples, raw waste, and seed sludge control. BMP tests
ended after the 30 days. During fermentation, CH4 and CO2 components formed in the BMP reactors
were detected by Varian CP-4900 Micro-Gas Chromatography (Micro-GC) (Agilent Tech., Santa Clara,
USA). Varian CP-4900 was supplied with a thermal conductivity detector (online-TCD) and a 10 m
PPQ column. Injector and column temperatures in Micro-GC were 110 ◦C and 70 ◦C, respectively.
High purity grade helium gas was used as a mobile phase with a flow rate of 25 mL/min. For measuring
total gas volume, a gas-liquid displacement device was used filled with a saturated pH 1 acidic salt
solution prepared according to Standart Method 2720 [18]. The amount of methane produced from
seed sludge used for BMP tests was calculated as mLCH4/gVS and then this value was subtracted
from the methane amount produced in reactors to normalize the produced methane amount.

2.4. Surface Properties and Bond Structure

Scanning electron microscopy (SEM) was utilized to evaluate microstructural changes on the
surface of wastes after the application of chemical-assisted thermal pretreatments. Raw and pretreated
FVHW were lyophilized and coated with gold-palladium for 120 seconds under 18 mA vacuum and
samples were examined by SEM with a Zeiss Leo 1430 electron microscope (ZEISS International,
Oberkochen, Germany) at a voltage of 15 kV.

To investigate the impacts of thermochemical pretreatment on waste structure molecular-bond
characterization, samples were examined by an FTIR-Varian 1000 Scimitar series FTIR spectrometer
(Agilent Tech., Santa Clara, USA). Samples were lyophilized and pelletized with KBr before analyses.
Measurements were performed in 500 cm−1 and 4000 cm−1 wavelength range with a spectral resolution
of 4 cm−1 and with 16 scans per sample.

3. Results and Discussion

3.1. Impacts of Chemical Assisted Thermal Pretreatments

High carbohydrate content as cellulose and hemicelluloses was obtained as 56.86% from the FVHW
(Table 2). Carbon content (C%) of FVHW from the elemental analysis was found to be 34.16% (49.1% VS
basis). The analysis results suggested that FVHW is a suitable waste substrate for methane production.
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Table 2. Characterization analysis results of FVHW.

Parameters Value

Total Solid, TS, g TS/kg dry sample 913.93
Volatile Solid, VS, g VS/kg TS 694.09

Total Kjeldahl Nitrogen, TKN, g N/kg VS 24.80
Total Organic Carbon, g TOC/kg VS 501.77
Soluble Protein (g SProtein/kg VS) 94.56
Soluble Sugar (g SGlucose/kg VS) 279.50

Extractable Material and Lipid (g/kgVS) 42.17
Van Soest Fractionation (TS basis)

Celulose, % 33.12
Hemicellulose, % 23.74

Lignin, % 9.32
Soluble matter, % 33.82

Elemental Analysis (TS basis)
Carbon, C, % 34.16

Hydrogen, H, % 5.03
Nitrogen, N, % 2.39
Sulphur, S, % 0.82

C/N 14.29

The main purpose of NaOH- and HCl-assisted thermal pretreatment of FVHW is to make more
cellulose and hemicellulose available for the anaerobic microorganism and to enhance methane
production. Since the enhancement of methane production was related to sCOD and sSugar [3,32],
impacts of NaOH- and HCl-assisted thermal pretreatment on sCOD and sSugar were evaluated for
the FVHW. The results of the experiments provided a clear indication that NaOH- and HCl-assisted
thermal pretreatment boosted a remarkable increase in sCOD concentration, as illustrated in Figure 1a,c.
As shown in Figure 1a, an average sCOD concentration of 564 mgsCOD gVS−1 was obtained with
no NaOH addition, almost at the same concentration level, which varied in the narrow range of
486–629 mgsCOD gVS−1, regardless of the changes of other independent variables. On the other
hand, increasing NaOH concentration from 0% to 3.3% and 6.5% boosted the COD solubilization.
The average sCOD values of 1112 mgsCOD gVS−1 and 1243 mgsCOD gVS−1 were measured for 3.3%
and 6.5% NaOH concentration, respectively, with a moderate fluctuation between 832–1248 mgsCOD
gVS−1 and 1034–1356 mgsCOD gVS−1. Furthermore, no remarkable changes with other independent
variables were found. The most significant increase in sCOD of 1356 mgsCOD gVS−1 was observed in
the pretreatment experiment performed at 6.5% NaOH concentration, 100 ◦C reaction temperature,
1 h reaction time, and 500 rpm mixing speed, yielding more than a 240% increment compared to raw
sCOD of the FVHW. Conclusively, the addition of NaOH resulted in more dissolved organic material,
measured as sCOD. Thus, the concentration of sCOD increased with increasing NaOH concentration.

Figure 1c presents that HCl-assisted thermal treatment also raised the sCOD release, but it
produced a lower impact on sCOD than by the application of NaOH-assisted thermal pretreatment.
When no HCl was applied in the pretreatment experiments, the level of measured sCOD was in the
range of 504–613 mgsCOD gVS−1 with the average sCOD of 554 mgsCOD gVS−1. A similar trend
observed in sCOD by increasing the amount of NaOH was observed by increasing the amount of HCl.
However, the measured amounts were at the level of 613–1149 mgsCOD gVS−1 (average 800 mgsCOD
gVS−1) and 590–1232 mgsCOD gVS−1 (average 908 mgsCOD gVS−1), for 2.5% and 5% HCl, respectively,
used in the pretreatments.

Basically, Figure 1a,c indicated that (i) the increase in sCOD obtained by increasing the NaOH
concentration was higher than the increase in sCOD measured by increasing the HCl concentration.
(ii) The sCOD increment consistently stayed higher when the NaOH was increased to 3.3–6.5% while
it remained at the same level when other independent variables were kept in their range. (iii) The
amount of sCOD was also increased when the HCl was elevated to 2.5–5%, but apart from the increase
in HCl, the increment of sCOD was affected by the dry matter content, reaction temperature and mixing
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speed. This observation is particularly essential so that the selected chemical and its concentration
should be adjusted to solubilize the lignocellulosic structure, but not to oxidize them to produce further
metabolites in the process optimization. Furthermore, apart from the selected chemical and the amount
applied, each of the other independent variables should also be evaluated in process optimization.

Teghammar et al. (2010) [33] investigated the steam explosion and nonexplosive hydrothermal
pretreatment with NaOH for paper tube residuals to improve biogas production. The effect of the
reaction temperature, reaction time and NaOH concentration were statistically evaluated on sCOD.
sCOD of the untreated paper tube was measured as 262 mg L−1, whereas sCOD of the nonexplosively
pretreated paper tube at 190 ◦C with 2% NaOH was found at 2280 mg L−1. The results from
Teghammar et al. (2010) [33] revealed that increasing the NaOH concentration yielded high sCOD
production, which is somehow coupled with high phenolic compounds solubilization. Wang et al.
(2009) [34] applied hydrothermal alkaline pretreatment to sorted municipal solid waste to enhance
biogas production. sCOD concentration increased from 5931 mg L−1 at 1 g NaOH/100 g solid to
12007 mg L−1at 4 g NaOH/100 gr solid. They indicated that the concentration of sCOD increased
with the addition of NaOH. Jard et al., 2013 [35] investigated the effect of different thermochemical
pretreatments on the solubilization and anaerobic degradability of the red macroalgae Palmaria palmata.
They also indicated that thermo-chemical pretreatment induced a change in the structure of macroalgae,
increasing the cell-wall porosity and thus facilitating the solubilization of COD. The results from our
study were found to be consistent with Wang et al. (2009), Teghammar et al. (2010) and Jard et al.
(2013) [33–35].

The NaOH- and HCl-assisted thermal pretreatment experiments also pursued to observe the
alteration of soluble reducing sugars (Figure 1b,d). The soluble reducing sugar profile displayed in
Figure 1b clearly explains the impact of NaOH-assisted thermal pretreatment; with the caustic addition,
produced sugar from cellulose and hemicellulose was transformed to further metabolites. The highest
sRedSugar concentration was measured as 335 mg glucose gVS−1 from the FVHW pretreated at
0% NaOH concentration, 100 ◦C reaction temperature, 4 h reaction time, and 0 rpm mixing speed,
where the maximum increase in reducing sugar was calculated as 67.2%. On the other hand, soluble
sugar concentration increased by increasing the HCl concentration from 0% to 2.5%, but the sugars
produced by increasing HCl dosage to 5% were transformed. Figure 1d apparently shows the impact
of HCl-assisted thermal pretreatment: With HCl addition, thermal treatment at a temperature of 100 ◦C
and 3% dry matter content greatly intensified its solubility to 831 mg glucose gVS−1 and resulted in a
sharp decrease to the average level of 68 mg glucose gVS−1 when the HCl concentration was raised to
5%. It should be remembered that the decrease in sugar concentration necessitates the optimization of
the amount of chemical usage in the pretreatment process.
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Figure 1. Cont.
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Figure 1. Effects of NaOH-assisted thermal pretreatment on sCOD (a) and sRedSugars (b); and effects
of HCl-assisted thermal pretreatment on sCOD (c) and sRedSugars (d).

3.2. Optimization of Chemical Assisted Thermal Pretreatment Process for sCOD and sSugar

RSM and CCD were applied to derive optimum conditions effective on FVHW for NaOH and
HCl-assisted thermal pretreatment. Statistical evaluation was made and the models for sCOD and
sSugar were constructed for both pretreatments. Analysis of variance (ANOVA) was employed to
investigate the quality of model equations. Quadratic regression models for sCOD and sSugar were
significant, as apparent from the Fisher’s F-test with the low value (P model > F = 0.0001) for NaOH-
and HCl-assisted thermal pretreatments. To check the significance of the fit of equations for sCOD
and sSugar of NaOH- and HCl-assisted thermal pretreatments, ANOVA was made and results are
presented in Tables 3 and 4, respectively.
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Table 3. ANOVA results for chemical-assisted thermal pretreatments for sCOD.

NaOH-Assisted Thermal Pretreatment

Source Sum of Square Degrees of
Freedom Mean Square F-Value Prob > F

sCOD

Model 4.907 × 106 14 3.505 × 105 53.31 <0.0001
A—Reaction Temperature 43898.63 1 43898.63 6.68 0.0136

B—Reaction Time 23782.27 1 23782.27 3.62 0.0646
C—Mixing Speed 29589.73 1 29589.73 4.50 0.0403

D—NaOH Concentration 4.147 × 106 1 4.147 × 106 630.71 <0.0001
AB 5767.11 1 5767.11 0.8772 0.3547
AC 10885.13 1 10885.13 1.66 0.2058
AD 62377.77 1 62377.77 9.49 0.0038
BC 553.20 1 553.20 0.0841 0.7733
BD 3.86 1 3.86 0.0006 0.9808
CD 245.92 1 245.92 0.0374 0.8476
A2 54067.88 1 54067.88 8.22 0.0066
B2 0.3052 1 0.3052 0.0000 0.9946
C2 1573.40 1 1573.40 0.2393 0.6274
D2 1.185 × 105 1 1.185 × 105 18.02 0.0001

R2 = 0.9503, Adj-R2 = 0.9325, Adeq Precision = 20.0622 C.V. % = 8.33

HCl-Assisted Thermal Pretreatment

Source Sum of Square Degrees of
Freedom Mean Square F-Value Prob > F

sCOD

Model 2.104 × 106 14 1.503 × 105 36.35 <0.0001

A—Reaction Temperature 4.591 × 105 1 4.591 × 1005 111.09 <0.0001
B—HCl Concentration 1.132 × 106 1 1.132 × 106 273.80 <0.0001

C—Solid Content 69230.38 1 69230.38 16.75 0.0002
D—Mixing Speed 10722.26 1 10722.26 2.59 0.1153

AB 2.004 × 105 1 2.004 × 105 48.49 <0.0001

AC 13407.44 1 13407.44 3.24 0.0794

AD 604.22 1 604.22 0.1462 0.7043

BC 1.182 × 105 1 1.182 × 105 28.60 <0.0001

BD 216.27 1 216.27 0.0523 0.8203

CD 5219.10 1 5219.10 1.26 0.2680

A2 18583.84 1 18583.84 4.50 0.0404

B2 11063.97 1 11063.97 2.68 0.1099

C2 4855.75 1 4855.75 1.17 0.2851

D2 20711.11 1 20711.11 5.01 0.0310

R2 = 0.9288, Adj-R2 = 0.9033, Adeq Precision = 22.3369, C.V. % = 8.53
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Table 4. ANOVA results for chemical-assisted thermal pretreatments for sSugar.

NaOH-Assisted Thermal Pretreatment

Source Sum of Square Degrees of
Freedom Mean Square F-Value Prob > F

sSugar

Model 8.671 × 105 14 61936.12 854.31 <0.0001
A—Reaction Temperature 2058.59 1 2058.59 28.40 <0.0001

B—Reaction Time 360.68 1 360.68 4.98 0.0315
C—Mixing Speed 83.78 1 83.78 1.16 0.2890

D—NaOH Concentration 6.434 × 105 1 6.434 × 105 8874.32 <0.0001
AB 42.60 1 42.60 0.5876 0.4480
AC 117.12 1 117.12 1.62 0.2112
AD 3549.03 1 3549.03 48.95 <0.0001
BC 8.04 1 8.04 0.1109 0.7409
BD 1264.29 1 1264.29 17.44 0.0002
CD 50.10 1 50.10 0.6911 0.4109
A2 207.77 1 207.77 2.87 0.0985
B2 67.99 1 67.99 0.9378 0.3388
C2 12.02 1 12.02 0.1657 0.6862
D2 82123.05 1 82123.05 1132.76 <0.0001

R2 = 0.9967, Adj-R2 = 0.9956, Adeq Precision = 69.1844, C.V. % = 7.24

HCl-Assisted Thermal Pretreatment

Source Sum of Square Degrees of
Freedom Mean Square F-Value Prob > F

sSugar

Model 2.318 × 106 14 1.656 × 105 30.43 <0.0001

A—Reaction Temperature 30752.88 1 30752.88 5.65 0.0224
B—HCl Concentration 2.588 × 105 1 2.588 × 105 47.56 <0.0001

C—Solid Content 43307.69 1 43307.69 7.96 0.0075
D—Mixing Speed 8252.21 1 8252.21 1.52 0.2255

AB 2294.35 1 2294.35 0.4217 0.5199

AC 45.89 1 45.89 0.0084 0.9273

AD 512.64 1 512.64 0.0942 0.7605

BC 1.395 × 105 1 1.395 × 105 25.64 <0.0001

BD 1547.35 1 1547.35 0.2844 0.5969

CD 1193.16 1 1193.16 0.2193 0.6422

A2 19378.84 1 19378.84 3.56 0.0666

B2 6.606 × 105 1 6.606 × 105 121.41 <0.0001

C2 21405.59 1 21405.59 3.93 0.0544

D2 7628.98 1 7628.98 1.40 0.2435

R2 = 0.9161, Adj-R2 = 0.8860, Adeq Precision = 16.5818, C.V. % = 26.19

The quality of the fit of models was expressed by the coefficient of determination R2 and adjusted
determination of coefficient, Adj-R2. R2 and Adj-R2 were found to be 0.9503 and 0.9325, and 0.9288 and
0.9033 for sCOD, indicating a high degree of correlation between the response and the independent
variables in the quadratic models for NaOH- and HCl-assisted thermal pretreatments, respectively.
Signal-to-noise ratio is defined as adequate precision and a ratio bigger than four is favorable. Therefore,
the ratios 20.06 and 22.33 have shown adequate signals for the models. Values of Prob > F less than
0.05 indicated that model terms are significant [36]. While the linear effect of reaction temperature
(A), mixing speed (C) and NaOH concentration (D), interactive terms of AD, and square terms of
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reaction temperature (A2) and NaOH concentration (D2) were significant for the sCOD model of the
NaOH-assisted thermal pretreatment, the linear effect of reaction temperature (A), HCl concentration
(B) and solid content (C), interactive terms of AB and BC, and square terms of reaction temperature (A2)
and mixing speed (D2), were significant for the sCOD model of HCl-assisted thermal pretreatment.

Similarly, the values of R2 and Adj-R2 were computed as 0.9967 and 0.9956, and 0.9161 and
0.8860 for quadratic models of sSugar of NaOH- and HCl-assisted thermal pretreatments, respectively.
Adequate precision with the values of 69.18 and 16.58 was obtained, indicating models can be applied
in the design space. Furthermore, the linear effect of reaction temperature (A), reaction time (B),
and NaOH concentration (D); interactive terms of AD and BD; and square terms of NaOH concentration
(D2) were significant for the sSugar model of NaOH-assisted thermal pretreatment, while the linear
effect of reaction temperature (A), HCl concentration (B) and solid content (C); interactive terms of
BC; and square terms of HCl concentration (B2) were significant for the sSugar model of HCl-assisted
thermal pretreatment.

On the other hand, other variables shown in ANOVA analysis presented in Tables 3 and 4 were
not significant (p > 0.005).

sCOD and sSugar models were operated for the optimization of NaOH- and HCl-assisted thermal
pretreatment conditions by Design-Expert®software. During the optimizations of both pretreatment
applications, a cost-driven approach was applied. Reaction temperature, reaction time and NaOH
concentration were diminished, while sCOD and sSugar were maximized for NaOH-assisted thermal
pretreatment. Mixing speed was kept in the ranges. Optimum conditions were obtained with a
desirability of 0.681 at 0.67% NaOH concentration, 65 ◦C reaction temperature, 1 h reaction time,
and 500 rpm mixing speed. Under these conditions, 688 mgsCOD mgVS−1 and 222 mgsSugar
mgVS−1 were predicted for sCOD and sSugar, respectively. To validate the optimization, pretreatment
experiments were executed under these proposed conditions. In these runs, 712 mgsCOD mgVS−1

and 236 mgsSugar mgVS−1 were realized for sCOD and sSugar models, respectively. Solubilization of
sCOD and sSugar compared to the raw FVHW were found to be 80% and 18%, respectively, for cost
optimization conditions.

To optimize the HCl-assisted thermal pretreatment, initial solid loading, sCOD and sSugar were
maximized, whereas reaction temperature and HCl concentration were minimized from the point
of environmentally sustainable procedures and process costs. Since mixing speed was found to be
insignificant for both models, it was set within the range. Optimum conditions were obtained with
the desirability of 0.647 at 1.44% HCl concentration, 60 ◦C reaction temperature, 5% solid content,
and 324 rpm mixing speed. Under these conditions, sCOD and sSugar values were estimated as 682
mgsCOD mgVS−1 and 553 mgsSugar mgVS−1, respectively. To validate the optimization, specific batch
runs were conducted. sCOD and sSugar were determined as 698 mgsCOD mgVS−1 and 438 mgsSugar
mgVS−1, verifying the acceptable performance of the models for HCl-assisted thermal pretreatment.
The increments of sCOD and sSugar compared to the raw wastes were computed as 76% and 119%,
respectively for cost optimization conditions.

The impacts of independent variables of NaOH-assisted thermal pretreatment on sCOD and
sSugar solubilization are demonstrated in Figure 2a,b. Figure 2a explains the individual impact
of each independent variable on sCOD. Approximately, 700 mgsCOD mgVS−1 can be produced
when 1-hour reaction time, 0.67% NaOH concentration, 500 rpm mixing speed, and 65 ◦C reaction
temperature conditions were applied in the pretreatment. On the other hand, increasing NaOH
concentration resulted in higher sCOD solubilization of approximately 1200–1300 mgsCOD mgVS−1.
However, as it is apparently observed from Figure 2b, increasing the NaOH concentration yielded
extremely decreasing sSugar solubilization that can be converted directly into methane. Approximately,
200–250 mgsSugar mgVS−1 should be produced under the same pretreatment conditions.

The independent variables’ impact on sCOD and sSugar solubilization after the application of
HCl-assisted thermal pretreatment is also presented in Figure 2c,d. The individual impact of each
independent variable on sCOD presented in Figure 2c shows that 600–700 mgsCOD mgVS−1 should

40



Molecules 2020, 25, 500

be produced by the application of 5% solid content, 1.44% HCl concentration, 324 rpm mixing speed,
and 60 ◦C reaction temperature conditions in the pretreatment. As it is clearly seen from Figure 2d,
with the increasing HCl concentration, sSugar concentration was reduced to further compounds by the
transformation and obtained very low sugar concentration in the pretreatment medium.

The most important difference between the two pretreatments was the use of different initial solid
content in the pretreatment. Enhancement of methane production from FVHW can be achieved by the
usage of 5% solids content along with the 60–80 ◦C reaction temperature and no or very low chemical
agent in the pretreatment.

Figure 2. Individual impacts of independent variables (Reaction temperature, reaction time, mixing
speed and NaOH concentration) on sCOD (a) and sSugar (b) of NaOH-assisted thermal pretreatment;
individual impacts of independent variables (Reaction temperature, HCl concentration, solid content
and mixing speed) on sCOD (c) and sSugar (d) of HCl-assisted thermal pretreatment.

3.3. Methane Production

Since increasing the NaOH and HCl concentrations from 0% to 6.6% and 0% to 5%, respectively,
yielded with the lowly-soluble sugar concentration due to degradation of the produced sugar
and possibly the conversion to refractory compounds or inhibitors, the methane productions were
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investigated with a reduced number of pretreatment experiments. A BMP value of raw FVHW without
pretreatment, serving as a comparison, was found as 217 mLCH4 gVS−1. The observed methane
production profiles for thermal and NaOH- and HCl-assisted thermal pretreatments are presented in
Figure 3a,b.

Figure 3. Methane production profiles after the NaOH-assisted thermal pretreatments (a); HCl-assisted
thermal pretreatments (b).

Figure 3a,b shows that thermal pretreatments with no addition of chemicals led to the highest
methane productions. Methane production was attained in the range of 222–365 mLCH4 gVS−1

(av. 295 mLCH4 gVS−1) at a range of 60–100 ◦C reaction temperature and 1–5% solid content.
The highest BMP values were 365 and 360 mLCH4 gVS−1 acquired at 60 ◦C and 100 ◦C reaction
temperature, respectively, along with 5% solid content and 1 h reaction time, as indicated in the red
dash line zone.
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The lowest BMP value (121 mLCH4 gVS−1) was measured from the FVHW pretreated at a NaOH
concentration of 6.5%, a reaction temperature of 100 ◦C, and a reaction time of 4 h. By adding NaOH
as 3.3% and 6.5% concentrations, the production of methane decreased from 251–360 mLCH4 gVS−1

(av. 305 mLCH4 gVS−1) without NaOH to 132–133 mLCH4 gVS−1 (av. 133 mLCH4 gVS−1) at 3.3% and
further dropped to 121–129 mLCH4 gVS−1 (av. 127 mLCH4 gVS−1) at 6.5%. As it is easily captured
from Figure 3a, pretreatment experiments without NaOH showed an average of 41% enhancement in
methane production; on the other hand, an average 40% decrease was observed in methane production
with the increased NaOH concentration. The increased concentration of NaOH resulted in low methane
production due to degradation of the produced sugar and possible conversion to refractory compounds
or inhibitors [37–39] or increased concentration of Na+ itself or combined effects of both. In fact, for the
sake of clarity, Na+ concentration was approximately 1.8 g Na+/L in the BMP reactor, it reached 2.5 g
Na+/L with the supplied NaHCO3 as a buffer in the BMP reactor for the lowest BMP obtained as
121 mLCH4 gVS−1. Despite the fact that slight inhibition concentrations for Na+ are in the range of
3.5–5.5 g/L [40], it may be concluded that two effects (degradation of sugar to refractory compounds or
inhibitors and Na+ concentration) caused inhibition.

As for HCl-assisted thermal pretreatment, minimum methane of 166 mLCH4 gVS−1 was produced
from the wastes pretreated at 2.5% HCl concentration, 60 ◦C reaction temperature, and 3% solid content.
As it is clearly seen from Figure 3b, methane production decreased when the HCl concentration was
increased. However, the decrease in methane production was not at the same level as the decrease in
NaOH application. Methane production decreased to an average value of 172 mLCH4 gVS−1 when the
amount of HCl was increased to 2.5% and the number of solids was decreased to 3%. On the contrary
to this, methane production increased to an average value of 240 mLCH4 gVS−1 with increasing
solids content to 5% and in the range of 60–100 ◦C reaction temperature. While an average of 31%
enhancement was observed in methane production in the pretreatment experiments where HCl was
not used, an average of 21% decrease occurred in methane production when 2.5% HCl was added.

Conclusively, (i) a higher amount of methane production was obtained by the thermal application
without using the chemical agent of NaOH or HCl. (ii) Although the chemical usage contributes to the
hydrolysis rate of the lignocellulosic structure, the selected high dose for NaOH (3.3–6.5%) and HCl
(2.5–5%) should be the probable cause of low methane production. (iii) Maximum enhancement of
methane production was 47–68% compared to raw FVHW when 5% solid content, 1 hour reaction time
and 60–100 ◦C reaction temperature were used in pretreatments.

Song et al. (2014) [41] examined the impacts of seven chemical pretreatments on methane
production from corn straw. Four acid reagents (H2SO4, HCl, H2O2, and CH3COOH) at concentrations
of 1, 2, 3, and 4% and three alkali reagents (NaOH, Ca(OH)2 and NH3.H2O) at concentrations of
4, 6, 8, and 10% were applied in the pretreatments at 25 ◦C during the 7 days. Results revealed
that acid and alkaline treatments increased methane production by approximately 10.3% to 115.4%
higher yield compared to raw. This phenomenon can be explained by the fact that alkaline and acid
pretreatments promote organic solubilization and increase the surface area available for enzymatic
accessibility. Monlau et al., (2012) [42] applied five thermo-chemical pretreatments by using NaOH,
H2O2, Ca(OH)2, HCl, FeCl3 at 4–10 gr/100gr TS concentration along with the 30–170 ◦C reaction time
and 1–24 h reaction time to sunflowers stalks. They found that methane potentials of pretreated
sunflower with different chemicals increased to 3–35% compared to the raw sunflower. Although corn
straw and sunflower stalks do not seem to be similar to the FVHW at first glance, the cellulose and
hemicellulose contents of the sunflower are close to FVHW used in this study to make a comparison.
Furthermore, the enhancement of methane production results from this study was found to be coherent
with the literature and revealed that pretreatment conditions necessitate optimization and depend
on the structure and composition of lignocellulosic wastes. As a result, the selection of a wide of
range levels of the independent variables has riveting characteristics to optimize the process in a broad
design boundary and to evaluate the positive and negative impacts of independent variables along
with their ranges. The results obtained from optimization in the design space have resulted in the
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suggestion of a low amount of NaOH and HCl usage due to the inhibition effect of the high amount of
chemicals on methane production. The selection of a wide range of levels of independent variables has
provided an opportunity for evaluating extreme points in optimization.

3.4. Surface Modification and Molecular Bond Changes in FVHW by Chemical Assisted Thermal Pretreatment

SEM images and FTIR spectra of FVHW pretreated at optimized conditions for sCOD and sSugar
by NaOH-assisted thermal pretreatments (0.67% NaOH, 65 ◦C, 1 h, 500 rpm) and HCl-assisted thermal
pretreatments (1.44% HCl, 60 ◦C, 5% DM, 324 rpm), and maximum CH4 production conditions (100 ◦C,
0% NaOH, 1 h, 0 rpm and 60 ◦C, 0% HCl, 5% DM, 0 rpm) compared to those of the raw FVHW are
demonstrated in Figure 4a,b, respectively.

SEM images presented in Figure 4a,b depicted that both NaOH- and HCl-assisted thermal
pretreatments caused modification on the surfaces of FVHW. The images of raw wastes revealed
that lignocellulosic material had a smooth and fluent fibrous structure on its surface before any
pretreatment. Despite the robust structure of lignocellulosic material, both NaOH- and HCl-assisted
thermal pretreatments hydrolyzed lignocellulosic material and destructed the smooth outer surface by
opening it up and damaged the inner structure of tissues. SEM images remarked consistent results
with methane production from FVHW.

In the dashed line zone of the FTIR spectra, both NaOH- and HCl-assisted thermal pretreated
wastes presented a different spectrum than from raw lignocellulosic wastes. Especially, modifications
in spectra at 400–500, 780, 875, 1000–1100, 1150, 1245, 1310, 1380, 1500–1600, 1750, 2300–2400 and
400–500, 775, 875, 1000–1100, 1150, 1280–1310, 1380, 1500–1600, 1750, and 2300–2400 cm−1 wavelengths
can be apparently observed from the pretreated samples of FVHW by the application of NaOH- and
HCl-assisted thermal pretreatments, respectively. Most of the observed modifications in the molecular
bonds were found to be similar. While FTIR band intensities were closer to each other at 60–100 ◦C
and 0–0.67% NaOH pretreatment conditions and gave lower density than the raw sample, FTIR band
intensities of samples pretreated at 1.44% HCl condition were found to be closer to the raw sample.

At 470 and 775 cm−1, FTIR spectra show vibrations of Si–O–Si and NH2 bonds, respectively [43,44].
Si may come from small amounts of soil adhering to the roots of FVHW. Absorbance at 875 cm−1

wavelength represents the vibration of glucosidic linkage in hemicellulose [45], and it can be concluded
that all processed wastes had the same absorbance value, indicating a transformation in the chemical
bond structure caused by pretreatment. Bond characteristic changes in samples belonged to C–O
stretching vibrations in cellulose/hemicellulose and the aryl-OH group in lignin at 1050 cm−1 [46],
C–O–C vibrations at β-glucosidic linkages in cellulose and hemicellulose at 1150 cm−1 [47], and C–O
adsorption at 1245 cm−1 [48]. Observed changes at 1310 cm−1 and 1380 cm−1 of FTIR spectra indicated
CH2 wagging in cellulose and hemicellulose and planar C–H bending in cellulose, hemicellulose,
and lignin, respectively [45]). Since wavelengths between 1500–1600 cm−1 are attributed to aromatic
C=C bonds, changes at 1510 cm−1 were found to belong to aromatic ring vibrations of lignin [49].
As changes at 1734 cm−1 pointed to C=O stretching vibration in acetyl groups of hemicellulose [47],
FTIR spectra observed at 1750 cm−1 may belong to this group. Out of the dashed line zone, pretreated
wastes showed a difference only at one wavelength (2400 cm−1) with low densities, compared to raw
FVHW. The band at 2400 cm−1 was attributed to C=O stretching within the carbon dioxide [50].

In summary, FTIR analysis revealed that pretreatment caused changes in molecular bond
characterization especially in the region of 800–1500 cm−1.
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Figure 4. SEM images and FTIR spectra of raw and pretreated FVHW at 0% NaOH concentration,
100 ◦C reaction temperature, 1 h reaction time and no mixing, and 0.67% NaOH concentration, 65 ◦C
reaction temperature, 1 h reaction time and 500 rpm mixing speed conditions (a); SEM images and
FTIR spectra of raw and pretreated FVHW at 0% HCl concentration, 60 ◦C reaction temperature, 5%
DM content and 500 rpm mixing speed and 1.44 %HCl concentration, 60 ◦C reaction temperature, 5%
DM content and 324 rpm mixing speed conditions (b).

4. Conclusions

FVHW collected from the extensive production greenhouses area of Antalya city was
thermochemically pretreated to enhance methane production. The most significant increase in
sCOD of 1356 mgsCOD gVS−1 was observed at 6.5% NaOH concentration, 100 ◦C reaction temperature,
1 h reaction time, and 500 rpm mixing speed, yielding more than a 240% increment compared to raw
sCOD of the FVHW. The highest sSugar concentration was measured as 335 mg glucose gVS−1 from
the FVHW pretreated with no chemicals at a 100 ◦C reaction temperature, 4 h reaction time, and no
mixing, where the maximum increase in reducing sugar was calculated as 67.2% compared to raw
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FVHW. Increasing NaOH and HCl concentrations resulted in higher sCOD but extremely lower sSugar
solubilization. Results of sCOD and sSugar from the NaOH- and HCl-assisted thermal pretreatment
experiments were modeled, and statistically significant regression models were developed. The most
important independent variables were found to be chemical concentration (as NaOH and HCl), solid
content and reaction temperature for the pretreatment processes.

Two-hundred-and-twenty-two to 365 mLCH4 gVS−1 methane productions were obtained by
the simple thermal application without using NaOH or HCl. Maximum enhancement of methane
production was 47–68% compared to raw FVHW at 5% solid content, 1-hour reaction time and
60–100 ◦C reaction temperature.

The optimization of chemically-assisted thermal pretreatment processes should be done with the
methane production results obtained from the BMP test. On the other hand, increasing the NaOH
and HCl concentrations from 0% to 6.6% and 0% to 5%, respectively, resulted in low soluble sugar
concentrations. Furthermore, optimization in the design space suggested the use of low amounts of
NaOH and HCl due to the inhibition risk of the high amount of chemicals. In addition, BMP tests
yielded to low methane production for the samples pretreated with high a amount of chemicals (NaOH
and HCl). As a result, it was found that sSugar and methane production results were correlated and
sSugar data can be used in optimization in a reliable way for this substrate.

Results from this comprehensive study have been encouraging that it serves information to
build the potential application and to reduce the waste-related environmental pressure in the
production-dense area. Gained optimization solution in the design space resulted in the suggestion of
no chemical usage due to the inhibition effect of the high amount of chemicals on methane production.
The selection of a wide range of levels of independent variables provided an opportunity for evaluating
extreme points in optimization.
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Abstract: Treatment of emerging contaminants, such as antimicrobials, has become a priority topic for
environmental protection. As a persistent, toxic, and bioaccumulative antimicrobial, the accumulation
of triclosan (TCS) in wastewater sludge is creating a potential risk to human and ecosystem health
via the agricultural use of biosolids. The impact of microwave (MW) pretreatment on TCS levels in
municipal sludge is unknown. This study, for the first time, evaluated how MW pretreatment (80
and 160 ◦C) itself and together with anaerobic digestion (AD) under various sludge retention times
(SRTs: 20, 12, and 6 days) and temperatures (35 and 55 ◦C) can affect the levels of TCS in municipal
sludge. TCS and its potential transformation products were analyzed with ultra-high-performance
liquid chromatography and tandem mass spectrometry. Significantly higher TCS concentrations
were detected in sludge sampled from the plant in colder compared to those in warmer temperatures.
MW temperature did not have a discernible impact on TCS reduction from undigested sludge.
However, AD studies indicated that compared to controls (no pretreatment), MW irradiation could
make TCS more amenable to biodegradation (up to 46%), especially at the elevated pretreatment
and digester temperatures. At different SRTs studied, TCS levels in the thermophilic digesters were
considerably lower than that of in the mesophilic digesters.

Keywords: municipal sludge; anaerobic digestion; thermal pretreatment; microwave; contaminants
of emerging concern; personal care products; antimicrobial disinfectants; triclosan; ultra-high
performance liquid chromatography; tandem mass spectrometry

1. Introduction

The land application of biosolids is reported as the most sustainable, least expensive, and
environmentally accepted disposal option for wastewater sludge management [1]. Wastewater sludge
must be stabilized before recycling to soil; for reducing environmental health risks, meeting the minimum
biosolids quality standards, and convincing public on its benefits and safety [2]. As a commonly used
sludge stabilization method, anaerobic digestion (AD) can generate stable organic residues (e.g., biosolids)
from high-strength organic waste (e.g., municipal wastewater sludge) while providing economical and
environment-friendly renewable energy resources [3]. However, the release of emerging contaminants
(e.g., antimicrobials) into the environment via biosolids land application is creating potential ecological
and human health risks. For this reason, the detection and reduction of these problematic chemicals
in sludge/biosolids has become a priority matter around the world. Although there are several studies
and surveys available in the literature regarding the occurrence, fate, and endocrine disruptive effects of
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emerging contaminants in biosolids [4–6]; regulations for their occurrence in biosolids have not been
established yet [7,8]. The legal framework needs to be prepared and/or updated for limiting these
compounds in biosolids/agricultural soils and preventing their transfer to the groundwater and then
drinking water bodies.

Triclosan (TCS) is a broad-spectrum antibacterial and antifungal agent that is effective against both
Gram-positive and Gram-negative bacteria as well as yeasts and molds [9]. TCS is a polychlorinated
aromatic antimicrobial which is commonly used as an active ingredient in many personal care products
(e.g., soaps, shower gels, shampoos, toothpastes, and cosmetics) as well as household and industrial
products (e.g., detergents, plastics, carpets, textile products, toys, and furniture) [10]. Key physical and
chemical properties of antimicrobial TCS are listed in Table 1.

Table 1. Key physical and chemical properties of triclosan.

Parameters Triclosan (TCS)

Chemical structure
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Molecular formula C12H7Cl3O2
Molecular weight (g/mol) 289.536
CAS registration number 3380-34-5

IUPAC name 2,4,4′-trichloro-2′-hydroxydiphenyl ether or
5-chloro-2-(2,4-dichlorophenoxy)phenol

Trade name Irgasan DP300 or CH 3565
Use Antiseptic and disinfectant

Chlorine content (weight %) 33.7 a

Log Kow (at 25 ◦C, pH 7) 4.8 a

Log Koc (at 25 ◦C, pH 7) 4.1 b

pKa (at 20 ◦C) 8.14 c

Melting point (◦C) 54 – 57 c

Boiling point (◦C) 280–290 d

Water solubility (mg/L at 25 ◦C) 1.97–4.6 a

Vapour pressure (mm Hg at 25 ◦C) 4.65 × 10−6 e

Some of potential transformation products f,g h,i,j

Methyl-triclosan
2,4-dichlorophenol

2,4,6-trichlorophenol
2,3,4-trichlorophenol

2,8-dichlorodibenzo-p-dioxin
Triclosan O-β-d-glucuronide

Triclosan-O-Sulfate
Tetra-III

Penta
Chloroform

Log Kow: The logarithmic octanol-water partition coefficient, Log Koc: Organic carbon partition coefficient, pKa:
Dissociation constant. a Halden and Paull [11], b Heidler and Halden [12], c Reiss et al. [13], d Dann and Hontela [14],
e Ying et al. [15], f Tohidi and Cai [16], g Chen et al. [17], h Armstrong et al. [18], i Dann and Hontela [14], j Canosa et al. [19].

Municipal wastewater treatment plants (WWTPs) are generally designed to control easily/moderately
biodegradable carbonaceous substances, nutrients and pathogens [20]; thus, emerging contaminants
such as TCS may only be partially eliminated and/or transformed into its transformation products
during treatment processes [21,22]. TCS has been widely detected in high levels (>1000 ng/g dry weight
[ng/g-dry]) in municipal wastewater sludge (undigested), and has been shown to accumulate in digested
biosolids and biosolids-amended agricultural soils [5,23–26] due to its physico-chemical characteristics,
such as high lipophilicity and poor biodegradability. Among the 231 emerging contaminants analyzed
in U.S. biosolids, TCS was identified as a priority chemical in terms of both its high occurrence and
high bioaccumulation potential [5]. TCS was one of the most abundant contaminants with the mean
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concentration of 12,600 ± 3800 ng/g-dry, within the 72 pharmaceuticals and personal care products
investigated in 110 U.S. biosolids samples collected from 94 WWTPs [8]. TCS is also commonly found
in treated WWTP effluent, which then becomes another source of environmental contamination when
discharged to the environment. According to the U.S. Geological Survey, TCS was identified as one of
the top 10 water contaminants among the 95 compounds tested in 139 streams across 30 states [27].
Furthermore, TCS is an endocrine disrupting chemical, which has been reported to bioaccumulate
in wide range of aquatic and terrestrial organisms [14,28,29]. TCS has also been detected in human
samples such as urine [30], blood serum [31], breast milk [32], and maternal urine and cord blood
plasma [33]. Moreover, TCS is the source of different types of chlorinated derivatives/transformation
products such as dioxins/furans, chlorophenols and chloroform, which are toxic and carcinogenic
compounds [34–36].

Until now, much attention has been paid to the identification and quantification of TCS and its
transformation products in aqueous matrices (e.g., wastewater, drinking water, surface water) [9,19,37];
however, very few studies have focused on their transformation in solid matrices (e.g., municipal sludge,
biosolids-amended soils, sediments) [22,35,38–40]. This is possibly caused by the highly-complex nature
of solid matrices and the difficulties encountered during their quantitative analysis [41]. For this reason,
it is important to develop easy, reliable, and cost-effective analytical methods for the determination of
antimicrobials in solid matrices to help reduce the potential risks of their release and adverse effects on
the environment. Despite the prevalence of TCS in wastewater sludge, a few studies have explored
its fate during conventional AD. According to these studies, it can be concluded that very limited
(between 0–25%) TCS removal has been observed during the AD process [22,42–44].

As AD is the most widely used sludge digestion technology, especially for medium- and large-scale
WWTPs, it is logical to focus on solutions that can enhance the removal of TCS during anaerobic sludge
digestion. In this context, different sludge pretreatment technologies applied prior to AD (i.e., advanced
AD) have been used for boosting sludge disintegration and improving digestion with several advantages
over the conventional AD [2]. Thermal hydrolysis, which is a highly efficient and commercially available
technology, has been successfully adapted to full-scale AD operations for pretreatment [45]. As one of
the most studied thermal pretreatment alternative, microwave (MW) technology has received interest
from the early 2000s due to its ability to speed up the rate of reaction, heat rapidly, and provide
easier operation as well as to enhance bioenergy production, sludge dewaterability, and pathogen
destruction when combined with an AD process [46]. Although an extensive number of studies have
been conducted to investigate the effectiveness of MW pretreatment on sludge disintegration and AD
operational performance parameters (such as biogas generation, solids reduction, and sludge rheology),
until now, to the best of our knowledge, there has been no study reporting on how MW pretreatment
affects the level of TCS in municipal waste sludge.

The main objective of this study was to investigate the occurrence and behavior of the persistent
antimicrobial TCS and its potential transformation products in undigested and anaerobically digested
municipal sludges, with and without MW pretreatment. In order to achieve these goals, the following
tasks were applied: (i) An ultra-high performance liquid chromatography connected to triple quadrupole
mass spectrometry (UHPLC-MS/MS) based analytical method was developed for the simultaneous
detection and quantification of TCS and its five potential transformation products in sludge samples,
and (ii) six bench-scale, semi-continuous flow anaerobic digesters were operated with municipal mixed
sludge in order to determine how different MW pretreatment temperatures (80 or 160 ◦C), digester
sludge retention times (SRTs: 20, 12, or 6 days), and digester operating temperatures (35 or 55 ◦C)
influence the levels of selected target compounds in anaerobically digested sludge. This study also
assessed how MW pretreatment itself can affect these compounds in municipal wastewater sludge by
batch sludge heating experiments.
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2. Results and Discussion

2.1. Environmental Occurrence of Triclosan in Municipal Sludge

The environmental (without spiking) concentration of TCS (parent compound) in municipal
wastewater sludge (as a mixture of fermented primary sludge and thickened waste activated sludge
(WAS)) was measured as 4450 ± 2750 ng/g-dry. However, none of the target transformation products
(i.e., triclosan O-β-d-glucuronide, triclosan-O-Sulfate, tetra-III and penta, and 2,3,4-trichlorophenol)
considered in this study could be detected in municipal sludge samples (below the instrument detection
limits given in E-Supplementary Data). Throughout the different sampling periods, significant seasonal
fluctuation in TCS concentrations of sludge samples was observed from winter to spring season (p-value
= 0.011 < 0.05). As seen in Figure 1, TCS concentrations in the samples, which were collected from the
Westside Regional WWTP during cold months (average weather and wastewater temperatures: −3
and 14 ◦C, respectively) of the year ranged from 6760 to 8240 ng/g-dry, whereas TCS concentrations in
the samples during warmer months (average weather and wastewater temperatures: 8 and >16 ◦C,
respectively) was in the range between 1700 and 3530 ng/g-dry. The sampling months shown in Figure 1
for undigested mixed sludge (digester feed) correspond to times when bench-scale anaerobic digesters
were at the steady–state. These variations in the occurrence of TCS in sludge samples collected during
the different seasonal temperatures might be related to the wastewater treatment processes applied at
the facility. Specifically, the lower TCS concentrations detected in the sludge at warmer temperatures
may have been caused by the higher removal of TCS (via biotransformation) in the biological nutrient
removal process, utilized by the Westside Regional WWTP. As the microbial activity increased at higher
temperatures compared to lower temperatures, TCS accumulation in the sludge (via sorption) may
have decreased during biological process. This trend was also observed in previous studies [47–49].
A study by Guerra et al. [48] compared seasonal differences of TCS concentrations in WAS samples
(n = 9 with TCS detected in 100% samples) taken from Canadian WWTPs. The TCS concentrations in
the sludge were considerably higher in the samples collected in colder temperatures (4.2 ± 1.2 ◦C) in
comparison to those collected in warmer temperatures (23.4 ± 2.4 ◦C). The levels of TCS were found
between 630–3700 ng/g-dry in the cold season whereas between 250–910 ng/g-dry in the warm season.
Tohidi and Cai [22] reported that TCS elimination efficiency in a conventional activated sludge process
was significantly lower in cold sampling collection periods (34.8%) than warm periods (57%). Another
study conducted by Trinh et al. [49] revealed that higher TCS removal was observed through a full-scale
membrane bioreactor plant during the summer sampling period (24 ± 1 ◦C) compared to the winter
sampling (15 ± 1 ◦C). Lozano et al. [38] also revealed the nitrification and denitrification processes as
the most effective treatments for TCS removal (22.6%) compared to the conventional activated sludge
process (10.4%).

Levels of TCS obtained from municipal sludge in this study were similar to previously reported TCS
concentrations in Canadian sludge [48,50,51]. For example, TCS was found with median concentration
of 4090 ng/g-dry (between 3540–4150 ng/g-dry) and 9130 ng/g-dry (between 5340–36,800 ng/g-dry) in
mixed sludge samples taken from the Saskatoon and the Red Deer’s WWTPs, respectively [50]. TCS
concentrations were reported from 5500 to 17,900 ng/g-dry (median: 11,550 ± 4265 ng/g-dry) in 12
municipal raw sludge collected from cities across Canada [51]. According to a study by Guerra et al. [48],
the concentration ranges for TCS (n = 6 with TCS detected in 100% samples taken from Canadian WWTPs)
were between 6000–14,000 and 430–11,000 ng/g-dry in primary sludge and thickened WAS, respectively.
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2.2. Impact of Microwave Pretreatment on the Behavior of Triclosan in Municipal Sludge

The initial studies focused on assessing MW pretreatment impact on TCS in undigested municipal
sludge by applying batch heating experiments. Two independent batches of samples collected from
the Westside Regional WWTP in September were analyzed in un-pretreated and MW-pretreated mixed
sludges in order to evaluate the effectiveness of MW pretreatment on the reduction of TCS sludge
concentrations (Figure 2). Initially, TCS was measured at an average concentration of 4320± 225 ng/g-dry
in un-pretreated (raw) mixed sludge. Then, MW pretreatment was applied at different temperatures
(80 or 160 ◦C); however, no discernible changes were observed in TCS sludge concentrations. After MW
pretreatment, the levels of TCS in MW-pretreated mixed sludge samples were not statistically different
from un-pretreated sludge according to a One-Way ANOVA (p-value = 0.178 > 0.05). This result might
be explained by the quantum energy of MW irradiation operated at a frequency of 2450 MHz. As this
activation energy (1.0 × 10−5 eV) is too low, MW irradiation does not provide sufficient energy to break
typical chemical bonds (such as C–C: 3.61 eV, C–O: 3.74 eV, C–H: 4.28, or OH: 4.80 eV) commonly
found in organic compounds [52], although it has been proven to achieve disintegration of extracellular
polymeric network and pathogen destruction [46]. Based on energies of the chemical bonds, MW may
not able to disrupt the specific bonds of TCS as it is a halogenated aromatic hydrocarbon. This finding
was in agreement with the results of Armstrong et al. [18] who reported that TCS and some of its
transformation products (methyl-TCS, and 2,4-dichlorophenol) in mixed sludge were not impacted by
Cambi Hydrolysis Process™ at temperatures of 150–180 ◦C for 30 min and at pressures of 0.37–0.95 MPa.
In their study, the average concentrations of TCS, methyl-TCS, and 2,4-dichlorophenol before and after
thermal hydrolysis ranged from 7489 to 6884 ng/g-dry, 280 to 248 ng/g-dry, and 283 to 204 ng/g-dry,
respectively. On the other hand, Ross et al. [53] indicated that TCS was removed (<100 ng/g-dry) from
biosolids (a mixture of WAS and anaerobically digested primary solids) when pyrolysis was performed
at a temperature of 300 ◦C during the batch pyrolysis experiments. The authors also indicated that
the pyrolysis reaction time required in order to eliminate TCS from biosolids was less than 5 min
at 500 ◦C. Considering the results from this MW study, as well as other studies using conventional
heating, it seems that higher temperatures (i.e., >300 ◦C, higher than TCS’s boiling point given in
Table 1) are needed to observe statistically significant changes on TCS after heating.
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pretreatment.

2.3. Operation and Performance of Bench-Scale Conventional and Advanced Anaerobic Digesters

The semi-continuous flow anaerobic digesters achieved steady-state conditions (where solids
concentration, biogas production, and pH varied by 10% or less for each digester) before data was
collected for each SRT. Steady-state operations were maintained for 67, 49, and 32 days, respectively,
at SRTs of 20, 12, and 6 days. All digesters were stable at each operational phase and the average
organic loading rates (OLRs) of digesters were 1.46 ± 0.17, 2.57 ± 0.26, and 5.25 ± 0.42 g volatile solids
(VS)/L/d, at SRTs of 20, 12, and 6 days, respectively.

The evolution of thermophilic and mesophilic anaerobic digesters’ biogas production through the
operating periods (during steady-state) is presented in Figure 3. The average daily specific biogas yields
of digesters were in the range of 485–552 and 501–590 mL/g VSfed, respectively, under thermophilic
and mesophilic temperatures. The biogas production was slightly higher in mesophilic digesters
compared to thermophilic ones; however, neither operating temperature nor SRT had a significant
effect on the biogas composition (p-value > 0.05). Throughout the AD operation, the average CH4

and CO2 contents in all digesters′ headspace were 68 ± 2 and 30 ± 2%, respectively. At SRTs of 20
and 12 days, MW-pretreated advanced digesters achieved higher biogas yields (~15%) under both
operating temperatures compared to the respective controls. As the SRT was decreased to 6 days,
the highest biogas generation was obtained from the advanced digester of “M_160 ◦C” (590 ± 23
mL/g VSfed; p-value = 0.000 < 0.05) compared to the digester of “M_Control” (532 ± 13 mL/g VSfed),
as shown in the Figure 3b. On the other hand, a slight decrease in biogas production to 488 ± 17 mL/g
VSfed was observed in the thermophilic digesters at the 6-day SRT (Figure 3a), which is most likely
due to the accumulation of volatile fatty acids (VFAs: up to 1341 ± 297 mg/L) under thermophilic
conditions at high OLRs. Increased VFAs concentrations within the digesters can be explained by the
fact that there was enough time only for the completion of hydrolysis, acidogenesis, and acetogenesis
steps, but not adequate time for the completion of methanogenesis. The inhibition behavior observed
from thermophilic systems are in agreement with literature reporting on reduced microbial diversity
and therefore less stable AD operation under high OLRs and/or when utilizing by-products of high
intensity pretreatment at elevated digester temperatures [54,55].

Organic matter destruction efficiency across the digester is used as one of the key operational
parameters while determining the performance of digesters. During the operation of three SRTs,
the average removal efficiencies of total chemical oxygen demand (COD) varied between 39%–55%
and 45%–56% in the thermophilic and mesophilic digesters, respectively (Figure 4). As expected,
higher total COD removal efficiencies (up to 56%) were achieved at longer SRTs under both operating
temperatures. Advanced digesters that were fed with MW-pretreated sludge accomplished higher total
COD removals compared to the respective controls, except for the thermophilic digesters operated
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at the shortest SRT (due to mild VFA inhibition). Specifically, the digester of “T_160 ◦C” had 13%
reduction in total COD removal efficiency compared to the respective control (Figure 4). Based on the
improvement results in biogas production and organics removal, it can be concluded that advanced
AD coupled with MW pretreatment was able to tolerate ~15% higher loading rates compared to the
control digesters for the lowest SRT.
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Other conventional parameters such as pH, alkalinity, and ammonia were also analyzed during
each operational phase to monitor each digester’s performance. The daily pH values of digesters were
stable between 7.7 and 8.1 under thermophilic temperature and between 7.3 and 7.5 under mesophilic
temperature. Average alkalinity concentrations of the thermophilic and mesophilic digesters were
in the range of 3900–5600 and 3000–4400 mg/L as CaCO3, respectively. Average ammonia–nitrogen
concentrations ranged from 1150 to 1700 and from 800 to 1400 mg N/L for thermophilic and mesophilic
digesters, respectively. These results also confirmed stable operation of all digesters during different
SRTs without process failure.

2.4. Triclosan Occurrence after Conventional and Advanced Anaerobic Sludge Digestion

Average concentrations of TCS in digested sludge taken from conventional (without pretreatment)
and advanced anaerobic digesters that utilized MW irradiation at steady-state under thermophilic and
mesophilic conditions are presented in Figure 5. At different SRTs, the levels of TCS in thermophilic
digestates were lower than that of in mesophilic digestates (p-value = 0.01 < 0.05 for the 20-day and
p-value = 0.03 < 0.05 for the 12-day). For instance, the digester of “T_Control” had an average TCS
concentration of 10,990 ± 440 ng/g-dry in its effluent at an SRT of 20 days whereas the digester of
“M_Control” had 12,790 ± 965 ng/g-dry (p-value = 0.057 > 0.05). This indicates that the long SRT
combined with the higher digester temperature (20-day/55 ◦C) in “T_Control” created more favorable
conditions for TCS reduction compared to “M_Control”. As a combined effect (MW pretreatment
coupled with AD), the use of MW pretreatment prior to AD process contributed to some extent on the
reduction of TCS levels in digested sludge compared to conventional AD at each operational phase.
At the 20-day SRT, the average TCS concentrations decreased to 9680 ± 1130 and 9280 ± 660 ng/g-dry
in the thermophilic MW-pretreated digesters of “T_80 ◦C” and “T_160 ◦C”, respectively (Figure 5).
The lowest TCS concentration (6145 ± 450 ng/g-dry) was achieved from the digester of “T_160 ◦C” fed
with pretreated sludge at 160 ◦C, under thermophilic temperature at the 12-day SRT. At the final 6-day
SRT, no significant differences were observed between the average TCS concentrations in digested
sludge samples from conventional and MW-pretreated digesters operated at thermophilic temperature
(p-value = 0.925 > 0.05). This could be due to the reduced biological treatment process performance
observed from the advanced digesters pretreated at high temperatures at the shortest SRT. Similar to the
aforementioned AD performance results that reported slight inhibition caused by VFAs accumulation
(in Section 2.3), mesophilic advanced digesters operated at the 6-day SRT also had better performance
on the elimination of TCS from digested sludge compared to thermophilic advanced digesters (Figure 5).
It is also worthy to note that although the effect of MW irradiation itself was not statistically significant
on TCS concentration of mixed sludge (Figure 2), when the effect was combined with effect of AD (SRT
and temperatures), the advanced digesters were more successful in TCS reduction compared to their
control counterparts (Figure 5). This suggest that although MW cannot break apart the bonds of TCS
during pretreatment at the temperature range studied (80 and 160 ◦C), it can make micropollutants
(originally part of the polymeric network) more amenable (accessible) to biological degradation by
disintegrating/solubilizing extracellular polymeric network and releasing them into soluble phase.
This behavior was also reported for steroidal hormones in MW pretreated digesters utilizing municipal
sludge cake [56].

The concentrations of TCS measured in anaerobically digested sludge in this study were similar
to results of earlier studies [50,57,58]. According to study by Guerra et al. [57], TCS was found in all
biosolids samples (n = 24) collected from six WWTPs at levels from 2000 to 11,000 ng/g-dry (median:
6800 ng/g-dry). TCS was measured (with 97% occurrence) in treated sludge and biosolids (n = 31)
taken from the different regions of Canada with the median concentration of 6085 ng/g-dry [50]. The
concentration levels of TCS in anaerobically digested biosolids collected from mesophilic digesters in
the Red Deer’s WWTP were between 11,700 and 13,900 ng/g-dry, whereas TCS concentrations were
between 5590 and 6270 ng/g-dry in the Saskatoon WWTP, located in Canada [50]. TCS concentrations

58



Molecules 2020, 25, 310

in treated biosolids obtained from four WWTPs in Ontario were also reported as in the range of
680–11,550 ng/g-dry [58].Molecules 2020, 25, x 9 of 19 
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Figure 5. Average triclosan (TCS) concentrations in anaerobically digested sludge obtained from thermophilic
and mesophilic digesters at sludge retention times (SRTs) of 20, 12, and 6 days during steady-state.

Although high levels of TCS were detected in digestate samples in this study, its transformation
products monitored were below the instrument detection limits (E-Supplementary Data) in sludge
samples. These results highlight the need for further investigation on the formation of TCS’s other
transformation products (such as methyl-TCS or 2,4-dichlorophenol) during AD.

When it comes to the effect of digester SRT, the levels of TCS in the thermophilic and mesophilic
anaerobic digesters’ effluents (except for the thermophilic MW-pretreated digesters at the 6-day SRT)
decreased as the SRT was reduced (Figure 5), which was unexpected. Decreasing TCS concentrations
in digested sludge may have been caused by the seasonal temperature variation, which followed a
similar trend with the fluctuation of TCS levels monitored in the municipal sludge at the different
sampling periods (in Section 2.1). In this study, the waste sludge samples used for digester feeding
were collected from the WWTP between the months of “September–December”, “January–March”,
and “March–April” during SRTs of 20, 12, and 6 days, respectively. For this reason, the concentrations
of TCS in digestates might be higher at colder (winter) temperatures compared to that of at warmer
(spring) temperatures due to higher levels of TCS entering AD systems. These results are consistent
with the findings of the previous study conducted by Guerra et al. [48]. The authors found higher
levels of TCS in aerobically digested biosolids collected in colder temperatures (190–1600 ng/g-dry)
compared to those collected in warmer temperatures (69–930 ng/g-dry). Making the comparison based
on rate of TCS mass loading represented as ng/d (calculated from Equation (1), Materials and Methods
section), rather than concentration (ng/g-dry) facilitates comparison among various SRTs.

The rate of mass loading determined for TCS in the conventional and advanced AD systems at
different SRTs is represented in Figure 6a. The daily average TCS mass loadings in digested sludge
samples were between 8230–14,935 ng/d at the 20-day SRT, between 9385–22,145 ng/d at the 12-day SRT,
and between 23,295–37,230 ng/d at the 6-day SRT. When it comes to understanding the mechanisms
of changes occurred in TCS levels during AD, photodegradation and volatilization can be assumed
negligible, because the nature of TCS is relatively non-volatile. This observation could only be explained
by the microbial activity during AD, which may have resulted in TCS degradation via biotransformation
and/or mineralization.

Similar to the trend reported in Figure 5, the mass loading comparison also confirmed that TCS
removal from digested sludge was increased in the advanced digesters compared to conventional
digesters (Figure 6a). The reduction percentage of TCS mass loading exiting from MW-pretreated
digesters compared to the respective control digesters (calculated from Equation (2) in Materials and
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Methods section) is shown in Figure 6b. Digesters utilizing low-temperature microwaved sludge
(80 ◦C) improved TCS reduction in digested sludge by 18%–33%, and 21%–29%, respectively under
thermophilic and mesophilic operating temperatures at different SRTs, compared to controls. The levels
of TCS reduction in the advanced digesters operated at thermophilic temperatures (except at the 6-day
SRT) were higher compared to that of the digesters at mesophilic temperatures. Under thermophilic
conditions, the lowest rate of TCS mass exiting from the digester utilizing microwaved sludge at 160
◦C was 9385 ± 745 ng/d at the 12-day SRT, and resulted in the highest TCS reduction (46%) compared
to the respective control (17,500 ± 2310 ng/d). However, the reduction of TCS from the mesophilic
digester of “M_160 ◦C” accounted only for 33% compared to the respective control (Figure 6b). On
the other hand, the same mesophilic digester displayed moderate reduction of TCS (37%) over the
respective control at the 6-day SRT. In general, these results confirm that compared to controls, MW
irradiation makes TCS more available to microbial assisted transformation within AD and the effect is
most pronounced at the highest MW temperatures (160 ◦C) combined with thermophilic AD under an
OLR of 2.57 ± 0.26 g VS/L/d.
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Figure 6. (a) Daily triclosan (TCS) mass loadings in anaerobically digested sludge obtained from
thermophilic and mesophilic digesters at sludge retention times (SRTs) of 20, 12, and 6 days during
steady-state, and (b) the reduction percentage of TCS mass loadings exiting from MW-pretreated
digesters compared to their respective control digesters.

Initially it was expected that improvements (%) in TCS removals in hybrid AD systems (MW +

AD) compared to controls (AD) would increase as SRT was reduced from 20 days to 12 and 6 days as
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controls were expected to be challenged at shorter SRTs. However, in this study, when the SRT was
reduced, TCS reduction obtained from the digesters increased at both mesophilic and thermophilic
(except for “T_80 ◦C” and “T_160 ◦C” that experienced slight inhibition at the 6-day SRT) temperatures
(Figure 6b). Aside from the MW irradiation affect, this can be explained by the higher accessibility
of micropollutants in digested sludge matrix compared to digester feed sludge during extraction
step of analytical analysis. In other words, micropollutants can be more accessible to quantification
in digested sludge compared to that of in undigested sludge due to the alteration of organic matter
quality and quantity during AD process (both in control and pretreated ADs). Consequently, as the
extent (i.e., SRT) of digestion increased, concentrations of micropollutants (such as TCS levels in this
study) in effluents from AD would increase due to higher detectability/quantification compared to
that in effluents at shorter SRTs (i.e., 12 or 6 days), and resulting in reduced micropollutant reduction
percentages for long SRTs, as previously reported for pharmaceuticals in sludge digesters [59].

2.5. Feasibility of Technology at Full-Scale

Although the results from this study indicate that MW pretreatment was effective in decreasing
TCS levels in anaerobically digested sludge when combined with AD, microwave systems at 2450 MHz
would not be feasible for full-scale implementation because of inefficient heating of wastewater sludge
leading to higher electricity requirements [54]. However, recent studies [60] indicate that optimizing
heating frequency and pretreatment equipment design for sludge dielectric properties will increase net
energy production significantly at full-scale, while retaining process benefits of sludge pretreatment in
terms of digester operation and digestate quality.

3. Materials and Method

3.1. Municipal Wastewater Sludge

Fermented primary sludge and thickened WAS were taken every two weeks from the Westside
Regional WWTP (West Kelowna, B.C., Canada) which has a capacity of 16,800 m3/day. This facility employs
preliminary, and primary treatment processes followed by secondary (biological nutrient removal through
a three-phase modified Bardenpho process) and tertiary (filtration and UV disinfection) treatments.

3.2. Experimental Methodology

MW pretreatment of thickened WAS samples was carried out in a Milestone 2.45 GHz MW Lab
Station (ETHOS-EZ: maximum pressure of 35 bar, maximum temperature of 300 ◦C, and maximum
power of 1200 W). At a constant ramp rate of 2.25 ◦C/min, thickened WAS samples were irradiated to
desired temperatures of 80 and 160 ◦C which represented the low- and high-temperature pretreatment
conditions as below and above boiling point temperatures, respectively. Samples were held at these
temperatures for 30 min, and then cooled until ambient room temperature. Microwaved thickened WAS
samples were mixed with raw fermented primary sludge with a volume % ratio of 67:33, respectively,
to provide MW-pretreated mixed sludge samples. Three different mixed sludge were prepared for
feeding the digesters: one un-pretreated and two pretreated samples. The basic characteristics of the
different sludge streams and mixed sludge samples are shown in Table 2.

Six side-armed Erlenmeyer flasks were used to construct bench-scale anaerobic digesters (fed once
a day, 7 days/week). Total and liquid volumes of the digesters were 2 and 1 L, respectively. The start-up
of the digesters was done by taking mesophilic and thermophilic inocula from existing bench-scale
digesters which had been operating using similar mixed sludge for over one year. Digesters were
operated at SRTs of 20, 12, and 6 days under thermophilic (55 ± 1 ◦C) and mesophilic (35 ± 1 ◦C)
temperatures. The summary of experimental design used for MW pretreatment and anaerobic digesters
is provided in Table 3. Further information about the experimental methodology of this study can be
found in the previous publication of the authors [54].
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Table 2. Basic characteristics of waste sludge streams and mixed sludge samples.

Waste Sludge Sample Parameter

pH (-) TS (% w/w) VS (% w/w) VS/TS (%)

Thickened waste activated sludge 6.15
(0.20; 5) a

3.93
(0.48; 12)

3.18
(0.40; 12) 80.9

Fermented primary sludge 5.27
(0.15; 5)

7.10
(0.96; 12)

6.47
(0.89; 12) 91.1

Mixed sludge
Un-pretreated 5.63

(0.13; 5)
3.94

(0.24; 16)
3.38

(0.20; 16) 86.0

Pretreated
MW_80 ◦C 5.64

(0.05; 5)
3.40

(0.35; 16)
2.90

(0.33; 16) 85.3

MW_160 ◦C 5.52
(0.20; 5)

3.37
(0.25; 16)

2.87
(0.24; 16) 85.2

TS: total solids, VS: volatile solids, MW: microwave. a Data displays the arithmetic mean of measurements (standard
deviation; number of data points).

Table 3. Summary of the experimental methodology used.

Microwave Pretreatment Mixed Sludge
Sample Name

Anaerobic Digestion

Temperature a

(◦C)
Exposure Duration

(min) Digester Name Digester Type SRT (days)

- - Un-pretreated T_Control
M_Control

Thermophilic
Mesophilic 20, 12, and 6

80 30 MW_80 ◦C T_80 ◦C M_80 ◦C Thermophilic
Mesophilic 20, 12, and 6

160 30 MW_160 ◦C T_160 ◦C M_160 ◦C Thermophilic
Mesophilic 20, 12, and 6

SRT: sludge retention time, T: thermophilic, M: mesophilic, MW: microwave. a Samples were pretreated at a constant
heating ramp rate of 2.25 ◦C/min.

3.3. Analytical Methodology

Once steady-state conditions were reached during each operational phase (after a period corresponding
to minimum three SRTs), anaerobically digested sludge samples (n = 3 or 4) were taken from the
digesters’ effluent streams for the simultaneous detection and quantification of target compounds
(analytes: parent compound [TCS] and its five transformation products [triclosan O-β-d-glucuronide,
triclosan-O-Sulfate, chlorophenoxyphenol derivatives (tetra-III and penta), and chlorophenol derivative
(2,3,4-trichlorophenol)]), and characterization of digesters performance via conventional parameters.
For quantification of the target compounds in control digester feed (mixed sludge), a total of 15
independent undigested mixed sludge samples were analyzed (between the months of December to
May). For sample preparation, after sampling, thickened WAS and fermented primary sludge samples
were first mixed in the laboratory at a volume % ratio of 67:33, respectively (based on the plant’s
operation), then the mixed sample was processed for TCS quantification (Figure 1). Additionally, two
independent batches of samples were taken from the plant during September to assess the effectiveness of
MW pretreatment itself on these target compounds’ concentrations. MW treated mixed sludge samples
(4 samples in total) were prepared by mixing pretreated thickened WAS and raw fermented primary
sludge samples at a volume % ratio of 67:33. Then TCS quantification was done for the pretreated
mixed sludge samples along with the unpretreated mixed sludge (prepared the same way described
above) (Figure 2). Although other TCS transformation products have been detected in literature (i.e.,
methyl-triclosan, 2,8-dichlorodibenzo-p-dioxin), the compounds selected for this study were based on
the availability of native standards and their suitability for UHPLC analysis.
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3.3.1. Analysis of Triclosan and Its Transformation Products

Chemicals

TCS (CAS# 3380-34-5; 99.7 ± 0.2% purity) was acquired by Sigma Aldrich (Oakville, ON, Canada).
TCS transformation products including triclosan O-β-d-glucuronide (CAS# 63156-12-7), and triclosan-
O-Sulfate (CAS# 68508-18-9) were purchased from Toronto Research Chemicals (Toronto, ON, Canada)
while tetra-III (CAS# 63709-57-9) and penta (CAS# 53555-01-4) were obtained from Wellington
Laboratories (Guelph, ON, Canada). 2,3,4-trichlorophenol (CAS# 15950-66-0, ≥98% purity) was
acquired through Sigma Aldrich (Oakville, ON, Canada). Isotopically labelled triclocarban-d4 (TCC-d4,
CAS# 1219799-29-7, >99% atom deuterated) was purchased from C/D/N Isotopes Inc. (Pointe-Claire,
QC, Canada). Additional information about target analytes are given in Table S1 (E-Supplementary
Data in online version). Stock solutions of native compounds were prepared in UHPLC grade methanol
(A456, Fisher Scientific, Ottawa, ON, Canada).

Sample Preparation and Extraction

Sludge samples were prepared and extracted according to the acid fraction procedure of the
U.S. EPA Method 1694 with some modifications [61]. A flow chart that summarizes procedures for
sample preparation, cleanup, concentration, and analysis steps of target analytes in the sludge samples,
is given in Figure 7. Further detailed information regarding each step of procedure is provided in
Kor-Bicakci [62] and Kor-Bicakci et al. [63].
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SOLID SAMPLE  (1.5 ± 0.4 g wet weight) 

15 mL phosphate buffer (pH 2.0 ± 0.5) and vortex 

Isotopically labelled compounds and vortex 

20 mL acetonitrile, sonicate 30 min and centrifuge 

15 mL phosphate buffer + 20 mL acetonitrile, vortex 
sonicate and centrifuge 

15 mL acetonitrile, vortex, sonicate and centrifuge 

Filtration of decanted and collected acid extracts 
(1.6 μm pore size glass fiber filter paper) 

Rotary evaporation at 50°C  
 (final volume of 20 - 30 mL) 

Solid phase extraction (SPE)  
using HLB cartridge (3 cc/60 mg) 

Load (5-10 mL/min),  
wash 10 mL of reagent water, 

dry 5 min and 
elute with 12 mL MeOH by gravity 

N2 blowdown 

Reconstitute in 3 mL MeOH, 
Dilute  4.0 mL with 0.1% formic acid (in MeOH), 

vortex 

(-) ESI 
 

Parent compound: Triclosan (TCS) 
Transformation products of TCS: 
 Triclosan O-β-D-glucuronide 
 Triclosan-O-Sulfate 
 Tetra-III 
 Penta 
 2,3,4-trichlorophenol (2,3,4-TCP) 

Reconstitute with 200 mL reagent water 

500 mg NA4EDTA.2H2O  

Sample preparation  Extraction and concentration 

Sample analysis 

Figure 7. Flow chart for simultaneous detection and quantification of triclosan and its transformation
products in sludge (adapted from U.S. EPA Method 1694 [61]).

Instrumental Analysis

A Waters™ ACQUITY UHPLC coupled with a Waters™ Xevo TQD triple quadrupole mass
spectrometer (MS) equipped with an electrospray ionization (ESI) probe was utilized for the simultaneous
detection and quantification of TCS and its transformation products in sludge samples. Various methods
for the extraction and detection of TCS and several TCS metabolites have been reported in literature.
U.S. EPA 1694 served as the basis for sample extraction and provided a starting point for UHPLC and
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MS/MS methods. Numerous trials of various aqueous phase additives, UHPLC gradients, mobile phase
modifiers, injection volumes, MS conditions etc. were performed to optimize the chromatography (peak
shape and compound separation) and to maximize the sensitivity of the MS, while minimizing noise.
However, environmental levels of TCS (non-spiked) and the limited biodegradability of TCS during AD
resulted in even lower TCS metabolite levels that were challenging to quantify. Furthermore, the low
mass to charge ratio (m/z) of TCS fragment ions as well as the fragment ions of several TCS metabolites
made ultra-low detection and quantification limits difficult in such a complex sludge matrix.

After multiple trials, the following analysis conditions were selected. The UHPLC was run using
an aqueous mobile phase of 5 mM of UHPLC grade ammonium acetate (AX1222-5, VWR, Mississauga,
ON, Canada) solution and an organic phase of UHPLC grade methanol. Analytes were separated using
a Waters™ Ethylene Bridged Hybrid C18 (2.1 × 50 mm, 1.7 µm) column and matching guard column.
MS acquisition was performed in multiple reaction monitoring (MRM) using the negative ion mode
(ESI-) for each analyte. Retention times of analytes were within ±15 s of a native compound as per U.S.
EPA Method 1694 [61]. Further details regarding optimized MS/MS conditions used for each analyte
quantification are provided in the Supplemental Information in Table S2 (E-Supplementary File).

Method Validation

A multi-point calibration curve was prepared from native compounds to quantify each analyte
(minimum of 8 and maximum of 12 calibration points). Quantification was performed by an isotope
dilution technique using isotopically labelled TCC-d4 as an internal standard. Good linearity was
yielded with a correlation coefficients (R2) ≥ 0.98 for all analytes. The instrument limit of detection
(LOD) and limit of quantification (LOQ) were calculated using the signal-to-noise ratio of 3 and 10 or
greater in native standards or 9 in samples, respectively. Recoveries for most analytes were within the
EPA recommended range of 70%–130% with some exceptions [61]. Compound-specific LODs, LOQs,
reporting limits, and recoveries are provided in Table S3 (E-Supplementary Data).

Mass Loading Calculation for Triclosan

The daily rate of TCS mass exiting from the conventional and advanced AD system (as anaerobically
digested sludge) was calculated with Equation (1):

Me f f = Qe f f × TSe f f × Ce f f (1)

Meff = Daily TCS mass loading in the effluent of the digester (ng/d),
Qeff = Flow rate of anaerobically digested sludge (digestate) (mL/d),
TSeff = Total solids concentration of anaerobically digested sludge (% by weight), and
Ceff = TCS concentration in anaerobically digested sludge (ng/g-dry).

The reduction percentage of TCS mass loading exiting from MW-pretreated digesters compared
to the respective control digesters was then calculated from Equation (2):

TCS reduction (%) =
Mcontrol digester −Mmicrowave pretreated digester

Mcontrol digester
× 100 (2)

Mcontrol digester = Daily TCS mass loading in the effluent of the control digester (ng/d), and
Mmicrowave pretreated digester = Daily TCS mass loading in the effluent of MW-pretreated digester (ng/d).

3.3.2. Conventional Parameters

Total solids, VS, COD, pH, alkalinity, and ammonia were analyzed according to Standard
Methods [64] procedures 2540 B, 2540 E, 5250 D, 4500-H+B, 2320 B, and 4500-NH3D, respectively.
Digester biogas was collected in Tedlar® bags and was measured daily by a U-Tube type manometer,
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while its composition was analyzed by an Agilent 7820A Gas Chromatograph equipped with a thermal
conductivity detector [65]. Total VFAs (sum of acetic, propionic and butyric acids) were measured
by an Agilent 7890A Gas Chromatograph with a flame ionization detector and Agilent 19091F-112
capillary column [66].

3.4. Statistical Analysis

The experimental data were analyzed with an analysis of variance (ANOVA) considering a 95%
confidence interval (α = 0.05), using Minitab™ 17 statistical software.

4. Conclusions

This study assessed the behavior of the antimicrobial TCS in MW-pretreated and anaerobically digested
municipal sludges under various process conditions by batch MW pretreatment and semi-continuous
flow AD experiments, respectively. The combined effect of AD coupled with MW pretreatment on
the occurrence of TCS in wastewater sludge was studied for the first time. All digesters maintained
steady-state operation during each of the three SRTs studied. Slight inhibition was observed in the
thermophilic digesters operated at the 6-day SRT; nevertheless, these digesters continued producing
daily biogas with a typical methane content of 65%. Initial batch pretreatment studies indicated that
TCS levels in mixed sludge after MW pretreatment applied at 80 or 160 ◦C did not significantly change
in comparison to un-pretreated sludge. Compared to conventional AD, the combination of anaerobic
sludge digestion with MW pretreatment moderately favored the reduction of TCS levels in digested
sludge. The advanced thermophilic digesters achieved up to 46% TCS reduction from digested sludge
over the respective controls. Compared to the thermophilic temperature, the mesophilic digester
temperature was less effective on decreasing TCS levels in digested sludge (up to 37%). Higher TCS
concentrations were observed in undigested and anaerobically digested municipal sludges during
colder sludge sampling periods. This study confirmed the impacts of seasonal temperature variations
on the levels of TCS in municipal wastewater sludge. Although TCS concentrations varied seasonally,
MW pretreatment was effective in decreasing TCS levels in anaerobically digested sludge when
combined with AD.

Supplementary Materials: The following are available online, Table S1: Further information about triclosan and
five of its transformation products, Table S2: Optimized MS/MS conditions used for each analyte quantification,
and Table S3: Validation of developed method for each analyte.
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Abstract: Various pretreatment methods, such as thermal, alkaline and acid, were applied on grass
lawn (GL) waste and the effect of each pretreatment method on the Biochemical Methane Potential was
evaluated for two options, namely using the whole slurry resulting from pretreatment or the separate
solid and liquid fractions obtained. In addition, the effect of each pretreatment on carbohydrate
solubilization and lignocellulossic content fractionation (to cellulose, hemicellulose, lignin) was also
evaluated. The experimental results showed that the methane yield was enhanced with alkaline
pretreatment and, the higher the NaOH concentration (20 g/100 gTotal Solids (TS)), the higher was the
methane yield observed (427.07 L CH4/kg Volatile Solids (VS), which was almost 25.7% higher than the
BMP of the untreated GL). Comparing the BMP obtained under the two options, i.e., that of the whole
pretreatment slurry with the sum of the BMPs of both fractions, it was found that direct anaerobic
digestion without separation of the pretreated biomass was favored, in almost all cases. A preliminary
energy balance and economic assessment indicated that the process could be sustainable, leading to a
positive net heat energy only when using a more concentrated pretreated slurry (i.e., 20% organic
loading), or when applying NaOH pretreatment at a lower chemical loading.

Keywords: grass lawn waste; anaerobic digestion; biochemical methane potential; pretreatment;
whole slurry; separated fractions; alkali; acid; energy balance; economical assessment

1. Introduction

Anaerobic digestion (AD) is a mature and well-established technology worldwide for producing
bioenergy in the form of methane. In order to improve its efficiency and reduce the process cost,
many efforts have been made on finding alternative feedstocks, based on their availability and
renewability [1]. Grass lawn (GL) waste coming from gardening or cuttings of sports fields, is nowadays
an abundant carbon source, accounting for a significant fraction of organic municipal solid waste
(biowaste) [2,3] and is generated even on a daily basis throughout the developed countries. Currently,
this waste stream is usually burned, discarded or disposed in landfills [4], depending on the solid
waste management strategy, which is followed by a specific country, causing environmental problems.

However, this type of waste is a valuable source of bioenergy, due to its high organic- and
specifically carbohydrate-content [5], which remains unexploitable. Thus the possibility of using GL
waste as alternative biomass feedstock for AD is quite appealing. Despite its potential use, the complex
lignocellulosic structure of GL waste, limits the accessibility of microorganisms and enzymes, restricting
thus its digestion. For this reason, an appropriate pretreatment method should be applied in order to
remove the structural and compositional barriers and to improve the AD yields [1]. For GL waste,
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methods including chemical (through alkali or acid addition), physical (e.g., ultrasound, microwave,
ionizing radiation), biological (e.g., enzyme and bacteria) or combined processes have been proposed
so far, as pretreatment to enhance bioconversions, towards mainly biohydrogen production [5–7].
Up to now, limited studies have reported methods for enhancing the AD of GL waste. Tsapekos et al. [8]
applied different mechanical pretreatment methods on ensiled meadow grass, or meadow grass
without ensiling [9] to investigate their effect on biomass biodegradability and biochemical methane
potential (BMP). Khor et al. [10] investigated the possibility of combining extrusion and Ca(OH)2

pretreatment to improve storability, availability for biodegradation after storage and BMP of ensiled
grass, while Yu et al. [11] investigated the effects of different pretreatments, including ozone, soaking
aqueous ammonia (SAA), combined ozone and SAA and size reduction to enhance volatile fatty acid
(VFA) and bio-methane production when GL was used as substrate. Finally, Antonopoulou et al. [12]
applied SAA to enhance biodegradability and BMP of grass lawn, under different organic loadings.

The aim of the present study was to compare the effects of several pretreatment schemes on
the structural and compositional characteristics of GL waste, as well as on the BMP under different
process schemes. Specifically, acid and alkali pretreatment methods of GL waste were carried out and
compared for the first time. In particular, three different inorganic acids (H2SO4, H3PO4 and HCl)
and an alkali (NaOH) were tested at three different concentrations (2–20 g/100 gTS) and the impact of
each pretreatment was assessed, in a comparative way, through techniques such as Scanning Electron
Microscopy (SEM) and IR spectroscopy. Compositional analysis after all pretreatment methods,
was used to assess the effect of different pretreatments on the lignocellulosic fractionation of GL waste.

An additional issue is whether it is preferable use the whole slurry resulting from pretreatment
for the production of methane or whether it is worth to separate the solid and liquid fractions obtained
from the pretreatment and use them separately for methane production. Use of the whole slurry
instead of the separate fractions has the advantage of utilizing all the sugars of the pretreated slurry.
In addition it leads to reduced process costs, since the step of separation and that of detoxification (to
remove the inhibitors from the hydrolysate) are not needed [13].

Based on the individual pretreatment and BMP experiments, an integrated process for AD
of GL waste is proposed, contributing to the reduction of a significant fraction of biowastes,
while simultaneously producing energy in the form of methane.

2. Results and Discussion

2.1. Chemical Composition and Structure of GL before and after Pretreatment

The composition of GL waste used in this study was: total solids (TS) (%) = 92.2 ± 0.1, volatile
solids (VS) (g/100 gTS) = 83.4 ± 0.1, cellulose (g/100 gTS) = 20.4 ± 0.1, hemicellulose (g/100 gTS) =

24.0 ± 2.0, lignin (g/100 gTS) = 12.3. ± 1.2, extractives (g/100 gTS) = 25.6 ± 3.1 and proteins (g/100 gTS)
= 10.5 ± 0.5. Compared to the compositional analysis reported by other studies, the holocellulose
content seems to be similar, while the lignin content is lower than that reported (20.39%. reported by
Yu et al. [11]).

Figure 1a,b summarise the effect of different pretreatments (Figure 1a the acidic and Figure 1b the
alkali ones) on the fractionation of biomass in terms of lignin, cellulose and hemicellulose. These values
are expressed per kg of initial TS, taking into account the solid material recovery of biomass, which is
presented in the right axis of both figures. It should be mentioned that during all types of pretreatment,
the material recovery associated with the mass loss during pretreatment was less than 100% and
the loss of biomass increased with pretreatment severity, leading to a higher material solubilisation.
For example, the percentage material recovery (100 − loss of biomass (%)) after treatment with
2 g H2SO4/100 gTS was 72.4% and after treatment with 20 g H2SO4/100 gTS, it decreased to 49.9%.
A material recovery ranging 64.1 and 94.5%, depending on the pretreatment conditions applied,
was obtained by Antonopoulou et al. [14] who tested different acid and alkali pretreatment methods
on sunflower straw biomass.

72



Molecules 2020, 25, 296

Molecules 2019, 24, x FOR PEER REVIEW 3 of 14 

 

conditions applied, was obtained by Antonopoulou et al. [14] who tested different acid and alkali 
pretreatment methods on sunflower straw biomass. 

 
Figure 1. The effect of pretreatment on solid material recovery (right anex), as well as on the 
fractionation of grass lawn (GL) waste, in terms of cellulose, hemicellulose and lignin, during (a) 
thermal treatment (TT) at 120 °C for 1 h and acid (H2SO4, H3PO4, HCl) pretreatment, at the 
concentrations of 2, 10 and 20 g/100 gTS; (b) TT at 80 °C for 24 h and alkali (NaOH) pretreatment at 
the concentrations of 2, 10 and 20 g/100 gTS, respectively. 

Acid pretreatment resulted in reduction of the hemicellulose fraction (due to its solubilization), 
and the removal of hemicellulose increased with the acid concentration (Figure 1a). Thus, 
pretreatment with 10 or 20 g HCl/100 gTS caused a reduction of hemicellulose by 84.37 and 93.4%, 
respectively, while when using H2SO4 or H3PO4 at the higher concentration of 20 g/100 gTS, the 
hemicellulose fraction was reduced by 77.9 and 33.8%, respectively. The acid pretreatment was not 
effective in removing cellulose and lignin, as confirmed also by other studies [1,13] reporting that 
under acidic conditions the main reaction that occurs is the hydrolysis of hemicellulose, especially 
xylan, while lignin is hardly solubilized, but is disrupted to a high degree, increasing cellulose 
susceptibility to enzymes. 

As it can be seen from Figure 1b, alkali pretreatment was more effective in lignin breakdown, 
causing depolymerization and cleavage of lignin-carbohydrate linkages. The higher the NaOH 
concentration used, the higher was the lignin degradation observed. Specifically, when 2, 10 and 20 
g NaOH/100 gTS were applied, a lignin removal of 16.7, 61.7 and 94.5%, respectively, was observed, 
indicating the effectiveness of the method for lignin decomposition. Under the same conditions, the 
hemicellulose removal efficiency was 10.3, 23.5 and 31.8% for 2, 10 and 20 g NaOH/100 gTS, 
respectively, while cellulose was not influenced at all. The fact that alkali pretreatment methods (such 
as soaking in NaOH or NH3 based aquatic solutions), have been shown to be efficient in lignin 
removal, while the preservation of mainly cellulose has also been confirmed by other studies 
[1,12,15,16]. 

A t-Test of the lignocellulosic fractionation of GL waste, before and after H2SO4 pretreatment, 
showed that the average lignin and cellulose contained in GL were not affected significantly. For 
treatment with H2SO4 at all concentrations, the hemicellulose fraction before pretreatment was 
significantly higher than the respective fractions after pretreatment (p = 0.0008, p = 0.0003 and p = 
0.003 < 0.05 for 2, 10 and 20 g/100 gTS, respectively). The same trend was observed for treatment with 
HCl and H3PO4. Regarding alkaline pretreatment, NaOH at all concentrations led to similar results, 
where statistical difference was found between hemicellulose and lignin, before and after 
pretreatment. 

In Figure 2, representative Attenuated Total Reflection (ATR) spectra of raw, acid (H2SO4, H3PO4, 
HCl) at the higer concentration of 20 g/100 gTS and thermally pretreated, at 120 °C, GL waste, (Figure 
2a), as well as the respective of thermally (80 °C) and alkaline pretreated (NaOH, 20 g/100 gTS (Figure 
2b)) GL waste, are presented in a spectral range of 600 to 1800 cm−1, in order to verify the chemical 

(a) (b)

0

10

20

30

40

50

60

 20102TT

HClH3PO4

 Cellulose  Lignin   Hemicellulose

  
 

g 
/1

00
 g

 in
iti

al
 T

S

H2SO4

GL 2 10 20 2 10 20
0

20

40

60

80

100 Material Recovery 

 g
 /1

00
 g

 in
iti

al
 T

S 

0

10

20

30

40

50

60

g 
 /1

00
 g

 in
iti

al
 T

S 

 20102TT

 Cellulose  Lignin   Hemicellulose

  

 

g 
/1

00
 g

 in
iti

al
 T

S

GL
0

20

40

60

80

100
 Material Recovery

 

Figure 1. The effect of pretreatment on solid material recovery (right anex), as well as on the fractionation
of grass lawn (GL) waste, in terms of cellulose, hemicellulose and lignin, during (a) thermal treatment
(TT) at 120 ◦C for 1 h and acid (H2SO4, H3PO4, HCl) pretreatment, at the concentrations of 2, 10 and
20 g/100 gTS; (b) TT at 80 ◦C for 24 h and alkali (NaOH) pretreatment at the concentrations of 2, 10 and
20 g/100 gTS, respectively.

Acid pretreatment resulted in reduction of the hemicellulose fraction (due to its solubilization),
and the removal of hemicellulose increased with the acid concentration (Figure 1a). Thus, pretreatment
with 10 or 20 g HCl/100 gTS caused a reduction of hemicellulose by 84.37 and 93.4%, respectively,
while when using H2SO4 or H3PO4 at the higher concentration of 20 g/100 gTS, the hemicellulose
fraction was reduced by 77.9 and 33.8%, respectively. The acid pretreatment was not effective in
removing cellulose and lignin, as confirmed also by other studies [1,13] reporting that under acidic
conditions the main reaction that occurs is the hydrolysis of hemicellulose, especially xylan, while lignin
is hardly solubilized, but is disrupted to a high degree, increasing cellulose susceptibility to enzymes.

As it can be seen from Figure 1b, alkali pretreatment was more effective in lignin breakdown,
causing depolymerization and cleavage of lignin-carbohydrate linkages. The higher the NaOH
concentration used, the higher was the lignin degradation observed. Specifically, when 2, 10 and 20 g
NaOH/100 gTS were applied, a lignin removal of 16.7, 61.7 and 94.5%, respectively, was observed,
indicating the effectiveness of the method for lignin decomposition. Under the same conditions,
the hemicellulose removal efficiency was 10.3, 23.5 and 31.8% for 2, 10 and 20 g NaOH/100 gTS,
respectively, while cellulose was not influenced at all. The fact that alkali pretreatment methods (such
as soaking in NaOH or NH3 based aquatic solutions), have been shown to be efficient in lignin removal,
while the preservation of mainly cellulose has also been confirmed by other studies [1,12,15,16].

A t-Test of the lignocellulosic fractionation of GL waste, before and after H2SO4 pretreatment,
showed that the average lignin and cellulose contained in GL were not affected significantly.
For treatment with H2SO4 at all concentrations, the hemicellulose fraction before pretreatment
was significantly higher than the respective fractions after pretreatment (p = 0.0008, p = 0.0003 and
p = 0.003 < 0.05 for 2, 10 and 20 g/100 gTS, respectively). The same trend was observed for treatment
with HCl and H3PO4. Regarding alkaline pretreatment, NaOH at all concentrations led to similar results,
where statistical difference was found between hemicellulose and lignin, before and after pretreatment.

In Figure 2, representative Attenuated Total Reflection (ATR) spectra of raw, acid (H2SO4, H3PO4,
HCl) at the higer concentration of 20 g/100 gTS and thermally pretreated, at 120 ◦C, GL waste,
(Figure 2a), as well as the respective of thermally (80 ◦C) and alkaline pretreated (NaOH, 20 g/100 gTS
(Figure 2b)) GL waste, are presented in a spectral range of 600 to 1800 cm−1, in order to verify the
chemical changes of the lignocellulosic material before and after pretreatment. The pretreated samples
exhibited increased intensities in the regions of 1000–1200 cm−1 and 1500–1700 cm−1.
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Figure 2. Attenuated Total Reflection (ATR) spectra of raw and (a) thermal treatment (TT) at 120 ◦C for
1 h and acid (H2SO4, H3PO4, HCl) pretreatment, at the concentration of 20 g/100 gTS; (b) TT at 80 ◦C
for 24 h and alkali (NaOH) pretreatment at the concentration of 20 g/100 gTS, respectively.

The most important absorption bands commonly found in lignocellulosic biomass samples are
observed at 894, 1043, 1242–1256, 1518, 1640 and 1730 cm−1 [17] and are associated with the three major
lignocellulosic components. Fundamentally, cellulose is formed by glycosidic linkages and hydroxyl
groups with a small amount of carboxyl, while hemicellulose and lignin are predominated by ether
bond, with hemicellulose also characterized by a significant amount of carboxyl groups [18]. As shown
in Figure 2a,b, the spectra of untreated and thermally treated GL waste are similar, indicating that
thermal treatment without chemical agent addition did not significantly influence the lignocellulosic
fraction, which was also confirmed by Figure 1a,b. The band at 894 cm−1 corresponding to C-H
deformation/C-O-C stretching at β-1,4 glycosidic linkages, due to the amorphous part of cellulose,
is intense in chemically pretreated samples, indicating the decrease in crystalline to amorphous
fraction of cellulose, due to the different pretreatment methods. The signal of C-O, C-C and C-OH
stretching vibrations at 1043 cm−1, related to cellulose, hemicellulose and lignin [19] in the spectra of
the chemically pretreated samples, corresponded to different peaks, compared to the thermally treated
or raw GL waste, respectively. Moreover, the C-O vibrations of G rings of lignin at 1242–1256 cm−1,
the aromatic skeletal vibration of C=C bond of lignin at 1518 cm−1 [20] and the C=O stretching
vibration in carbonyl of lignin [17] were represented by lower or no peaks, in the spectrum of alkaline
treated sample, compared to the untreated one, as shown in Figure 2b. This could be attributed to the
high reduction of lignin (94.5%) which took place due to alkaline pretreatment, as also confirmed by
the characterization of the lignocellulosics (Figure 1b). Finally, the signal of ester bond due to C=O
stretching in unconjugated ketone, carbonyl and ester groups related to xylan [21] is less intense in the
acid treated samples, due to the high solubilization of hemicellulose, which took place under these
pretreatment conditions.

In Figure 3, representative SEM images of: (a) raw, (b) alkali (c) acid with H2SO4 and (d) acid with
HCl at 20 g/100 gTS, are presented. It is obvious that there is a different morphology after different
pretreatment methods, compared to the raw sample. Specifically, treatment with 20 g H2SO4/100 gTS
led to a different surface with disrupted parts, also containing pinholes and gaps as well as parts with
a smoother outer layer. The smoother surface is evident in Figure 3b,d too, where it is obvious that
HCl and NaOH pretreatment methods led to a different surface structure compared to the untreated
GL waste. Similar images were also obtained from Yang and Wang [5] when using HCl (1% w/w) for
30 min at 100 ◦C as a pretreatment method of grass to enhance fermentative hydrogen production.
Antonopoulou et al. [12] observed also a smoother surface of GL when applying SAA for 3 days at
22 ◦C, as a pretreatment method to enhance the BMP of this substrate. Also, Kang et al. [16] observed a
deconstructed and more accessible surface after pretreatment of Pennisetum hybrid, a perennial grass
with 2% NaOH at 35 ◦C for 24 h in order to enhance its anaerobic digestibility.
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2.2. BMP of GL Waste before and after Pretreatment

2.2.1. BMP of Untreated GL

The calculated methane production, after subtraction of the methane produced from blank
experiments was 62.44 ± 0.36 mL, corresponding to a BMP of 260.65 ± 0.04 L CH4/kg GL waste or
282.60 ± 0.04 L CH4/kg TS or 339.86 ± 0.05 L CH4/kg VS. The BMP of the GL waste used in the present
study was comparable with that of ensiled meadow grass (372 ± 52 L CH4/kg) [8] and GL (402.5 L
CH4/kg) [11], but higher than that of giant reed [22] or common reed [23] (188 L CH4/kg). In any case,
the BMP of the untreated GL waste is higher than that of other lignocellulosic feedstocks and this
could be attributed to the low lignin content, since the latter is negatively correlated to the BMP [24].
Apart from the low lignin content, GL waste has high holocellulose (sum of cellulose and hemicellulose)
and high extractives, content, which are possible sources for high methane productions.

2.2.2. BMP of the Whole Pretreatment Slurry

BMP experiments were conducted for the untreated GL waste, the whole pretreatment slurry
(mixture of liquid and solids obtained after all pretreatment methods) as well as the separate fractions
i.e., at the liquid (hydrolysate) and the solid fractions obtained after acid and alkali pretreatment
methods used. In Figure 4, the effect of all pretreatment methods on the BMP of the whole slurry is
presented, expressed as mL methane per g of initial VS. It is obvious that the kinetics of the process were
not enhanced by the pretreatment, since more than 80–90% of the total biomethane of all experiments
(even of the control- with untreated GL waste) was produced within about 13 days. It is also obvious
that all alkali pretreatment methods affected positively the methane yield and the higher the NaOH
concentration, the higher was the methane yield. Thus, treatment with 2, 10 and 20 g NaOH/100 gTS
led to 389.0 ± 7.0, 397.7± 12.2 and 414.8 ± 26.5 L CH4/kg VS, respectively, corresponded to a 14.74,
17.01 and 22.05% BMP increase, compared to the BMP of untreated GL waste. The increase of BMP
can be attributed to the lignin reduction which occurred under alkaline pretreatment (Figure 1b) and
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was more intense at the higher NaOH concentration. During alkaline pretreatment, a saponification
and cleavage of lignin- carbohydrate linkages has been reported to occur [25] rendering the structure
smoother and increasing thus the biodegradability during the AD.
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concentrations of 2, 10 and 20 g/100 gTS, respectively.

In the literature, application of an alkali (through the use of NaOH, Ca(OH)2 or ammonia
solution) for enhancing AD and/or the BMP of a lignocellulosic substrate, is commonly reported [1,26].
For instance, Jiang et al. [22] observed an improved enzymatic digestibility and biogas production
from giant reed, after its treatment with NaOH and reusing the pretreatment leachate. Yu et al. [11]
enhanced the specific methane yield of GL from 402.5 mL CH4/gVS (untreated) to 481 mL CH4/gVS,
after treatment with SAA, while Kang et al. [16] improved the methane yield of Pennisetum Hybrid by
21%, after treatment with 2% NaOH (35 ◦C, 24 h).

Acid pretreatment enhanced slightly the BMP, i.e., a 4% increase was achieved through the
addition of 20 g H3PO4/100 gTS, 6.9% due to 20 g H2SO4/100 gTS and 15.8% due to 20 g HCl/100 gTS.
Recent studies report that acid pretreatments are appropriate for fermentative processes, such as
biohydrogen or bioethanol production, due to the solubilization of hemicellulose and not for AD,
since they have no effect on lignin [4,14].

2.2.3. BMP of the Solid and Liquid Fractions Obtained after Pretreatment

In Figure 5, the effect of pretreatment on the BMP of the solid fractions obtained after pretreatment
is presented, expressed as mL methane per g vs. of the pretreated biomass. It is obvious that for all
acid pretreatment methods, the lower chemical concentration of 2 g/100 gTS led to higher methane
yields, which could be attributed to the higher holocellulose content in the solid fraction, available for
biodegradation from the anaerobic sludge. Since treatment with 10 or 20 g acids/100 gTS led to high
hemicellulose removal efficiency, which degraded towards xylose or arabinose and released in the
hydrolysate, the biodegradable solid fraction was reduced.

NaOH pretreatment, on the other hand, enhanced significantly the BMP and the higher the NaOH
concentration, the higher was the methane yield produced (345.1 ± 7.6, 365.9 ± 9.9 and 424.8 ± 1.5 L
CH4/kg VSpretreated, for 2,10, and 20 g NaOH/100 g TS, respectively). This could be justified by the
higher lignin removal that occurred under more severe conditions (higher NaOH concentration).
Moreover, holocellulose was not affected significantly by alkali pretreatment and based on Figure 3b
it can be concluded that only the surface structure was changed. This fact implies that an increase
of the cellulose surface area, which was available for enzymatic attack in the subsequent digestion
step, occurred, which is also consistent with other studies [12,13]. Apart from the methane yield,
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NaOH pretreatment accelerated the kinetics of the process, since more than half of the ultimate methane
yield was produced within the first 3 days for all NaOH concentrations.
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In Figure 6, the BMP of the hydrolysates, expressed as mL methane per mL of hydrolysate,
is presented. Contrary to the results from the experiments with the solid fractions, for NaOH and
H2SO4, the higher the chemical concentration of the pretreatment agent, the higher were the methane
yields obtained. Pretreatment with 10 or 20 g HCl/100 gTS and 20 gNaOH/100 gTS led to 9.73 ± 0.03,
8.09 ± 0.47 and 9.40 ± 0.97mL/mLhydrolysate, respectively. These high values of the BMP could be
attributed to the high organic and sugars content of the hydrolysates, which were released during
hemicellulose solubilization, as also confirmed by the values of Table 1, in which the main sugar
monomers (glucose, xylose and arabinose) as well as the concentration of soluble sugars, are presented.
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Table 1. Concentration of glucose, xylose, arabinose and sugars accompanied by their standard
deviations, contained in the liquid fractions obtained after different pretreatment methods.

Pretreatment Glucose (g/100 gTS) Xylose (g/100 gTS) Arabinose (g/100 gTS) Sugars (g/100 gTS)

Thermal (120 ◦C) 1.43 ± 0.08 3.98 ± 0.10 - 6.36 ± 0.10
Thermal (80 ◦C) 1.12 ± 0.04 2.96 ± 0.12 - 5.21 ± 0.18

H2SO4,2 g/100 gTS 1.12 ± 0.01 3.29 ± 0.08 0.17 ± 0.01 6.71 ± 0.34
H2SO4, 10 g/100 gTS 2.59 ± 0.15 5.02 ±0.25 3.71 ±0.35 14.77. ± 0.11
H2SO4, 20 g/100 gTS 3.11 ± 0.03 10.42 ± 2.18 3.56 ± 0.91 15.12 ± 0.14
H3PO4, 2 g/100 gTS 1.82 ± 0.04 2.89 ± 0.17 0.52 ± 0.09 6.24 ± 0.03

H3PO4, 10 g/100 gTS 1.63 ± 0.03 3.07 ± 0.05 1.74 ± 0.06 7.69 ± 0.74
H3PO4, 20 g/100 gTS 1.73 ± 0.01 3.37 ± 0.02 2.66 ± 0.06 11.17 ± 1.78

HCl, 2 g/100 gTS 1.34 ± 0.01 3.16 ± 0.08 1.70 ± 0.10 8.08 ± 0.12
HCl, 10 g/100 gTS 2.33 ± 0.15 12.64 ± 0.25 4.05 ± 0.07 18.21± 0.69
HCl, 2 20/100 gTS 3.53 ± 0.03 13.28 ± 0.45 4.78 ± 0.23 19.03 ± 0.58

NaOH, 2 g/100 gTS 1.38 ± 0.08 2.12 ± 0.10 n.d. 5.34 ± 0.78
NaOH, 10 g/100 gTS 1.28 ± 0.08 4.52± 0.06 0.46 ± 0.05 6.80 ± 0.20
NaOH, 2 20/100 gTS 1.75 ± 0.05 5.87 ± 0.03 1.99 ± 0.01 8.58 ± 0.30

2.2.4. Comparison of the Methane Yields Obtained from Different Processes

The selection of an overall process scheme is crucial for the process economics. In Table 2,
the methane yields of all fractions (whole biomass, solid and liquid fractions) obtained using all
pretreatment methods, are presented. For comparison, the yields of the separate fractions have also
been expressed in terms of mL CH4/g VSinitial, taking into account the solid material recovery (loss of
weight) due to pretreatment. Thus, for the solid fraction, the methane yield was calculated as:

CH4 yield(
L

kg VS initial
) = CH4 yield(

L
kg VSpretreated

) ×Material Recovery(
kgVSpretreated

kgVSinitial
) (1)

while for calculating the methane yield of the hydrolysates in terms of mL CH4/g VSinitial, the fact that
100 mL of water were mixed with 5 g TS initial was taken into account, assuming also that no liquid was
lost during separation.

Table 2. BMP of the whole pretreatment slurry and of the separated fractions obtained after all
pretreatment methods.

BMP (L/kg vs. Initial)

Pretreatment Whole Biomass Solid Fraction Liquid Fraction Sum

Untreated GL 339.86 ± 1.75 -
Thermal (120 ◦C) 340.72 ± 15.83 177.09± 1.84 86.51 ± 2.16 263.6
Thermal (80 ◦C) 383.70 ± 0.50 211.36± 1.28 105.49± 2.40 316.85

H2SO4,2 g/100 gTS 307.82 ± 1.62 203.93 ± 3.51 80.51 ± 1.29 284.44
H2SO4, 10 g/100 gTS 324.25 ± 20.32 174.74 ± 25.56 86.07 ± 7.21 260.81
H2SO4, 20 g/100 gTS 361.70 ± 7.04 141.18 ± 9.41 107.77 ± 4.93 248.95
H3PO4, 2 g/100 gTS 336.19 ± 3.24 211.39 ± 39.5 83.05 ± 4.28 294.44

H3PO4, 10 g/100 gTS 352.44 ± 4.07 177.62 ± 1.03 92.31 ± 5.50 269.93
H3PO4, 20 g/100 gTS 354.09 ± 1.062 146.99 ± 0.74 128.33 ± 13.56 275.32

HCl, 2 g/100 gTS 337.50 ± 2.68 222.37 ± 24.2 65.09 ± 1.24 287.46
HCl, 10 g/100 gTS 369.98 ± 6.81 164.72 ± 11.86 233.38 ± 0.83 398.1
HCl, 2 20/100 gTS 390.77 ± 13.92 134.23 ± 6.85 193.99 ± 11.30 328.22

NaOH, 2 g/100 gTS 388.13 ± 5.82 255.68 ± 3.34 147.42 ± 4.80 403.1
NaOH, 10 g/100 gTS 396.31 ± 11.68 214.70± 4.46 173.60± 16.15 388.3
NaOH, 2 20/100 gTS 413.50 ± 26.08 202.06 ± 4.70 225.01 ± 23.20 427.07

Comparing the BMP of the sum of both fractions, expressed in L/kg VSinitial with the respective of
the whole slurry at each pretreatment method, it is obvious that direct AD without separation of the
pretreated biomass was favored in almost all cases. Only treatment with 20 gNaOH/100 gTS led to
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427.07 L CH4/kg VS, after separation, which corresponded to 25.7% enhancement of the BMP of the
untreated GL waste. This value was only 3.3% higher than the BMP of the whole pretreated slurry
(413.5 L CH4/kg VS), under the same pretreatment conditions. However, the approach of using the
whole slurry has the advantage of reduced process costs, since the step of separation is not needed [27].
Thus, taking into account these aspects, treatment with 20 g NaOH/100 gTS and direct AD of the whole
slurry, seems to be the most promising scheme.

2.3. Energy and Cost Analysis

The experimental results showed that pretreatment with 20 g NaOH/100 gTS for 1d at 80 ◦C
and direct AD of the whole slurry (NaOH-CH4), led to higher methane yield, of 413.5 L/kg vs. or
346 L CH4/kg TS. In the present study, a preliminary energy balance and economic assessment of the
application of alkaline pretreatment was carried out, by comparing the extra cost (i.e., heating and
chemical reagent) required for the pretreatment, with the extra energy in the form of methane due to
pretreatment [28]. Thus, apart from the scenario in which alkali pretreatment was employed, the scenario
of direct AD of GL waste, without pretreatment (CH4 of GL) was also analyzed, for comparison reasons.

For realizing the process in full scale, a shredder for milling the grass to the proper size, a tank
where the alkaline pretreatment will be carried out, an anaerobic digester for producing biogas from the
whole slurry and a combined heat and power (CHP) unit, for biogas exploitation, should be involved.

The energy produced, as estimated by the BMP was found to be 3460 kWh/t TS for the alkali
pretreated biomass and 2826 kWh/t TS, for the AD of untreated GL waste (taking into account the
energy from methane as 10 kWh/m3). From the energy yield, the surplus energy (thermal and electrical)
produced by the CHP unit, was estimated and presented in Table 3, and compared with the energy
demands of the whole process, such as heat energy requirement (HER), electrical energy for mixing
the pretreatment tank and the cost of NaOH. Regarding the CHP generator, it was assumed that a
typical unit produced 35% electricity and 50% heat (thermal efficiency).

Table 3. Energy analysis for CH4 production from the alkaline pretreated GL (NaOH-CH4) and for
untreated GL waste (CH4 of GL).

NaOH-CH4 CH4 of GL

Energy from CH4 (kWh/t TS) 3460 2826
Thermal energy produced (kWh/t TS) 1730 1413
Electrical energy produced (kWh/t TS) 1211 989.1

Energy produced (heat and electrical from CHP (kWh/t TS) 2941 2402.1

Regarding thermal energy gain, the surplus heat was calculated as the difference between the
heat produced by the NaOH-CH4 process and the process without alkaline pretreatment (CH4 of GL)
(317 kWh/t TS).

In the present study, a solids loading of 5% w/v, or 50 g TS/L was assumed. However, several
researchers assessed the possibility of applying pretreatment methods at higher solid loading (>15%
solids, w/w) [29,30]. Especially, in full scale AD the use of more concentrated slurries (e.g., 20% w/v)
could be feasible. Thus, in the present analysis two different scenario were evaluated: the first scenario
in which 50 g TS/L were used (as indicated from the experiments) and the second one, in which a
more concentrated whole slurry of 200 g/L (20% w/v) was used (20g TS per 100 mL of water or aquatic
solution of NaOH).

Regarding the pretreatment tank, addition of water or aquatic solution of NaOH should be carried,
so as to reach the solids loadings (50 or 200 g TS/L) and a chemical loading of 20 g NaOH/100 g TS.
The HER in kWh/t TS, for thermo-alkaline pretreatment (80 ◦C) of 1 ton TS of GL waste was estimated
according to Equation (2) [28]:

79



Molecules 2020, 25, 296

HER =
m × Cp ×

(
T f inal − Tinitial

)

3600
(2)

where m is the mass of water and substrate in kg; Cp the water specific heat (4.18 kJ/kg ◦C);
Tinitial and Tfinal in ◦C is the initial and final temperature of the substrate suspension, assumed as 25 ◦C;
and 80 ◦C, respectively.

The surplus heat was then compared to the thermal energy requirement for alkaline pretreatment
(HER). At a solid loading of 50 gTS/L the surplus heat (317 kWh/t TS) was not sufficient to cover the
heat requirement for alkaline pretreatment (1343 kWh/t TS). For the solid loading of 200 gTS/L, the net
heat energy (NHE) of alkaline pretreatment was slightly negative (−68 kWh/t TS). Thus, assuming a
heat energy recovery from the pretreatment step by almost 80% [31], a positive NHE was achieved
for both solid loadings (48.4 and 240 kWh/t TS for solids loadings of 50 and 200 g TS/L, respectively)
(Table 4).

Table 4. Energy analysis for NaOH-CH4. The solids loadings of 50 and 200 g/L were considered.

Solid Loadings (gTS/L) 50 200

Thermal energy gain (kWh/t TS)a 317 317
Heat energy (HE) requirement (kWh/t TS) 1343 385

HE requirement with 80% of heat recovery (kWh/t TS) 268.6 77
Net heat energy (NHE) (kWh/t TS)b −1026 −68

NHE with 80% of heat recovery (kWh/t TS) 48.4 240
a Thermal energy gain corresponds to the difference of heat energies produced by NaOH-CH4 minus CH4
of GL; b NHE is the difference between the thermal energy increase and the heat energy requirement for the
alkaline pretreatment.

Regarding the requirements of electrical energy, only the mixing demands in the pretreatment
tank were considered (10.5 kWh/t TS [32]). It should be emphasized that the electricity demands for
GL waste grinding and milling were not considered, since these machines were also necessary for the
AD of untreated GL. The net electrical energy required for alkaline pretreatment of GL waste at both
solids loadings is presented in Table 5.

Table 5. Energy analysis and economical assessment for NaOH-CH4.

NaOH-CH4

Electrical energy
Electrical energy increase (kWh/t TS)a 221.9
Mixing pretreatment tank (kWh/t TS) 10.5

Net electrical energy (kWh/t TS) 211.4
Economic assessment

NaOH cost (€/t TS) 82.4
Extra net gain (€/t TS), 52.85

a Electrical energy gain corresponds to the difference of electricity energies produced by NaOH-CH4 process minus
the CH4 of GL.

For the economic assessment, the cost of chemicals from one side and the incomes from the sale to
the public grid of electricity surplus (211.4kWh/t TS), from the other, should be compared (Table 5).
As assumption an average price for biogas energy in European countries was considered (0.25 €/kWh).
From the values of Table 5, it is obvious that the process should be sustainable either by using a lower
alkali loading, or by selling with higher price in the public grid.
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3. Materials and Methods

3.1. Biomass Used

GL was collected in the region of Attica, Greece, during gardening. It was initially air dried, then
grinded with a house blender (Izzy X3, E560T3, Titanium, Crete, Greece) and milled with a lab grinder
(A11 basic, IKA, Staufen, Germany) to powder, passing through a sieve with a pore size of 0.7 mm.
Finally, it was air-dried at ambient temperature before being used for the experiments.

3.2. Pretreatment Methods Tested

For all pretreatment methods tested, the solids load was 5% w/v. Acid pretreatment was conducted
at 121 ◦C for 1 h, by the use of three different inorganic acids (H2SO4, H3PO4 and HCl) at concentrations
of 2, 10 and 20 g/100 g TS, respectively. Alkaline pretreatment was conducted at 80 ◦C for 24 h, by the
use of NaOH at the same concentrations. For comparison, blank experiments, in which only thermal
treatment (121 ◦C for 1 h or 80 ◦C for 24 h) without any chemical addition, were also carried out.
After pretreatment, either the whole pretreatment slurry (liquid and solid fractions obtained after
pretreatment) or the two fractions obtained after separation through filtering with 0.7 µm, were used
for BMP, in batch reactors. A detailed physicochemical characterisation was also performed in the
solid and liquid fractions, as described below.

3.3. BMP Experiments

BMP experiments were carried out in duplicate at 35 ◦C in serum bottles of 160 mL, using a
working volume of 100 mL. The experiments were performed according to the modified protocol
of Owen and Chynoweth [33] using as inoculum sludge from the anaerobic digester of the Patras
wastewater treatment plant, treating municipal sewage sludge and operating at steady state at an
hydraulic retention time (HRT) of 15 d. The main characteristics of the sludge were: pH: 8.13,
total chemical oxygen demand (T.COD): 25.4 g/L, dissolved COD (d.COD): 0.81 g/L, total suspended
solids (TSS): 23.03 g/L and volatile suspended solids (VSS): 14.13 g/L.

BMP tests were performed either at the whole slurry or at the separated fractions, obtained after
pretreatment. For the experiments with the whole slurry, 20 mL mixed anaerobic culture, 76 mL water
and 4 mL of the whole slurry at a solid loading of 5% w/v, were used. For the experiments with the solids
obtained after pretreatment, 20 mL mixed anaerobic culture, 80 mL water and appropriate amounts of
samples were added, in order to acquire the desirable TS content of 2g TS/L. For the experiments with
the hydolysates, 20 mL mixed anaerobic culture were seeded with water and appropriate volumes of
hydrolysates, so as their final COD concentration, being 2 g/L. For all experiments, the microbial culture
was supplemented with 10 mL/L of a (NH4)2HPO4 (7.21 g/L) solution, 10 mL/L of a FeSO4·7H2O
(0.7g/L) solution and 10 mL/L of a trace metals solution [34]. Control experiments for checking the
methanogenic biomass activity using glucose and cellulose, as well as blank experiments in order to
determine the background gas productivity of the inoculum, were also carried out. The content of the
vials was gassed with a mixture of N2/CO2 (80/20) in order to secure anaerobic conditions. The vials
were sealed with butyl rubber stoppers and aluminum crimps and methane production was monitored
as a function of time according to Owen and Chynoweth [33].

3.4. Analytical Methods

The analytical procedure for samples characterization in terms of their lignocellulosic content is
presented in Antonopoulou et al. [14]. Briefly, raw samples were air-dried and then used for ethanol
extraction (exhausted extraction for 24 h) [35] prior to the compositional analysis, which was performed
according to the National Renewable Energy Laboratory (NREL)’s standard laboratory analytical
procedure (LAP) [36]. Detection and quantification of sugar monomers (glucose, xylose and arabinose)
were performed with HPLC-RI with an Aminex HPX-87H column (BioRad, Marnes-la-Coquette,
France) at 60 ◦C and a Cation H micro-guard cartridge (RioRad) using H2SO4 0.006 N as an eluent at a
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flow rate of 0.7 mL/min. For the characterization of the pretreated samples, a separation of liquid and
solid fractions was made, through filtering with 0.7 µm filters. The solid fractions were washed with
water, air-dried and characterized as described above for the raw samples, but without performing an
extraction process prior to the characterization.

The liquid fractions were used for soluble charbohydrates’ content determination, according to
Joseffson [37] and for the identification of monomeric sugars (glucose, xylose, arabinoze), using the
method described above. The measurements of TS, VS, TSS and VSS as well as of d.COD and T.COD
were carried out according to Standard Methods [38]. Raw and extractive-free samples were also used
to determine Total Kjeldahl Nitrogen (TKN) according to Standard Methods [38] where the crude
protein content was estimated by multiplying TKN by a factor of 6.25 [26]. The methane content of the
produced biogas was quantified as described in Alexandropoulou et al. [26] while SEM images and IR
spectra were obtained as described in Antonopoulou et al. [14].

3.5. Statistical Analysis

A two-sample t-test with a threshold p-value of 0.05 was applied in order to analyze statistically
the effect of pretreatment on the lignocellulosic content of GL waste.

4. Conclusions

The experimental results obtained showed that the treatment with acids led to higher hemicellulose
solubilization, while lignin removal from the solid matrix was achieved, when grass lawn waste (GL)
was treated with NaOH. Higher acids concentrations led to higher solubilization of hemicellulose.
The BMP of GL was enhanced with alkaline pretreatment and the higher the NaOH concentration,
the higher was the methane yield observed. Comparing the BMP under different process schemes
(whole or separated fractions) the experiments indicated that the use of the whole slurry was beneficial
for the process yields and economy.
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Abstract: Sunflower residues are considered a prominent renewable source for biogas production
during anaerobic digestion (AD). However; the recalcitrant structure of this lignocellulosic substrate
requires a pretreatment step for efficient biomass transformation and increased bioenergy output.
The aim of the present study was to assess the effect of alkaline pretreatment of various parts of the
sunflower residues (e.g., heads and stalks) on their methane yield. Experimental data showed that
pretreatment at mild conditions (55 ◦C; 24 h; 4 g NaOH 100 g−1 total solids) caused an increase in the
biochemical methane potential (BMP) of both heads and stalks of the sunflower residues as determined
in batch tests. The highest methane production (268.35 ± 0.11 mL CH4 g−1 volatile solids) was
achieved from the pretreated sunflower head residues. Thereafter; the effect of alkaline pretreatment
of sunflower head residues was assessed in continuous mode; using continuous stirred-tank reactors
(CSTRs) under two operational phases. During the first phase; the CSTRs were fed with the liquid
fraction produced from the pretreatment of sunflower heads. During the second phase; the CSTRs
were fed with the whole slurry resulting from the pretreatment of sunflower heads (i.e., both liquid
and solid fractions). In both operating phases; it was observed that the alkaline pretreatment of the
sunflower head residues had a negligible (phase I) or even a negative effect on biogas production;
which was contradictory to the results of the BMP tests. It seems that; during alkaline pretreatment;
this part of the sunflower residues (heads) may release inhibitory compounds; which induce a
negative effect on biogas production in the long term (e.g., during continuously run digesters such as
CSTR) but not in the short-term (e.g., batch tests) where the effect of the inoculum may not permit the
inhibition to be established.

Keywords: anaerobic digestion; lignocellulosic biomass; NaOH pretreatment; bioreactor experiments;
biochemical methane potential; inhibition

1. Introduction

Lignocellulosic substrates are considered important feedstocks for the production of
second-generation biofuels (e.g., H2, CH4). Agricultural residues comprise a renewable resource
which does not compete with plant cultivation for food, since they consist of the nonedible parts
of the plants (leaves, stalks), which are usually burned on the fields creating environmental issues
related with biomass incineration in the open air [1]. This is also the case with sunflower residues
(stalks, leaves, heads) which are produced in large quantities and left in the fields after seed harvesting.
In the absence of any alternative reuse, sunflower residues may be a promising renewable resource
for bioenergy production via anaerobic digestion [2]. However, the presence of lignin is apparently

85



Molecules 2020, 25, 164

the most important factor affecting the biodegradability of lignocellulosic materials. Therefore, the
recalcitrant structure of lignocellulosic substrates consisting of holocelluloses (cellulose, hemicelluloses)
that are embedded in the lignin network, requires the application of pretreatment, to increase the
accessibility of holocelluloses to bacteria during anaerobic digestion [3].

Pretreatment methods, such as mechanical, thermo-chemical, chemical, and biological, have been
applied to improve biogas production from anaerobic digestion of lignocellulosic residues [4,5]. Among
them, dilute-acid and alkaline chemical pretreatments are the most widely used for sunflower residues,
being low-cost and effective processes [5–7]. Dilute-acid pretreatment, hydrolyzes hemicelluloses into
monomeric sugars, improving cellulose conversion and increasing enzyme accessibility [8]. By alkaline
pretreatment, the cleavage of ester bonds mainly occurs in lignin/phenolics–carbohydrate complexes,
resulting in partial lignin removal [3]. On the other hand, it should be emphasized, that applying
pretreatment on plant biomass, lignin derived compounds are released which may be inhibitory to
anaerobic microorganisms [6]. Acid pretreatment causes the hydrolyzation of the hemicellulosic fraction
into furaldehydes [5-hydroxymethylfurfural (5-HMF) and furfural] and aliphatic acids (i.e., formic
and acetic acid) [9]. Moreover, Antonopoulou et al. [7] reported that high NaOH concentration
during pretreatment of sunflower straw biomass, resulted in a high concentration of phenolics. These
compounds might have an inhibitory or even toxic effect on anaerobic microorganisms and therefore,
should be always taken into consideration. Monlau et al. [6,10] applied various chemical pretreatments
on sunflower straw studying their influence on lignin removal and evaluating the biochemical methane
potential (BMP). They reported that alkaline pretreatment at 55 ◦C, for 24 h with 4 g NaOH 100 g−1

total solids, was the most suitable for enhancing the anaerobic digestion process and methane potential.
Monlau et al. [2], applied this mild NaOH pretreatment in continuous experiments and noticed an
increase of 26% in methane yield. However, it is not well understood how the different parts of the
residues (i.e., stalks and heads) can respond to the pretreatment scheme at different modes of the
anaerobic digestion process (batch and continuous).

The case study considered in this work was of the sunflower residues, abundant in Greece and
especially in the area of East Macedonia and Thrace. FAOSTAT recorded an area of 90,600 hectares
of sunflower seeds cultivated in Greece, with an estimated yield of 2433.8 kg/ha in 2017 [11]. These
agricultural areas produce large quantities of sunflower residues; Searle and Malins [12] estimated
that the ratio of residue to harvested grain is 1.77 for the case of sunflower crops. Therefore, they
could be used as feedstock in biogas plants which have been developed in Greece over the recent
decade. The biochemical methane potential of an organic material is usually evaluated through batch
tests. On the other hand, experimental results coming from continuously run digesters are scarce but
more trustworthy since they simulate the conditions prevailing in real biogas plants (which operate
on a continuous mode) and reveal the long-term response of the anaerobic biomass to a particular
feedstock. To this end, the effect of alkaline pretreatment on the biogas production from sunflower
residues was studied in two different types of digesters (batch and continuous), focusing mostly on the
heads. Consequently, the results of the presented study can be considered to be complementary to
those reported in Monlau et al. [2], which is the only reference (to our knowledge) focusing on the
digestion of sunflower stalks in continuous mode at mesophilic conditions, after alkaline pretreatment
under the same conditions. These results show how an estimation based on the typical biomethane
potential tests can be proven wrong by experiments run in continuous mode.

2. Results and Discussion

2.1. Sunflower Heads and Stalks Characteristics

Heads and stalks, prior to any analysis, were dried in an oven resulting in a low humidity level of
ca. 10% for both residues. The chemical oxygen demand (COD) concentration was higher for stalks by
20.8% in comparison to heads, which is in agreement with the higher volatile solid (VS) content of
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stalks (87.7% of total solids; TS for heads and 79.9% of TS for stalks). On the contrary, total Kjeldahl
nitrogen (TKN) and lipids of heads were more than two times higher compared to stalks (Table 1).

Table 1. Composition of the sunflower heads and stalks (raw) as well as their solid and liquid fractions
(SF and LF respectively) after alkaline pretreatment.

Raw SF
Pretreated

LF
Pretreated Raw SF

Pretreated
LF

Pretreated

Humidity (%) 9.46 ± 0.4 1.3 ± 1.8 - 8.1 ± 0.4 2.5 ± 1.0 -

Total solids; TS
(% WM) 90.5 ± 0.4 98.7 ± 17.6 - 91.9 ± 0.3 97.5 ± 1.0 -

Volatile solids; vs.
(% WM) 72.4 ± 0.8 87.8 ± 10.4 - 80.6 ± 0.2 83.3 ± 11.5 -

VS (% TS) 79.9 ± 0.5 88.9 ± 0.5 - 87.7 ± 0.1 85.5 ± 0.3 -

Chemical oxygen
demand; COD

(SF g kg−1TS or LF g L−1)
890 ± 26 967 ± 28 8.3 ± 0.3 1075 ± 34 1067 ± 56 6.2 ± 0.1

TKN (g kg−1TS) 13.3 ± 0.3 13.8 ± 0.3 - 6.3 ± 0.0 5.6 ± 0.2 -

Lipids (g kg−1TS) 2.5 ± 0.1 - - 0.99 ± 0.06 - -

Phenols
(mg Gallic Acid L−1) - - 214 ± 4 - - 112 ± 2

WM: wet matter, DM: dry matter.

The latter could be attributed to some seed residues in the heads, which are rich in lipids and
proteins [13]. Klason lignin content of raw stalks reported here (20.36% VS, Table 2) was lower
compared to the results of Monlau et al. (29.7% VS) [6]. Klason lignin concentration of stalks (20.36%
VS) was much higher in comparison to heads (10.48% VS, Table 2), providing a more rigid structure for
stalks and reducing their biodegradability. Elemental analysis showed that both, heads and stalks,
contained a significant amount of Ca, Mg, K, Si, and Fe (Table 3). Nevertheless, trace elements such as
Co, Mo, Ni, and W which are considered to be essential for the process of anaerobic digestion [14],
were either detected in small concentrations or were absent.

Table 2. Lignin content of raw and pretreated sunflower residues.

Klason Lignin

(% Raw VS)

Heads raw matter 10.48 ± 0.28
Heads pretreated 7.19 ± 0.19
Stalks raw matter 20.36 ± 0.66
Stalks pretreated 18.74 ± 0.24

2.2. Pretreatment Effect on the Biochemical Methane Potential (BMP) of Sunflower Heads and
Stalks—Batch Experiments

The BMPs of all fractions were expressed as mL CH4 per g of vs. prior to pretreatment (called
as “raw”) for both pretreated and untreated sunflower heads and stalks, so that comparisons were
possible. Control tests were conducted with the untreated sunflower head or stalk (raw). In all cases,
the methane volume produced from the blank tests was subtracted to exclude the contribution of
the inoculum in the BMP. The alkaline pretreated sunflower head or stalk were separated into their
respective liquid and solid fractions (LF and SF respectively). Each fraction was tested separately, but
since the BMP of each fraction was expressed per vs. of the raw material it came from, the BMPs of
both LF and SF could be summed up and, therefore, express the total BPM of the pretreated head or
stalk. The results are shown in Figure 1. In all cases, the LF yielded the lowest methane but at the
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highest rate. This was attributed to the less, but more readily available organic matter present in the
LF as compared to the SF.

Table 3. Elemental analysis of raw stalks and heads.

Component
Concentration (ppm)

Component
Concentration (ppm)

Stalks Heads Stalks Heads

Al 1570 600 Ga 1 0
Ca 53,770 27,790 La 10 1
Fe 990 490 Mo 0 0

Mg 14,170 10,540 Nd 1 1
P 2210 2080 Ni 12 4
K 30,760 98,780 Rb 35 185
Si 19,120 2870 Sc 0 0
Na 2770 130 Sr 119 95
S 6670 5780 Th 0 0
Ti 100 50 U 0 0
As 0 0 Sb 0 0
Cd 0 0 Hg 0 0
Cr 18 0 Br 165 253
Cu 31 29 Cs 3 4
Pb 109 162 Bi 0 0
Mn 234 22 Sm 10 11
V 0 0 W 0 1
Zn 111 21 Zr 0 0
Ba 128 58 Cl 18,944 21,637
Ce 5 3 Y 0 0
Co 5 5 Nb 0 0

Focusing on the untreated residues (raw heads and stalks), it can be seen that the BMP of raw
stalk was 65% lower (p = 1.4 × 10−5, <0.05) compared to the raw head residues, i.e., 127.98 ± 5.19
and 210.56 ± 1.97 mL CH4 g−1 raw VS, respectively (Table 4). This was not expected since the heads
contained less VS, resulting in less COD (Table 1). However, their different lipid content (2.5 g kg−1 TS
heads vs. 0.99 g kg−1 TS stalks) and protein content (13.3 g TKN kg−1 TS heads vs. 6.3 g TKN kg−1 TS
stalks) could explain the higher BMP of the heads (lipids and proteins yield higher methane than other
organic compounds such as carbohydrates). Similarly, after alkaline pretreatment, the methane yield
of sunflower stalks was estimated to be 168.17 ± 6.87 mL CH4 g−1 raw VS, which was significantly
lower (p = 2.2 × 10−5, <0.05) than the BMP of pretreated sunflower heads (268.47 ± 3.38 mL CH4 g−1

raw VS) (Table 4). In fact, it was 37% lower. The methane yield achieved from the pretreated heads
was 60% higher than the yield from the pretreated stalks (Table 4).

In general, alkaline pretreatment as resulted from the BMP tests enhanced the methane yield by
31% and 28% for the stalk and head residues, respectively. This can be correlated with the lignin removal
(Table 2) observed after alkaline pretreatment of head and stalk residues (31% and 8%, respectively).
Similar results were obtained by Monlau et al. [15] who applied alkaline pretreatment under the same
conditions and observed a high lignin removal of 22%, after pretreatment at 55 ◦C. Moreover, the
lignin removal achieved in this study for sunflower heads is comparable with the removal achieved
under higher temperature conditions in other studies. Antonopoulou et al. [7] reported 20% and 36%
of lignin removal using 2 and 20 g NaOH 100 g−1 TS, respectively, at 80 ◦C.

88



Molecules 2020, 25, 164

Molecules 2019, 24, x 5 of 14 

this study. The differences in BMPs as reported in various research studies should be expected, due 
to the differences in the sunflower variety, the geographical area and the practices used to grow the 
crop [17]. This is in agreement with Monlau et al. [10], who reported that the alkaline pretreatment 
(55 °C, 24 h, 4 g NaOH 100 g−1 TS) of stalks of different sunflower varieties resulted in different lignin 
reduction, varying from 23.3% to 36.3% VS. Moreover, the time the residues were left in the field after 
harvesting and prior to collection is also a determining factor. In the case of the present study, the 
residues were collected approximately 2–3 weeks after harvesting. 

 
Figure 1. Biochemical methane potential (BMP) profiles of pretreated and untreated sunflower (a) 
heads and (b) stalks. Values correspond to means of triplicates of independent values ± standard 
deviations (error bars). SF: solid fraction, LF: liquid fraction. 

Table 4. Biochemical methane potential (BMP) of raw and pretreated sunflower residues. SF: solid 
fraction, LF: liquid fraction. 

Sunflower Residues 

BMP (mL CH4 g−1 Raw VS)  
Mean ± SD (± CI) 

Raw  Pretreated Residues 
(Sum of SF and LF) 

Pretreated Residues 
(SF) Pretreated Residues (LF) 

Heads 210.56 ± 1.97  
(±2.23) 

268.47 ± 3.38  
(±3.83) 

182.01 ± 3.17  
(±3.59) 

86.46 ± 6.44  
(±7.29) 

Stalks 
127.98 ± 5.19  

(±5.88) 
168.17 ± 6.87  

(±7.77) 
140.11 ± 4.62  

(±5.23) 
28.06 ± 5.47  

(±6.19) 

2.3. Continuous Stirred Tank Reactors (CSTRs)–Continuous Experiments 

0

50

100

150

200

250

300

350

0 5 10 15 20 25

CH
4

yi
el

d 
(m

L 
CH

4 
 g-1

ra
w

 V
S)

Time (d)

(a)pretreated heads (sum of SF and LF)
raw heads
pretreated heads (SF)
pretreated heads (LF)

0

40

80

120

160

200

240

0 5 10 15 20 25 30 35

CH
4

yi
el

d 
(m

L 
CH

4 
g-1

ra
w

 V
S)

Time (d)

(b)pretreated stalks (sum of SF and LF)
raw stalks
pretreated stalks (SF)
pretreated stalks (LF)

Figure 1. Biochemical methane potential (BMP) profiles of pretreated and untreated sunflower (a)
heads and (b) stalks. Values correspond to means of triplicates of independent values ± standard
deviations (error bars). SF: solid fraction, LF: liquid fraction.

Table 4. Biochemical methane potential (BMP) of raw and pretreated sunflower residues. SF: solid
fraction, LF: liquid fraction.

Sunflower Residues

BMP (mL CH4 g−1 Raw VS)
Mean ± SD (± CI)

Raw Pretreated Residues
(Sum of SF and LF)

Pretreated Residues
(SF)

Pretreated Residues
(LF)

Heads 210.56 ± 1.97
(±2.23)

268.47 ± 3.38
(±3.83)

182.01 ± 3.17
(±3.59)

86.46 ± 6.44
(±7.29)

Stalks 127.98 ± 5.19
(±5.88)

168.17 ± 6.87
(±7.77)

140.11 ± 4.62
(±5.23)

28.06 ± 5.47
(±6.19)

Finally, it is noteworthy that Monlau et al. [6] achieved higher methane potential from sunflower
stalks (259 ± 6 mL CH4 g−1 raw VS) as compared to this study (Table 4), after pretreatment at 55 ◦C
with 4% NaOH for 24 h. In another study, Monlau et al. [10] found a methane potential of 262 mL CH4

g−1 raw vs. from sunflower stalks using identical alkaline pretreatment. The BMP of the untreated
sunflower stalks was also higher than this study (193 mL CH4 g−1 raw vs. > 128 mL CH4 g−1 raw VS).
Furthermore, Hesami et al. [16] reported much higher values, compared to this study, BMPs from
sunflower stalks after hydrothermal (180 ◦C, 60 min) and isopropanol-based organosolv pretreatment
(160 ◦C, 30 min, 1% H2SO4), of 234 and 278 mL CH4 g−1 VS, respectively. However, the methane
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production yield obtained from the digestion of untreated stalks was lower (124 mL CH4 g−1 VS) than
this study. The differences in BMPs as reported in various research studies should be expected, due
to the differences in the sunflower variety, the geographical area and the practices used to grow the
crop [17]. This is in agreement with Monlau et al. [10], who reported that the alkaline pretreatment
(55 ◦C, 24 h, 4 g NaOH 100 g−1 TS) of stalks of different sunflower varieties resulted in different lignin
reduction, varying from 23.3% to 36.3% VS. Moreover, the time the residues were left in the field after
harvesting and prior to collection is also a determining factor. In the case of the present study, the
residues were collected approximately 2–3 weeks after harvesting.

2.3. Continuous Stirred Tank Reactors (CSTRs)–Continuous Experiments

BMP tests indicated that pretreated head residues were the most promising substrate for methane
production. Therefore, continuous experiments were performed to evaluate the long-term effect of
alkaline pretreatment on biogas production from sunflower head residues. During the first operational
phase, all three CSTRs were fed on the liquid fraction coming from the pretreated sunflower head
(CSTR1 and CSTR2) or the untreated sunflower head under the conditions summarized in Table 5.

Table 5. Operating conditions of Continuous Stirred Tank Reactors (CSTRs) for both phases (values
are given as the average ± standard deviations; numbers in parenthesis express the 95% confidence
intervals on the mean values).

CSTR1 CSTR2 CSTR3

Operating Phase I: Liquid Fraction Only

NaOH (g 100 g−1 TS) 4 4 0

Hydraulic Retention
Time; HRT (d) 21 ± 7 15 ± 4 16 ± 6

Organic Loading Rate;
OLR (mg L−1 d−1) 657 ± 243 (±82) 791 ± 224 (±75) 624 ± 316 (±108)

Operating Phase II: Whole Slurry

NaOH (g 100 g−1 TS) 4 8 0

HRT (d) 25 ± 4 25 ± 1 25 ± 1

OLR (mg L−1 d−1) 2079 ± 159 (±47) 1900 ± 81 (±25) 1970 ± 0 (±0)

The organic loading rates (OLRs) and biogas production rates (BPRs) versus time are shown
in Figure 2a–c. The experimental data showed a significantly higher biogas production rate during
the operation of CSTR2 (205 ± 23 mL L−1 d−1) than CSTR1 (161 ± 26 mL L−1 d−1) (p = 0.005, <0.05)
(Table 6), due to the higher OLR in CSTR2. However, the methane yield achieved by CSTR2 (0.193
± 0.035 L CH4 g−1 VS) was comparable with the yield achieved by CSTR1 (0.187 ± 0.025 L CH4 g−1

VS) (p = 0.71, >0.05). The concentration of phenolic compounds determined in both CSTRs during
operation was below 250 mg L−1 (data not shown).

On the other hand, despite the alkaline pretreatment of the feeding substrate in CSTR2, the biogas
production rate of CSTR2 (205 ± 23 mL L−1 d−1) was not significantly higher than the control CSTR3
(179 ± 12 mL L−1 d−1) (Table 6) that operated at the same HRT (16 ± 6 d) (p = 0.67, >0.05). In order to
elucidate if any inhibition occurred in the bioreactors, 1 g of acetic acid per L of reactor was added
in all three CSTRs, while the feeding with the liquid fraction of the sunflower heads continued. This
disturbance occurred on the 37th day when the biogas had been stabilized in all three CSTRs. Acetic
acid remained constant with some temporal increases in the CSTR1 and CSTR2 (Figure 2d,e). This
indicated that no more acetic acid than that produced from the digestion of the liquid fraction could be
degraded, which revealed that these reactors were kinetically limited. On the other hand, the acetic
acid was degraded in the CSTR3 within 5.5 days (Figure 2f). To alleviate the inhibitory effect that
averted acetic acid degradation, the feeding of CSTR1 and CSTR2 was stopped and these reactors
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operated at batch mode until acetic acid concentration was minimized. Even at batch mode, the
degradation of acetic acid was much slower in CSTR1 (84 mg L−1 d−1) and CSTR2 (50 mg L−1 d−1)
than in CSTR3 (350 mg L−1 d−1).Molecules 2019, 24, x 7 of 14 
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heads during operational phase I (a) CSTR1 (NaOH pretreated, HRT = 21 ± 7 d), (b) CSTR2 (NaOH
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after adding acetate on the 37th day in (d) CSTR1, (e) CSTR2, (f) CSTR3.

Table 6. Biogas production rate (BPR) and operational characteristics during the continuous mode of
the three CSTRs (Mean ± SD (± CI)).

Phase I VSS (g L−1) pH BPR (mL L−1 d−1)

CSTR 1 3.2 ± 0.4 (± 0.5) 7.38 ± 0.04 161 ± 26 (± 19)
CSTR 2 3.7 ± 0.4 (± 0.4) 7.42 ± 0.06 205 ± 23 (± 17)
CSTR 3 2.8 ± 0.3 (± 0.3) 7.30 ± 0.07 179 ± 12 (± 11)

Phase II VSS (g L−1) pH BPR (mL L−1 d−1)

CSTR 1 15.1 ± 1.3 (± 1.8) 8.49 ± 0.18 unstable
CSTR 2 16.1 ± 1.6 (± 1.8) 7.22 ± 0.16 unstable
CSTR 3 16.0 ± 2.0 (± 2.8) 7.21 ± 0.05 505± 52 (± 42)

The CSTRs’ operation was continued with feeding of the pretreated sunflower head as a whole
(without separating it into liquid and solid fractions). This enabled a direct comparison with the results
of Monlau et al. [2], who also fed the CSTRs with the pretreated sunflower stalks as a whole. Moreover,
it could be possible that feeding with a medium rich in solids would allow the slow release of organic
matter due to hydrolysis, which may be beneficial. The solid matrix of the feeding material could also

91



Molecules 2020, 25, 164

provide a more suitable microenvironment for the microorganism to cope with adverse conditions.
Blika et al. [18] reported that the presence of solids in olive-mill wastewater was a crucial factor for the
stability of the AD process, that might have resulted in adsorption of toxic hydrophobic compounds
onto the solids, such as long-chain fatty acids. Therefore, during phase II, the three CSTRs were fed
with an increased OLR of ac. 2000 mg L−1 d−1 (Table 5). All CSTRs were operated under an HRT of
25 days, while CSTR2 was fed on sunflower heads pretreated at a higher dose of NaOH (8 g 100 g−1 TS
compared to 4 g 100 g−1 TS). Both CSTR 1 and CSTR2 were unstable, while CSTR3 exhibited a stable
response in terms of biogas production rate (Figure 3). The biogas and methane yield were 0.26 ±
0.03 L g−1 vs. and 0.15 ± 0.015 L CH4 g−1 vs. in CSTR3, respectively. Monlau et al. [2] found that the
methane yield of sunflower stalks without alkaline preferment was 0.152 L g−1 vs. (which agrees with
the methane yield of the non-treated heads obtained in this study), while after pretreatment it was
increased by 25.6% to 191 mL g−1 vs. (which does not agree with the results of the present study, since
alkaline pretreatment caused instability in the digesters). The inhibitory conditions prevailed in the
CSTR1 and the CSTR2 are also proven by the increasing trend of acetic acid profiles in these digesters
which is more intense in the case of CSTR2 (Figure 3d,e). This indicates that inhibition is related with
the NaOH pretreatment which was harsher in the feeding of CSTR2 (a double dose of NaOH, i.e.,
8 g 100 g−1 TS, was applied). Eventually, CSTR3, which was fed with raw sunflower head residues,
achieved the highest biogas production rate (505 ± 52 mL L−1 d−1) as compared to CSTR1 and CSTR2.
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Figure 3. Biogas production rate compared to organic loading rate in three CSTRs fed on sunflower
heads during operational phase II (a) CSTR1 (NaOH pretreated, 4% NaOH), (b) CSTR2 (NaOH
pretreated, 8% NaOH), (c) CSTR3 (untreated) and acetic acid degradation profiles in (d) CSTR1, (e)
CSTR2, (f) CSTR3.

In another work, Polat et al. [19] studied the methane production of a lab-scale fermenters fed
with a slurry (2% TS w/v) of alkali-pretreated sunflower heads (2 and 5 g NaOH 100 g−1 TS, 24 h,
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ambient temperature) at various HRTs (8−15 d) at thermophilic conditions. They found a positive
effect of the alkaline pretreatment. The biogas and methane yields of sunflower heads without alkaline
pretreatment were 0.199 L g−1 vs. and 0.125 L CH4 g−1 VS, respectively, for an HRT of 15 days. These
values are lower than the yields found in this study for the control reactor (0.26 ± 0.03 L biogas g−1

vs. and 0.15 ± 0.015 L CH4 g−1 vs. in CSTR3), but it should be taken into account that the HRT was
longer i.e., 25 d). However, when compared to the yields they obtained at a dose of 5 NaOH 100 g−1

TS, the yields were 20% higher (0.249 L biogas g−1 vs. and 0.154 L CH4 g−1 VS). It should be noted,
that the solid concentration of the feeding slurry in Polat et al. [19] was lower (2%) than in this work
(4.6%). Although the NaOH dose was a little higher (5 NaOH 100 g−1 TS) than the dose used in CSTR2
(4 NaOH 100 g−1 TS), the feeding in Polat et al. [19] contained less TS which may have induced a
lower concentration of inhibitors. Moreover, the pretreatment in Polat et al. [19] was conducted at even
milder conditions with respect to temperature. This might be an additional reason for less inhibitors’
production during alkaline pretreatment.

Regarding the causes of process low efficiency or instability while the digesters were fed on
alkaline pretreated sunflower heads, it is usually considered that the solubilization or degradation
of lignin results in secondary by-products such as phenolic or other compounds which may cause
inhibition (i.e., vanillin, syringaldehyde) [2]. There are contradictory reports in the literature about their
inhibitory level. For example, furfural and 5-hydroxymethylfurfural (HMF) which originate from the
dehydration of pentoses and hexoses, as well as syringaldehyde and vanillin resulting from the lignin
polymers’ degradation, were not found inhibitory (even at high concentrations, 1 g L−1), and, moreover,
were converted to biogas during BMP tests [20]. On the other hand, Kayembe et al. [21] evaluated the
inhibitory effect of phenolic monomers on methane production by acetoclastic methanogens (archaea)
in batch assays, correlating the inhibition with the hydroxyl groups’ number of their aromatic structures.
They suggested that monomers as phenol and resorcinol, exhibit inhibition of ca. 1.2 and 1.7 g L−1

IC50, respectively, corresponding to 50% inhibition of methanogenic activity. However, the phenolics
measured in the liquid fractions of this study (Table 1) were low enough compared to the above IC50
values. This indicates that phenolics as measured through the Folin–Ciocalteu method are not the
cause of inhibition, but this does not exclude the presence of other potential inhibitors resulting as
derivatives from the sunflower heads after alkaline pretreatment.

Apart from the inhibitory compounds probably released during pretreatment, the higher sodium
ion concentration, might also be a cause for methanogenic bacteria inhibition. Antonopoulou et al. [22]
observed a threshold of NaOH (1% w/v NaOH, 0.5% TS w/v) concentration above which, inhibition
or toxicity of methanogens might occur. This corresponds to a sodium cation concentration of 5750
mg L−1. Moreover, Polat et al. [19] reported an unstable behavior of continuously run digesters fed
on sunflower heads when the solid concentration of the feed was 5%. They correlated this instability
with the excessive alkali dosage (NaHCO3) required to adjust the very low pH of the feeding medium.
A concentration range of sodium ion between 3500 and 5500 mg Na+ L−1 has been considered to cause
moderate inhibition [23]. In the presented study, the sodium ion concentration entering the digesters
was estimated to be 1058 and 2116 mg Na+ L−1 in the case of pretreatment with 4 g and 8 g NaOH per
100 g TS, respectively (4.6% TS was the influent concentration). Therefore, alkali pretreatment, at these
NaOH doses applied in this work, does not seem to have caused inhibition through the sodium anion.

Finally, the contradictory results for the methane yields derived from batch and continuous
experiments in the present study reveal that batch tests may not give representative results since
they are affected by the activity of the inoculum. A highly active inoculum may achieve yield high
ratios of methane produced per mass of substrate. On the contrary, under continuous operation, the
inoculum is constantly exposed to the feeding conditions which increases the concentration of inhibitory
compounds inside the reactor if these are recalcitrant and are not consumed. Therefore, alkaline
pretreatment seems to have a positive effect due to organic matter solubilization and destruction of the
lignocellulosic matrix, but also a negative effect due to inhibitory compounds probably released as
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lignin degrades [2]. The positive effect was prominent in the short term during the BMP tests, while
the negative effect prevailed in the long term during continuous operation of the digesters.

3. Materials and Methods

3.1. Sunflower Residues Collection and Pretreatment

Sunflower residues were collected, from a farm located in northern Greece (Xanthi city) after seed
harvest. The residues were separated into stalks and heads after seed removal. The heads and stalks
were dried at 40 ◦C in an oven (MMM-Venticell) and then milled separately to obtain a particle size
of ca. 0.15–1.4 mm using a cutting mill (Retsch SM100). The particle size distribution is shown in
Figure 4. The alkaline pretreatment conditions (55 ◦C, 24 h, 4 g NaOH 100 g−1 TS) were selected after
Monlau et al. [6]. A loading of heads or stalks equal to 4.6 g dry matter was added into glass bottles
(120 mL) with a working volume of 100 mL. The bottles were continuously stirred in a thermostatically
controlled incubator at 55 ◦C. After pretreatment, the pH value was adjusted to 7 with 6N HCl and the
whole slurry was separated into liquid and solid fractions by filtration through a 2.5 mm mesh filter.
The solid fractions were dried at 40 ◦C for 24 h before analysis. The main characteristics of the raw
and pretreated fractions of the sunflower residues are summarized in Table 1 as average values from
triplicate analysis. Table 2 shows the lignin content (Klason lignin) of raw and pretreated heads and
stalks. Klason lignin or acid-insoluble lignin is the insoluble residue portion obtained after removing
the ash by concentrated acid hydrolysis of the plant tissues [24].
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3.2. Biochemical Methane Potential

In order to evaluate the biochemical methane potential (BMP) of the pretreated residues, the solid
and liquid fractions of the heads and the stalks were separately digested in batch anaerobic serum
bottles (110 mL, working volume 97.5 mL). All BMP tests were conducted in triplicate at 37 ◦C. Each
bottle was inoculated with 85 mL of anaerobic sludge (24.3 g vs. L−1) as inoculum, taken from a
full-scale anaerobic digester fed on cow manure and a mixture of various wastes. The inoculum was
kept for about 5 days before the batch digestion test at 37 ◦C for degassing. Then 12.5 mL of the liquid
fraction or 1.07 g of the solid fraction were added into serum bottles to achieve an organic loading
of 0.04 or 0.55 g COD g−1 vs. inoculum, respectively. Since the liquid fractions contained readily
biodegradable COD, the COD loading was lower in these tests. On the other hand, the solid fractions
contained organic matter, a part of which was biodegradable, and therefore, the COD added was
higher. Control tests were run with raw (untreated) sunflower heads and stalks (organic loading of
0.55 g COD g−1 vs. inoculum). Blank tests containing only the inoculum and water to reach the same
final volume were also set up. No addition of macro elements or trace elements took place. After the
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preparation of serum bottles, degasification with N2/CO2 mixture (80/20) was carried out for 1 min to
obtain anaerobic conditions and the bottles were sealed with rubber stoppers. The headspace of each
bottle was connected with a NaOH (6N) displacement apparatus to trap CO2. Methane production
was monitored via the volume displacement method and was expressed at standard conditions of
temperature and pressure (STP).

3.3. Continuously Stirred Tank Reactors: Set-up and Operation

Experiments were conducted in three identical continuously stirred tank reactors (CSTRs) (Figure 5).
Each CSTR had 3.2 L and 2.5 L total and working volume, respectively. All reactors were constructed
from two Plexiglas cylinders concentrically configured to allow for the recirculation of hot water
within the in-between void space, thus maintaining the digester’s temperature at 35 ± 1 ◦C through a
controller. The CSTRs were mixed at ca. 85 rpm by a mechanical stirrer attached onto the top of the
reactors. The biogas and the effluent were removed from the same tube (which determined the level of
the mixed liquor in the CSTR) into a flask and they were separated. This flask allowed the solids to
settle down while the supernatant overflowed through a port placed in the middle. The solids were
removed daily from the bottom of the flask. Moreover, the biogas was released from the upper part of
the flask and was led to a volumetric measurement device consisting of a U-tube filled with oil and a
3-way valve solenoid. The valve was activated by a level sensor which allowed for the displacement
of oil by the biogas entering the U-tube and the release of biogas after the oil reached a certain level
(Figure 5). The biogas production rate (BPR) is reported at STP [25].
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The three CSTRs were inoculated with biomass taken from a full-scale anaerobic digester treating
various animal wastes. The operation can be distinguished in two main phases. As shown in Table 5,
during the first operating phase, all three CSTRs were fed on the liquid fraction obtained from
the sunflower residues’ heads as described in Section 2.1 in the presence of NaOH (mild alkaline
pretreatment; CSTR 1 and CSTR 2) or in the absence of NaOH (control experiment; CSTR3). For the
hydraulic retention time (HRT) it was attempted to maintain equality for CSTR2 and CSTR3, while the
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HRT was kept higher in the CSTR1 to study the effect of the feeding rate. Since feeding was conducted
three times a day via peristaltic pumps set by timers, there was an inevitable variation in the feeding
rate which was recorded daily. As a result of the different HRT and the liquid fraction’s characteristics
(in the presence or absence of NaOH), the organic loading rate (OLR) was higher in the CSTR 2 (lower
HRT) and lower in the CSTR3 (the absence of NaOH resulted in lower extraction of the organic matter
in the liquid fraction) The liquid fraction was supplemented with 10 ml L−1 from nutrient and trace
elements solutions consisting of 8.2 g L−1 K2HPO4 (solution A), 40.9 g L−1 NH4Cl (solution B), 33 g L−1

FeCl3.4H2O (solution C), and other trace elements (solution D; [25]) which were stored in a different
bottle from Fe salt to avoid insoluble salt formation.

After the three CSTRs reached a quasi-steady biogas production rate under the operating conditions
of phase I, an impulse disturbance of acetate was imposed, while the CSTRs continued to be fed with
the sunflower substrate. Specifically, 1 g L−1 acetate was spiked simultaneously into all three CSTRs
on the 37th day, increasing instantly the concentration of acetate inside the reactors. The aim of this
disturbance was to study the response of the acetoclastic methanogens prevailing under the imposed
operating conditions.

After depletion of acetate, the second operating phase started to introduce the whole slurry biomass
(without separating it into liquid and solid fractions) after alkaline pretreatment in two different NaOH
doses (CSTR1 and CSTR2) or without alkaline pretreatment (CSTR3; control experiment). Similarly, to
the first operating phase, nutrient and trace element solutions were added. The feeding was conducted
manually to avoid clogging problems due to the solids. The HRT resulting was 25 d for all three CSTRs.
The organic loading rate (OLR) resulted as shown in Table 5. All feeding mixtures introduced into the
CSTRs were adjusted to pH 7 with 6 N HCl.

3.4. Statistics

All data obtained were statistically analyzed to calculate average values (Equation (1)) and
standard deviations (Equation (2)).

Y =

∑n
i=1 Yi

n
(1)

SD =

√∑n
i=1

(
Yi −Y

)2

n− 1
(2)

where Y is the average of the measured values, SD is the standard deviation, Yi are the experimental
values, and n is the number of data.

The 95% Confidence Interval (CI) on the mean was computed as follows (Equation (3)):

CI = Y±Z95· SD√
n

(3)

where Z95 is the upper (1 − 0.95)/2 critical value for the standard normal distribution.
An F-test was performed to determine the homogeneity of variances, followed by analysis of

variance method (two-sample t-test, p 0.05), to assess the effect of pretreatment of sunflower residues
on anaerobic digestion performance using Microsoft Excel software.

3.5. Analytical Methods

The characterization of sunflower heads and stalks as well as the samples from all bioreactors
was performed in the laboratory of Wastewater Management and Treatment Technologies of the
Department of Environmental Engineering at Democritus University of Thrace (DUTH, Greece).
Chemical oxygen demand (COD), total Kjeldahl nitrogen (TKN), total solids (TS), volatile solids
(VS) and lipids were determined according to Standard Methods [26]. The pH was measured with
a pH meter (HANNA, HI 83141, HANNA INSTRUMENTS HELLAS, Athens, Greece). Phenols’
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concentration was measured according to Cindric et al. [27]. Klason lignin content was determined
according to the Laboratory Analytical Procedure (LAP) [28]. The concentrations of volatile fatty
acids (VFAs) were measured in a gas chromatograph (Perkin Elmer, Waltham, MA, US) equipped
with a capillary free fatty acid phase (FFAP) column, a flame ionization detector, and helium as
carrier gas, while the oven temperature program was 50 ◦C to 200 ◦C with 10 ◦C min−1 rate. A gas
analyzer equipped with CO2 and CH4 infrared sensors (GasCard NG model of the Edinburgh Sensors)
(Edinburgh Instruments Ltd, Livingston, UK) was used for determining biogas composition.

For the elemental analysis of stalks and heads, the samples were pelletized in the Atlas 25 ton
Manual Hydraulic Press (Specac, Kent, UK) with Atlas™ 40 mm Evacuable Pellet Die (Specac, Kent,
UK) by using a 2 g subsample with boric acid as substrate (H3BO3 99.9%, Socachim, Belguim). Analysis
was conducted using a Wavelength dispersive X-ray fluorescence spectrometer (ZSX Primus II, Rigaku
Corporation, Tokyo, Japan), which was calibrated using the NIST standards: 1646a, 1648a, 2584,
and 2710a.

4. Conclusions

Results presented herein showed that the sunflower head and stalk residues after alkaline
pretreatment had a positive effect on the biogas production as evaluated during BMP tests. On the
other hand, CSTR operation with pretreated sunflower heads, indicated the opposite. Experimental
observations revealed that alkaline pretreatment obviously causes inhibitory conditions, which could
not be detected in the batch tests where, mostly, the short-term response of the microorganisms is
shown. This indicates, that BMP tests cannot always reveal the real effect of treatment conditions, since
the microbial biomass is not continuously exposed to the positive or adverse effects of these conditions.
Since sunflower heads, after alkaline pretreatment, cause instability to continuously operated anaerobic
digesters, they should be excluded from lignocellulosic mixtures which are subjected to alkaline
pretreatment, even under mild conditions. On the contrary, if not pretreated, they seem to support
stability in the digesters (with a methane yield of 0.15 ± 0.015 L CH4 g−1 VS) and could be used
as feedstock.
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Abstract: The aim of this article is to provide an analysis of microwave effects on ferulic and
coumaric acids (FA and CA, respectively) extraction from grass biomass (corn stalks and miscanthus).
Microwave pretreatment using various solvents was first compared to conventional heating on
corn stalks. Then, microwave operational conditions were extended in terms of incident power
and treatment duration. Optimal conditions were chosen to increase p-hydroxycinnamic acids
release. Finally, these optimal conditions determined on corn stalks were tested on miscanthus
stalks to underlie the substrate incidence on p-hydroxycinnamic acids release yields. The optimal
conditions—a treatment duration of 405 s under 1000 W—allowed extracting 1.38% FA and 1.97% CA
in corn stalks and 0.58% FA and 3.89% CA in miscanthus stalks. The different bioaccessibility of these
two molecules can explain the higher or lower yields between corn and miscanthus stalks.

Keywords: microwave pretreatment; grass biomass; p-hydroxycinnamic acids extraction

1. Introduction

Lignocellulosic biomass is a key resource for the sustainable development of the bioeconomy,
and its effective implementation would allow a decisive matter and energy co-valorization. First, it is
available on all continents in different forms and species. Second, the volumes of available resources
are very large, represent an interesting carbon source, and come from numerous sustainable sources
avoiding land-use conflicts: agricultural and agri-food wastes, wastes from land-use planning, forest
woody residues, perennial crops on polluted soils (miscanthus), algae, or municipal solid wastes [1].
Nevertheless, the use of lignocellulosic biomass is curtailed because of high processing costs and
difficulties related to obtaining high extraction yields. Nowadays, many applications (food and
chemical industry, materials) are being explored from agricultural residues and miscanthus, as they
represent an alternative source of many high-value molecules (sugars, ethanol, acetic acid, butyric acid,
xylitol, propionic acid, oil, etc.) and fibers [2].

Among them, p-hydroxycinnamic acids are increasingly attracting the attention of scientists
and industry because of their interesting features. Indeed, due to their anti-oxidant properties,
p-hydroxycinnamic compounds can be used as food preservatives and have a preventive role in some
types of cancer [3]. Ferulic, coumaric, syringic, and caffeic acids are the most commonly found acids in
cereals, whether in grains or stems [4]. They are covalently bounded to cell walls and difficult to access.
Indeed, p-coumaric acid is principally esterified on lignin S units, and ferulic acid is both etherified to
lignin and esterified to hemicelluloses [5–7]. Figure 1 graphically represents the different chemical
bonds that form the complex three-dimensional biomass network.
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Many factors can explain p-hydroxycinnamic acids’ accessibility and lignocellulosic biomass
resistance to degradation: polymers composition and/or organization, protein and acetyl group
abundance, specific surface area, or a combination of all these factors [8]. Three main
polymers—cellulose, hemicelluloses, and lignin—compose lignocellulosic biomass [9]. While lignin
is believed to play an important role in cellulose protection from hydrolysis to sugar monomers by
forming a physical barrier and adsorbing enzymes [10], other key factors such as hemicelluloses rate,
cellulose crystallinity, acetylation, or porosity are supposed to hinder cellulose hydrolysis by forming a
complex and solid lignocellulose network [11]. Thus, applying an efficient pretreatment to break down
lignocellulosic biomass in order to favor bioconversions and facilitate access to molecules of interest is
mandatory to obtain an economically sustainable process.

Many pretreatments have been tested in order to reduce lignocellulose recalcitrance to
p-hydroxycinnamic acids release, including: biological, chemical, or physical treatment [12,13].
The present article is focusing on microwave pretreatment, which is a thermal treatment that has
gained interest over the past 10 years due to its numerous advantages. Indeed, microwave treatment
heats material directly without any contact, shortens reaction time by reaching high temperatures
faster than conventional heating systems, increases yields and purity by reducing the formation of side
products and inhibitors, diffuses homogenous microwave irradiation inside the cavity, thus allowing
high replication, consumes less solvent, and allows a quick control of the operating parameters [14,15].
Due to these potential benefits, many recent studies are devoted to the application of this technology
to improve p-hydroxycinnamic acids and sugars release from lignocellulosic biomass and/or waste
activated sludge biodegradability [16]. A systemic approach is proposed: after testing large range of
operating parameters (solvent, duration, power, power density) on a specific biomass (corn stalks),
the conditions that lead to the highest p-hydroxycinnamic acids yields were extended on another
lignocellulosic biomass.

2. Results and Discussion

2.1. Raw Matter Composition

Before performing any treatment, dry matter content (DM) was estimated according to the NREL
(National Renewable Energy Laboratory from US Department of Energy) protocol. Table 1 presents
parietal composition of raw materials expressed in % DM. Parietal composition corresponds to all the
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elements that are part of the biomass cell wall: hemicellulose, cellulose, lignin, and ash. Van Soest
protocol was used to determine hemicelluloses, cellulose, acid detergent lignin (ADL), and ash in a
gravimetrical way, and NREL protocol was used to determine Klason lignin. A clear difference can be
seen in the composition of the two studied biomass samples, particularly in terms of wall proportion.
Soluble content in miscanthus stalks is very low, and 95% DM of the mass consists of the cell wall,
of which cellulose and lignin represent a significant part. Miscanthus is lignified to a greater extent
than corn stalks (twice as much), and its cellulose content is two times higher. It appears that the
compositions of the two biomasses differ significantly, which could explain the differences in behavior
following microwave treatment.

Table 1. Raw matter characteristics: parietal composition analyzed by Van Soest method and Klason
lignin (mean of triplicate and standard error) and alkali extraction for ferulic acid (FA) and coumaric
acids (CA) (mean of duplicate and standard error). ADL: acid detergent lignin, DM: dry matter.

Corn Stalks F98902 Miscanthus Stalks GIB Genotype

Soluble Content (%) 35.67 ± 1 4.81 ± 1

Parietal Composition
using Van Soest
Method (%DM)

Cell wall 64.33 ± 1 95.19 ± 1

Cellulose 28.87 ± 0.5 55.75 ± 1.6

Hemicellulose 26.06 ± 1 21.75 ± 1.1

ADL 8.18 ± 1.7 16.86 ± 1.6

Ash 1.22 ± 0.3 0.83 ± 0.5

Klason Lignin (% DM) 15.00 ± 0.5 24.34 ±0.2

p- Hydroxycinnamic
Acids (mg/g DM)

Ferulic acid 4.2 ± 0.9 2.1 ± 0.5

Coumaric acid 13.1 ± 2.6 6.5 ± 2.3

Biomass composition (p-hydroxycinnamic acids, parietal polymers) was in agreement with values
found in the literature. Provan et al. [17] worked on phenolic compounds in maize straw (2 g CA/100 g
DM, 0.6 g FA/100 g DM) or wheat straw (0.5 g CA/100 g DM, 0.01 g FA/100 g DM). In terms of parietal
polymers, the composition can vary significantly among species, but generally admitted values vary
between 27%–40% DM cellulose, 25%–34% DM hemicellulose, and 9%–15% DM lignin for corn stalks,
and 28%–49% DM cellulose, 24%–32% DM hemicellulose, and 15%–28% DM lignin for miscanthus
stalks [11].

2.2. Effect of Solvent and Treatment on p-Hydroxycinnamic Acids Release

Preliminary experiments were performed on corn stalks sample F98902 using one microwave
condition (500 W for 270 s) and different solvents, in order to select the best one for the pretreatment
of biomass with the microwave pilot. Indeed, solvent is one of the most important parameters in
microwave pretreatments, as it affects the solubility of the target components, and it interacts differently
with microwaves depending on its polarity. Polar solvents absorb microwaves, allowing reaction
media to reach high temperatures quickly, and provoking cell disruption, thus facilitating the release
of molecules of interest; while non-polar solvents are transparent to microwaves [15,18,19]. In the
literature, many solvents have been tested, including non-polar solvents that do not absorb waves
and allow waves to be concentrated on material. To our knowledge, no scientists have worked with
non-polar solvents in the microwave pretreatment of biomass studies, but hexane is commonly used
mixed with a polar solvent, such as water, for the treatment of polluted soils [20]. Concerning polar
solvents, water and ethanol mixtures are the most commonly used. With ethanol 50% (w:w) and 30 W,
Carniel et al. [18] extracted 3.74 mg gallic acid equivalent/g Physalis angulate in less than a minute.
Oufnac et al. [21] extracted with methanol up to 467 µg catechin equivalent/g wheat bran, which is
twice as high as the extraction yield obtained using conventional heating.
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In this study, only polar solvents were tested, including water, alkaline water (NaOH), acidic
water (H2SO4), and water/ethanol mixture. The operating conditions were the following (Table 2):
270 s of microwave treatment under 500 W (0.179 Wh/g), 360 s of conventional heating, or control
without any heating. pH was measured after one hour of soaking, just before treatment. No significant
change in pH was observed after the treatment (Table 2). The antioxidant activities were not studied
in this study and considered equivalent between samples, meaning that the biological activity was
assessed as not having a significant impact on the biomass during the treatments. The maximum
temperature was 99 ◦C for microwave pretreatments in water, 80 ◦C for microwave pretreatment
in ethanol, and between 66 ◦C and 75 ◦C for conventional pretreatments, depending on solvents.
Therefore, conventional processing involved a much longer heating time, which is consistent with the
bibliographic references: Del Rio et al. [22] realized a biomass thermal treatment for 20 min to reach
120 ◦C.

2.2.1. Composition Analysis of Pretreated Biomass

Biomass composition was characterized using Van Soest and Klason methods (Figure 2). According
to Figure 2A, parietal polymers contents are not statistically different between raw matter and pretreated
biomass: standard deviations ranging from 0.1% to 2.3% intersect and do not lead to significant
differences in parietal composition due to treatments (ANOVA results not shown). For all treatments
tested, ADL represents 7.6% DM, cellulose represents 29% DM, hemicellulose represents 26% DM, and
total soluble content (from treatment and from NDF Van Soest first step) represents 36.7% DM. Corn
stalks’ parietal composition is not significantly modified by the treatments tested.

The lignin content estimated by two different analytical methods is presented in Figure 2B. From
statistical analysis, the treatment or the solvent do not statistically affect lignins (ADL and Klason).
Lignin is a very resistant polymer to be impacted by the tested soft microwaves conditions. By looking
in greater detail, Klason lignin content is almost always twice as high as ADL content [23], and the
differences between the two calculation methods vary between 5.4% and 9.4% (excepted for ethanol
microwave treatment, for which the difference is much smaller with 1.7%). As explained earlier, this
difference could be interpreted as the part of the lignin linked by β-O-4 bonds and solubilized in 72%
H2SO4. As this difference does not vary with the type of treatment employed, it means that β-O-4
bonds are not affected by the treatments, and it can be assumed that the lignin internal structure
remains the same.

The results differ from those obtained by Choudhary et al. [24]. When sorghum was pretreated
with alkaline water up to 0.2 g NaOH/g DM in 20 mL water for 4 min and 1000 W, 58.9% lignin
was removed, and 54.9% of hemicellulose was removed, but the cellulose content never varied.
In our study, the minor changes in biomass structure can be explained by the moderate temperature
reached, which never exceeded 100 ◦C, by the low incident power during the tests (500 W). Moreover,
in Choudhary et al. [24], the NaOH concentration was high compared to our study, and explains lignin
degradation and hemicellulose solubilization.

The total mass recovered after treatments of 10 g was around 8 g (Figure 2A). Acid, alkaline, or
ethanol did not modify the solubility of components: in all cases tested, 2 g of raw matter (out of 10 g
used) were solubilized during the treatment.
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Figure 2. Biomass parietal composition depending on treatment (%DM) with Van Soest method (A). 
The figures in bold (A) are the percentages of insoluble content following the treatments (the mass of 
solid recovered after drying at 40 °C); the ash content is not represented. Comparison between Klason 

Figure 2. Biomass parietal composition depending on treatment (%DM) with Van Soest method (A).
The figures in bold (A) are the percentages of insoluble content following the treatments (the mass of
solid recovered after drying at 40 ◦C); the ash content is not represented. Comparison between Klason
lignin and ADL (B). The figures in bold (B) are the differences between the two lignins measurements.
Means of triplicates.
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2.2.2. p-Hydroxycinnamic Acids Release

According to the literature, an increased extraction of p-hydroxycinnamic acids in the presence of
NaOH was expected due to the ester linkages first between ferulic acid and hemicelluloses and second
between p-coumaric acid and S lignin units, which correspond to the cleavage of the ester bonds and
α-aryl ether bonds rupture linking p-hydroxycinnamic acids to the cell wall [25]. In contrast, acid
treatment should break the glycosidic bonds and favor sugar solubilization while leaving the ester
bonds intact [26]. An analysis of the p-hydroxycinnamic acids released in the liquid phase during the
different pretreatments performed is summarized in Table 2.

From Table 2, it appears that the FA and CA recovered in the liquid fraction after treatments varied
slightly with the experimental conditions tested in this study. The highest CA extraction values were
observed with ethanol and alkaline water as solvent and microwave heating as treatment (0.298 mg
CA/g DM and 0.247 mg CA/g DM, respectively). In case of FA, alkaline water appeared to be the most
effective solvent without the microwave heating further increasing efficiency.

In the chosen conditions, alkaline treatment ensured the highest yields compared to the
other solvents tested. Moreover, the NaOH concentration was similar to the one employed by
Mussatto et al. [27]. Indeed, Mussatto et al. [27] carried out a conventional treatment of acid pretreated
brewer’s spent grain. They extracted up to 4.27 mg FA/g DM and 4.08 mg CA/g DM after 90 s at 120 ◦C
using 2% NaOH (w/v). In that case, no microwave treatment was investigated, but the temperature and
the previous acid pretreatment were the main parameters affecting FA and CA release.

The total initial amounts of FA and CA in raw corn stalks were 4 mg/g DM and 13 mg/g DM,
respectively. Therefore, p-hydroxycinnamic acids release yields did not exceed 2.3% with all the tested
solvents in the studied conditions (500 W, 270 sec). Moreira et al. [28] found approximately the same
extraction yields from brewer’s spent grain: one gram treated with 20 mL of NaOH 0.75% for 15 min
and 100 ◦C in a microwave oven permitted approaching a yield of 1.31% of FA. These relatively low
yields are compared to the high ones obtained with 2 mL of NaOH 2N protocol on 20 mg of dry matter
for a night: in this latter case, the percentage of NaOH is much higher and reaches 88% g/g DM. Even
if no heating is applied during the 24 h of reaction, the reagent concentration is so high that the ester
bonds are largely degraded. In the present study, such high NaOH concentrations are not desired in
order to develop an environmentally friendly process.

Moreover, in our study, according to ANOVA (Table 3), the solvent had more impact on FA release
than the treatment itself (p = 1.13 × 10−7 and p = 0.0704 for solvent and treatment effects respectively).
On the contrary, the release of CA was significantly dependent on solvent (p = 5.07 × 10−7) and on
treatment (p = 2.7 × 10−7). Finally, the interaction between the solvent and treatment did not have a
significant effect on p-hydroxycinnamic acids release (p > 0.05%).

Table 3. ANOVA parameters to the significant effects on FA and CA extraction depending on treatment
and solvent (CA and FA measurements realized in duplicate for each test).

Factor
CA FA

d.f. SS MS F p d.f. SS MS F p

Treatment 2 0.0380 0.0190 39.23 2.7 × 10−7 * 2 0.0005 0.0002 3.086 0.0704

Solvent 3 0.0747 0.0249 51.31 5.07 × 10−9 * 3 0.0082 0.0027 34.506 1.13 × 10−7 *

Residuals 18 0.0087 0.0004 18 0.0014 0.0001

d.f. = degrees of freedom, SS = sum of squares, MS = mean of squares, * significant at 95% confidence level.

Another ANOVA was performed to determine the effect of each type of treatment and solvents:
conventional heating did not significantly favored FA extraction (p = 0.286) compared to the control.
Microwave treatment had a significant negative effect on FA release with t value = −2.479. This could be
explained by a negative effect of waves on biomass structure and p-hydroxycinnamic acids organization.
Acid solvent as well was significantly disadvantageous for the extraction of FA (t value = −4.394)
compared to water alone. When water was used as solvent during microwave treatment, Diaz et al. [29]
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demonstrated that neither lignin nor cellulose were modified, and that only a small amount of
hemicellulose content was reduce; this may explain the negative effects on p-hydroxycinnamic acid
release in our case with water. A similar or lower yield is naturally expected with acid as solvent.

From Table 2, for both FA and CA, the alkaline solvent allows an increase in acids release compared
to other solvents for the same treatment, because a break-up of ester bonds linking p-hydroxycinnamic
acids to the cell wall is favored with alkali [26].

Concerning p-hydroxycinnamic acids release, microwave pretreatment efficiency is variable
according to the literature: recovered molecules yields vary a lot depending on the solvent and raw
matter. In this way, Carniel et al. [18] demonstrated that to release a maximum amount of total phenolic
compounds (TPC), the most important parameter is the solvent and using ethanol 50% in volume
allowed to obtain 3.74 mg TPC/g DM after extraction from Physalis angulate seeds. Concerning maize,
this substrate is often cited in the literature, but usually the microwave is used to degrade the cell wall
and gain access to polysaccharides, and only the evolution of parietal polymers composition is analyzed.
Wheat bran was treated by microwave (500 W, 20 min 100 ◦C) with methanol by Oufnac et al. [21],
but even if the incident power and final temperature were the same as in this study, the results are
difficult to compare: treatment duration was more than four times longer, and efficiency is measured
by catechin equivalent release (467 µg catechin equivalent/g wheat bran). Catechin is part of the
flavonoids molecules family and is responsible for the color of the plant. Since this molecule is not
linked to cell walls and is hydrolysable, it reacts to microwaves differently than p-hydroxycinnamic
acids that are covalently linked to cell walls.

In order to better understand microwave effects on p-hydroxycinnamic acids release, it was
decided to focus on water, which is considered as a suitable extraction solvent: Moreira et al. [28]
found it to be the second best solvent to extract polyphenols behind NaOH at 150 ◦C for 25 min.
Moodley and Kana [30] demonstrated that NaOH concentration has more impact than microwave
duration on sugars release. Thus, by working with water, NaOH effects are constrained, which allows
better understanding the thermal and non-thermal microwave effects. Finally, using water as solvent
is environmentally friendly and appropriate from an industrial application point of view: water is
low cost compared to other solvents, and wastewater management is much easier without chemical
reagent addition.

Therefore, the optimization of microwave treatment on corn stalks with water as solvent was
performed using a response surface methodology (RSM). The best conditions were then applied
to miscanthus.

2.3. Response Surface Methodology (RSM) Analysis to Determine Better Microwave Parameters

RSM analysis was used to determine the optimal operating conditions in terms of FA and CA
release from corn stalks. Moreover, the lignocellulosic biomass structure was also analyzed through
the Van Soest and Klason lignin methods.

2.3.1. Experimental Design

Using the conditions described in 3.9, values for the center points were highly repeatable with
a standard deviation of 0.3% and 0.2% for CA and FA, respectively. This provided an idea of the
experimental error over the entire design of the experiments. Each p-hydroxycinnamic acid analysis
was performed in duplicate, and the results are shown in Figure 3 and Table 4. The polynomial
equations for FA (Equation (1)) and CA (Equation (2)) are the following:

YFA = 9, 26− 1.17X1 − 0.36X2 + 1.17X1X2 + 0.03X2
1 + 1.89X2

2 R2 = 0.749; F− value = 58.521 (1)

YCA = 70.50 + 12.37X1 + 11.52X2 − 2.20X1X2 − 5.81X2
1 + 16.09X2

2 R2 = 0.995; F− value = 0.003 (2)
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As indicated in Joglekar and May [31], if the R² of a model is superior to 0.8, the model matches 
the experimental data. The R² obtained in the case of CA is high, which corresponds to an excellent 
regression: the model explains 99.5% of the experimental data. Moreover, the F-value calculated for 
CA (0.003) is very much lower than the 95% confidence level Fischer parameter (18.51), thus meaning 
that the model is relevant in explaining CA release results. On the contrary, the small R² (0.749), and 
the high F-value (58.521) obtained in case of FA indicated that the model does not fit the data, and 
results cannot be easily exploited using the model. 

Using Pareto charts, the effects of each individual term of the polynomial equations are 
presented on Figure 4 for FA release (Figure 4A) and CA release (Figure 4B). A term is considered to 

Figure 3. Response surface plotplan for FA (A) and CA (B) release.

As indicated in Joglekar and May [31], if the R2 of a model is superior to 0.8, the model matches
the experimental data. The R2 obtained in the case of CA is high, which corresponds to an excellent
regression: the model explains 99.5% of the experimental data. Moreover, the F-value calculated for
CA (0.003) is very much lower than the 95% confidence level Fischer parameter (18.51), thus meaning
that the model is relevant in explaining CA release results. On the contrary, the small R2 (0.749), and
the high F-value (58.521) obtained in case of FA indicated that the model does not fit the data, and
results cannot be easily exploited using the model.
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Using Pareto charts, the effects of each individual term of the polynomial equations are presented
on Figure 4 for FA release (Figure 4A) and CA release (Figure 4B). A term is considered to have a
significant impact on acid release if it exceeds the black vertical bar (p < 0.05%) corresponding to
3.18 in the study conditions. Analyzing each term of the polynomial equation permits highlighting
interactions between parameters. In the case of FA (Figure 4A), none of the parameters significantly
impacted FA release, which can be due to the design itself not fitting the data. Maybe FA acid release is
not impacted by power nor by treatment duration: temperature could be another parameter to test,
especially under pressured conditions. In that case, care must be taken not to obtain significantly
negative interactions between new parameters. Another hypothesis is that the studied domain is too
restrictive to obtain a significant trend on FA release, but expanding the range may not be a good
option from an industrial point of view, as increasing power or processing time consumes a lot of
energy and will certainly not achieve high yield. Thus, no optimum is visible on the three-dimensional
(3-D) representation (Figure 3A). On the contrary, for the CA Pareto chart (Figure 4B), all coefficients
have a significant impact on CA release except concerning interaction between power and duration.
Another method to find the optimum of the model would have been to perform an optimization from
close to close by fixing a variable (for example, the duration) and varying the other (the incident power)
variables, as they have no significant effect on each other. All the other variables have a significant
positive or negative impact on CA release (t-value >3.18), which supports the choice to use this model
with these variables and this domain. Incident power and duration both have a significant positive
impact on CA release, and this impact is similar for both variables (both coefficients close to 0.02).
Thus, by increasing the incident power and duration, it is expected that the release of CA increases,
and especially with regard to the increase in incident power, as its quadratic interaction is high. These
comments on CA release are also visible on the response surface 3-D plot (Figure 3B), where it is
noteworthy that as the power or the duration increases, the value of released CA steps up. Finally, it
would be wise to choose processing times among the high tested values and a sufficiently high power
to obtain good yields while respecting a possible and viable economic process.
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Figure 4. Pareto diagram for FA (A) and CA (B). X1 corresponds to duration, X2 corresponds to
incident power, red surfaces indicate a negative impact, green surfaces indicate a positive impact, the
vertical line corresponds to the value to be exceeded so that the response is significantly impacted by
the parameter (p < 0.05%, corresponding to 3.18 in the design developed)

It would be interesting to test stronger conditions, for example 1500 W and a duration of 810 s.
However, these conditions were experimentally difficult to reach above a certain power and duration;
the material boiled strongly in the reactor, and liquid escaped. For example, this boiling phenomenon
was observed in the case of NaOH at too-high power levels or with water with a longer treatment
duration. In addition, a longer reaction time would only be advantageous from an industrial point of
view if it would greatly increase p-hydroxycinnamic acid yields. Working under pressure to reach
higher temperatures is also a possible solution, but the destruction of products is an important trend to
be controlled [15]. Finally, over time, some inhibitors may form, creating problems for the eventual
rest of the process in the case of bioprocesses [32].
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2.3.2. p-Hydroxycinnamic Acids Release Depending on Incident Power and Treatment Duration

According to Table 4, CA release was always higher than FA release: under the most severe
conditions (1000 W and 405 s), 1.38% FA and 2.0% CA were released. This observation is valid for
all operating conditions. The initial high presence of CA (13.1 mg CA/g and 4.2 mg CA/g) in raw
corn stalks can explain the higher CA released yields. Moreover, FA release cannot be optimized
by varying the power and duration, as these parameters have no impact according to the 3-D plots
(Figure 3). This is consistent with Pinela’s analysis [33]: On tomato fruits, the incident microwave
power had no effect on p-hydroxycinnamic acids release, and a Box–Behnken design was carried out
using four independent variables (duration, temperature, ethanol concentration, and liquid–solid
ratio). With a treatment time of 3 min, a temperature of 140 ◦C, and no ethanol, 23 mg CA/g was
removed. Tomatoes are naturally richer in p-hydroxycinnamic acids than corn stalks, and molecules
are more accessible. Carniel et al. [18] reached the same conclusion using Physalis angulate: incident
power and time had no effect on the total phenolic compound released, but the parameters range
tested were very tight: between 10 and 30 W for 40 to 60 s. Moreover, the Folin–Ciocalteu colorimetric
method was used to determine the total phenolic compounds, which is a different method from the
one used in the present study, and the detected molecules are not the same. The Folin–Ciocalteu
colorimetric method permits detecting all phenolic compounds contrary to HPLC, which detects
selectively p-hydroxycinnamic acids.

Table 4. Ferulic acid (FA) and coumaric acid (CA) release yields using the experimental design. Yields
are expressed in %: mgphenolic acid release/mginitial phenolic acid, mean of duplicate.

Assay T Final (◦C) FA (mg/g) FA Yield (%) CA (mg/g) CA Yield (%)

1 63 0.080 ± 2% 1.90 0.166 ± 1.1% 1.3

2 98 0.058 ± 0.1% 1.38 0.216 ± 0.1% 1.6

3 99 0.056 ± 0.8% 1.33 0.219 ± 1.1% 1.7

4 99 0.071 ± 0.1% 1.69 0.260 ± 0.1% 2.0

5 98 0.059 ± 0.9% 1.40 0.229 ± 2.8% 1.7

6 98 0.058 ± 0.7% 1.38 0.260 ± 1.9% 2.0

7/8/9 98 0.048 ± 0.2% 1.14 0.176 ± 0.3% 1.3

ANOVA was performed to determine the significant impact of time and/or power on FA and
CA release (Table 5). According to Table 5, CA release was significantly impacted by both time and
power: CA release could be optimized depending on these parameters. With 405 or 270 s treatment
time and 1000 W, CA release significantly increased, and reached 0.260 mg/g. This result is higher than
the one obtained with NaOH without microwave treatment (0.173 mg/g). Thus, CA release increased
with microwave treatment, and the results obtained with Equation (2) were confirmed as CA release
having increased with time exposure and microwave power. On the contrary, FA release was not
significantly impacted by the different power tested nor by the treatment duration. This is consistent
with the results obtained in the previous section. To conclude, it appeared that 1000 W and 405 s were
good options for microwave treatment with feasible conditions.

Table 5. ANOVA parameters to the significant effects on FA and CA extraction depending on treatment
duration (sec) and power (W). Phenolic acid analysis in duplicate for each test condition.

Factor
CA FA

d.f. SS MS F p d.f. SS MS F p

Duration (sec) 1 0.011 0.01 16.59 3.6 × 10−4 * 1 4.2 × 10−4 0 2.65 0.115

Power (W) 1 0.009 0.009 14.15 8.3 × 10−4 * 1 4.6 × 10−5 0 0.28 0.597

Residuals 27 0 6.9 × 10−4 27 0 0
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2.3.3. p-Hydroxycinnamic Acids Release Depending on Power Density

An important point to elucidate was the effect of absorbed energy density (Wh/g) on
p-hydroxycinnamic acids release: lignocellulosic biomass may react differently under various energy
densities. The different energy densities tested are presented in Table 6, and a summary for each energy
density is represented in Figure 5. The corresponding temperature rise graphs are shown in Figure 6.
The maximum temperature of 100 ◦C is reached twice as fast at 1000 W as at 500 W. It is important to
note that with a treatment time of 135 s and under 500 W, the reaction medium does not reach 100 ◦C
but rather only 63 ◦C, which may explain the ineffectiveness of this treatment in terms of phenolic acid
release. On the contrary, during 1000-W treatments, the temperature of 100 ◦C is reached earlier, and
the material remains at 100 ◦C for a longer period compared to 500 W.

From Figure 5, concerning CA, the higher the energy density, the higher the p-hydroxycinnamic
acid release (p = 3.44 × 10−5). Nevertheless, in the case of FA, it was not as simple, and no trend
could be noticed (p = 0.274). These results are complicated to confirm, because to our knowledge, no
other literature article has studied the energy density applied to the product. As a partial conclusion,
to release more coumaric acid, it would be necessary to increase the energy density applied to the
material either by increasing the incident power or by varying the amount of material introduced into
the reactor. In all the cases tested, whatever the time, the power, or energy density, yields obtained
were low (<2%). A different hypothesis could explain these low yields, especially in the case of FA.

Table 6. Energetic aspects for duration and incident power tested.

Total Mass (g) Pi (W) Pid (W/g) Duration (s) Eid (Wh/g)

210 500 2.38 135 0.089

210 1000 4.76 135 0.179

210 500 2.38 270 0.179

210 1000 4.76 270 0.357

210 500 2.38 405 0.268

210 1000 4.76 405 0.536

210 750 3.57 270 0.268
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A hypothesis is that the free acids liberated during the treatment were degraded between 80 ◦C and
100 ◦C. Tests with known ferulic and coumaric acids concentrations diluted in ethanol and submitted to
the following operational conditions were performed: 500 W and 1000 W for 540 s (results not shown).
A temperature of 80 ◦C was reached after 200 s of treatment. FA and CA concentrations detected after
HPLC were similar to the ones injected: p-hydroxycinnamic acids were not destroyed or evaporated
during treatment. This was consistent with the study of Liazid et al. [34] demonstrating that ferulic
acid degradation did not occur at temperatures lower than130 ◦C.

Another hypothesis takes into account the chemical bonds between acids and walls. FA can be
present in a variety of forms in the cell [35]. FA may be present in free form or covalently linked to
lignin by ether links and to hemicelluloses by ester links forming a bridge between those two parietal
polymers. FA could also be only linked to hemicelluloses by ester links (Figure 1). We suppose that
ether links are more difficult to access because they are “hidden” in lignin polymers. Moreover, ether
links are also difficult to break, as they are not hydrolyzed after a night with NaOH 2N. The FA release
measurement was carried out on the liquid after treatment without any additional alkaline treatment:
the small amounts could represent only free FA or even simple esterified FA, because etherified FA
was protected by parietal components [17]. In addition, the treatment conditions implemented in this
study are very soft (short duration and moderate temperature) to allow these bonds to be broken: only
a few minutes in water compared to a full night in sodium hydroxide. On the contrary, CA is only
linked to parietal components (both hemicellulose and lignin) by esters links: these covalent links
are more easily accessible, as they are not trapped in the complex structure of the wall, and they are
easier to hydrolyze and release [35]. Finally, CA are more abundant in raw corn stalks than FA. Since
CA are more extracted (in mg/g) than FA and the extracting yields are similar among FA and CA, an
effect of abundance in the release of CA could be hypothesized. By analyzing the composition of the
walls, a modification could be detected in comparison with the raw material that would explain these
low yields.

2.3.4. Effect of Operational Conditions on the Pretreated Biomass Composition

The pretreated biomass was analyzed with the Van Soest method (Figure 7). Figure 7 represents
the biomass composition after the RSM plan. It appears that biomass composition was not modified
by the different operational conditions tested (p > 5%) when compared to the composition of the
raw material. Similar results in the Klason lignin method (results not shown) confirmed that the
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polymer composition was not modified during microwave processing. Despite the harsher microwave
conditions compared to the previous part, the composition of the biomass is still not affected. This
means that the same conclusions as previously can be assumed: the conditions tested are still not
effective in breaking ester and ether links and releasing phenolic acids in the liquid phase. A more
precise analysis of the links between lignin units by thioacydolysis would make it possible to highlight
a change in the structural organization of the plant. It must be notified that there was always an
average of two grams of solubilized material during processing, corresponding to a large part of the
material solubilized during the first stage of the Van Soest method on raw corn stalks.
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2.4. Microwave Optimum Conditions Applied to Miscanthus

Based on the results from the previous paragraphs, the microwave conditions that released the
most coumaric acid were chosen, as no optimization was performed for ferulic acid release. The best
conditions (1000 W for 405 s) were applied to another biomass in order to find out if similar yields
could be achieved (Table 7). Miscanthus was chosen because in France, it benefits the energy crop
subvention in order to implement “land under industrial set-aside”. Miscanthus, similar to corn
stalk, is a poaceae biomass that is very different both in terms of cell wall content (%NDF) and wall
composition. Miscanthus GIB was submitted to 1000 W for 405 s with the same operational conditions
as those described in Section 2.3. Control and conventional heating were also performed in duplicate
on miscanthus.

Table 7. CA and FA yields after optimum microwave conditions for corn and miscanthus stalks, and
after control and conventional treatment for miscanthus stalks. FA and CA yields are expressed in %:
mgphenolic acid release/mginitial phenolic acid.

FA Recovery Yield (%) CA Recovery Yield (%)

MW 1000 W–405 s
Corn stalks 1.38 ± 0.1 1.97 ± 0.0

Miscanthus stalks 0.58 ± 0.2 3.89 ± 0.2

Conventional heating Miscanthus stalks 0.53 ± 0.0 1.94 ± 0.4

Control (no heating) Miscanthus stalks 0.47 ± 0.0 1.46 ± 0.0

From Table 7, for miscanthus stalks, 0.58% FA and 3.89% CA were recovered in comparison with
corn stalks with 1.38% FA and 1.97% CA. The FA yield from miscanthus is much lower than the one
from corn: more than 50%. Raw miscanthus is poorer in FA than raw corn (Table 1), which can explain
the low amount of FA released during the treatment. However, we have previously demonstrated that

114



Molecules 2019, 24, 3885

microwave treatment, under the tested conditions, has only a limited impact on ferulic acid release,
which limits the interpretation of this result.

On the contrary, CA yield in miscanthus is twice as high as in corn, in spite of the very low initial
content of CA in raw matter (0.65 mg CA/g miscanthus). As explained earlier, these differences may
be explained by the chemical bonds impacted, and miscanthus CA must certainly be present in free
form in cells. Moreover, by comparing miscanthus microwave extraction yields with miscanthus
conventional or control extraction yields, it appeared that the microwave treatment promoted the CA
extraction, but the FA release remained unchanged, which was in agreement with the previous parts:
CA being significantly released following the microwave treatment compared to FA.

In the tested conditions, only 0.8 g out of the 10 g of miscanthus were solubilized during the
treatment, contrary to corn (2 g), which can be explained by the high initial NDF percentage in
miscanthus stalks compared to NDF in corn stalks (95% DM and 65% DM, respectively). The final
miscanthus composition was the following, according to the Van Soest method: 4.3% (±0.1%) soluble
content, 18% (±3%) hemicellulose, 53% (±3%) cellulose, and 15.9% (±0.8%) ADL, which was not
significantly different from the initial composition. These results differed from Boonmanumsin et al. [36],
who experimented with microwaves combined with NH4OH (1% w/v) on miscanthus for 15 min
and 300 W. p-hydroxycinnamic acids were not analyzed; instead, they examined monomeric sugars.
In optimum conditions, up to 25.6 g sugars/100g biomass were released (principally under xylose form).
The extracting solvent, the final temperature, and the duration were the main differences between the
two experiments. It is always difficult to compare results from different microwave studies as various
parameters may differ at the same time (duration, solvent, temperature, pressure, ratio, substrates) and
may affect microwave pretreatment efficiency. As a matter of fact, general statements cannot be made
for all plant materials because of their diversity in structure and composition. Processing conditions
must be defined and optimized taking into account the lignocellulosic matrix and the sought-after
molecules or applications [33]. Strictly speaking about p-hydroxycinnamic acids release, most of
the studies are focusing on plant stalks, but rhizome cut in small pieces has also been investigated
in the case of Scirpus holoschoenus [37]. When 20 mL of acetone 56% was added to 1 g rhizome
and put under 600 W for 70 sec, up to 30 mg of gallic acid equivalent/g were extracted. Similarly,
Galan et al. [38] extracted 162 mg gallic acid equivalent/g from sea buckthorn leaves after 450 s of
treatment. Finally, 62 µg FA/g was extracted from Soybeen seeds after 75-W treatment for 10 min. These
results highlight the importance of the raw material used during the treatments and the variability of
the results obtained. The results of microwave processing are dependent on the matrix.

3. Materials and Methods

3.1. Raw Biomass

Corn stalks named F 98902 were supplied by INRA IJPB (Versailles-Grignon unit, Versailles Cedex,
78026, France) and were harvested in September 2016.

Miscanthus stalks (M. x giganteus Britannique, noted GIB) were supplied by INRA AgroImpact
(Estrées Mons esperimental unit, Péronne, 80203, France, 49_53 N, 3_00 E) [39] and were harvested in
February 2017.

Air-dried samples were coarsely crushed (Viking crusher model GE 220, STIHL, Stuttgart,
Germany) and sent to the laboratory in Narbonne. Then, samples were finely ground to 1 mm using a
Fritsch Pulverisette 19 grinder and sieved to retain only particles between 200 and 1000 µm. Ground
and sieved samples, called “raw substrates” in the following, were kept in closed boxes in ambient air
before used.

3.2. Chemicals

All chemicals were purchased from Merck. High-purity water (Merck Millipore Quantum TEX)
was used for all pretreatments and analyses.
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3.3. Microwave Pretreatment (MW)

Microwave pretreatments were performed with a Minilabotron 2000 microwave pilot (SAIREM,
FRANCE), operating at atmospheric pressure, 2.45 GHz with a maximum power of 2 kW.
All pretreatments were carried out at constant incident power level in open vessel.

According to the preliminary results (not shown), a total mass of 210 g was determined to be
optimal for waves absorption based on microwave pilot configuration. Ten grams of prepared raw
material with known dry matter content were transferred to a 500-mL glass reactor. Then, 200 g of
liquid was added. The tested liquids (solvents) were: water, acidic water (pH = 4 obtained by adding
0.75 mmol H2SO4 to 200 mL water), alkaline water (pH = 8.5 obtained by adding 6.7 mmol NaOH
to 200 mL water), or an ethanol/water mixture (50% w/w). This solid:liquid ratio (1:21 w:w) allowed
correct magnetic stirring during treatments. Indeed, adequate stirring is essential for microwave
treatment [15]. Samples underwent 1 h of pre-soaking at ambient temperature before microwave
treatment. pH was measured at the end of this hour of contact.

Then, the reactor was closed using a glass cover connected to a refrigerant limiting solvent
evaporation. A fiber-optic temperature sensor was used to monitor the temperature of the reaction
medium: the maximum temperature could not exceed 100 ◦C in the case of aqueous solvents and
80 ◦C in the case of ethanol treatment because of the boiling points of these solvents. All treatments
were performed at constant power and at atmospheric pressure (open vessel), in order to avoid excess
temperature increase and the thermal degradation of molecules (in particular p-hydroxycinnamic
acids) [39].

Pretreatments were performed in duplicate (excepted for the center point in the RSM plan
performed in triplicate). After treatment, the reactor was air-cooled to room temperature for 15 min
before weighing and pH measurement. Then, the reaction mixture was filtered through a 200-µm
sieve. The solid was washed with 250 mL of deionized water to remove chemicals and by-products
inhibiting enzymatic hydrolysis. The solid fraction was placed at 40 ◦C for seven days to dry. Then,
dry matter content was measured to determine the amount of solubilized matter during processing
and the solid recovery yield (% of g pretreated biomass/g raw matter). The supernatant was filtered
through a cellulose filter (2.7 µm) and stored at −20 ◦C until further analysis.

3.4. Energy Calculations

Incident power varied between 500 W, 750 W, and 1000 W for 135 s, 270 s, and 405 s (Table 6).
Temperature, incident power, and reflected power were recorded every three seconds during the
treatment. Absorbed power was obtained using Equation (3). The total absorbed power was the
sum of all the absorbed power recorded every three seconds; see Equation (4). Absorbed energy was
calculated from Equation (5) by multiplying the total Pa by 3, since it was only recorded every 3 s.

Absorbed Power (Pa) = Incident Power (Pi) - Reflected Power (Pr) in W (3)

Total Pa =
∑

Pa in W (4)

Absorbed Energy density (Ead) = (
∑

Pa.3)/(3600.Total mass) in Wh/g (5)

3.5. Conventional Heating Treatment (Conv)

A 500-mL Schott bottle containing the same reaction mixture as the microwave-treated sample
was immersed in a heat-stabilized oil bath at 100 ◦C for 360 s, which is the reaction time necessary to
reach a temperature close to 100 ◦C. As the bottle was closed, pressure could slightly increase during
treatment without exceeding 1.3 bars. This pressure, close to atmospheric pressure, was considered
to have no impact during conventional treatment. The separating protocol was the same as that
described before. The conventional test allowed comparing conventional and microwave heating
modes. The temperature and pH were recorded during processing.
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3.6. Control treatment (C)

A control treatment (soaked biomass sample without any heating) was also carried out. Liquid and
solid phases were separated after an hour of contact using the method described before. Pretreatment
effects on biomass were evaluated by p-hydroxycinnamic acids release and biomass structure changes.

3.7. Ferulic and Coumaric Acids Analysis

Initial FA and CA amounts were determined by HPLC (method described below). A mild alkaline
extraction for a night using 2 mL of NaOH 2N with 20 mg of raw matter permitted releasing esterified
p-hydroxycinnamic acids [13,26,27]. These initial amounts (in mg/g) were used to calculate the release
yields (Equation (6)).

Ferulic acid (FA) and p-coumaric acid (CA) released in the liquid phase after pretreatments were
quantified in duplicate. P-hydroxycinnamic compounds were analyzed by HPLC using a HPLC-DAD
Waters system: autosampler 717, multisolvent delivery system 600, Diode Array Detector 2996. Then,
p-hydroxycinnamic acids were detected at 320 nm, and the peak areas were calculated by Empower3
software (Waters). The mobile phases consisted of ultrapure water/formic acid–95/5 (Solvent A) and
acetonitrile/ultrapure water/formic acid–80/15/5 (Solvent B). The flow rate was 1 mL/min, and the
injection volume was 10 µl. Separation was performed at 30 ◦C on a Waters Atlantis T3 Column,
100 Å, 5 µm, 4.6 mm × 250 mm (C18) equipped with a C18–4 × 3 mm Security Guard Cartridge
(Phenomenex, France).

Then, the results—which were obtained in mg/l—were transformed to g/g DM using the collected
liquid volume (l) after treatment (Equations (6) and (7)):

Collected liquid = Initial V − evaporation V − swelling V in L (6)

FA released = FA (mg/L) × Collected liquid/10gDM in mg/g (7)

Swelling was previously measured (results not shown) and corresponded to 1 mL/g DM and 0.9
mL/g DM for corn stalks and miscanthus stalks, respectively. The evaporation volume was measured
by taking the mass difference between the beginning and the end of the treatment. The evaporated
volume did not depend on the biomass used, but instead only on the power and duration of the
treatment, as well as on the solvent. On average, for water microwave treatments, the evaporated
volume can be calculated with Equation (8) with R2 = 0.91:

f(duration × Incident power) = 7449.4 × evaporation V + 83002 (8)

For ethanol microwave treatments, the evaporation volume was twice that obtained in water under
the same conditions. For control and conventional heating, evaporation was considered negligible,
as it was less than 10 mL. In any case, these mass changes in the microwave reactor over time were not
taken into account in the calculations of power or energy density.

FA extraction yield was calculated as the quotient of the liberated FA/CA mass released by the
total FA/CA mass in the raw substrates (equation (9) for FA).

FA yield = FA released (mg/g)/FA initial (mg/g) in % (9)

3.8. Biomass Composition Analysis

The impact of the pretreatment on biomass structure was evaluated using the Van Soest method [40]
and Klason lignin protocol [41].

The Van Soest protocol allowed evaluating the evolution in parietal polymers content after
treatment. This method is based on the mass sequential partitioning of cell walls, from most extractible
to less extractible, with successive extractions using different solvents (water, neutral detergent solution,
acid detergent solution, and acid 72%). After the first Van Soest step, a part of neutral detergent
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fiber (considered as parietal residue) was used to measure the Klason lignin content using the NREL
protocol. ADL (acid detergent lignin) lignin (%DM) is the lignin obtained with the Van Soest method,
and corresponds to lignin insoluble in 72% H2SO4 after a first extraction step in an acid detergent
solution (ADS). Klason lignin is obtained from parietal residue and corresponds to lignin insoluble in
72% and in 4% H2SO4; the result is then reported in dry matter percentage. As explained in Hatfield
and Fukushima [42], ADS can solubilize cellulose and the most accessible part of lignin (about 50%),
explaining why Klason lignin is much higher than ADL, reaching twice its value. Moreover, some
proteins could condense and increase the Klason lignin mass, even if this explanation is improbable in
the case of grass. Finally, it was determined on a maize cell wall that Klason lignin and ADL represent
two different lignin measurements: therefore, it is essential to always compare values from the same
analysis [43]. The lignin part solubilized in ADS fraction was found to be correlated with β-O-4 lignin
bonds. Thus, according to Zhang et al. [43], comparing Klason lignin and ADL lignin values could
reveal a variation in chemical bonds within lignin.

3.9. Statistical Analysis and Response Surface Methodology Method

All the statistical tests were performed using R software (version 3.4.0). Microwave effects on
biomass composition and on p-hydroxycinnamic acids release were analyzed with ANOVA and
considered significant when p-value < 0.05 with residuals distributed according to a normal law.
Biomass composition with Van Soest or Klason lignin were repeated twice for each sample obtained
from a pretreatment. In addition, p-hydroxycinnamic analysis was performed in duplicate from the
liquid phase of each pretreatment.

RSM allows obtaining robust results with as few experiments as possible to understand the
effects of each variable on the response and find optimal conditions [44]. The plan chosen was a full
factorial plan, combining mathematical and statistical techniques to model a problem and optimize
the response [45]. The experimental domain was determined based on the literature, the results from
experimental assays, and taking into account the experimental limits of the Minilabotron microwave
pilot. Since we chose to work in an open vessel and thus without pressure, temperature was not chosen
as a parameter. The two chosen parameters (z = 2) were the reaction time (X1 in seconds) and the
incident power (X2 in Watt). The number of experiments (N) was determined with Equation (10):

N = z2 + z + C = 22 + 2 + 3 = 9 (10)

where C represents the number of center points, which was repeated three times. The experimental
plan is summarized in Table 8.

Table 8. Pretreatment conditions for the experimental design and results (mean of two measures from
assays 1 to 6).

Assay
Parameter X1: Duration (sec) Parameter X2: Power (W)

Code Value Code Value

1 −1 135 −1 500

2 −1 135 1 1000

3 0 270 −1 500

4 0 270 1 1000

5 1 405 −1 500

6 1 405 1 1000

7/8/9 0 270 0 750
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Experimental data can be adjusted to a second-order model, following Equation (11):

Yi = b0 + b1 X1 + b2 X2 + b12 X1 X2 + b11 X1
2 + b22 X2

2 (11)

where Yi is the experimental response that corresponds to FA and CA release in the liquid phase (mg/g),
Xi represents the studied parameters, b0 is the average response, bi represents the linear coefficients,
b12 is the average effect of interaction factor, and bij represents the quadratic coefficients. The model
was validated or not using a Fisher test for each studied response (FA and CA). For the calculation of
the different coefficients, refer to Witek-Krowiak et al. [46]. The solution of the response equations was
performed using a Microsoft Excel spreadsheet.

4. Conclusions

The present study was designed to determine the effects of microwave irradiation on grass
stalks as a pretreatment for biomass deconstruction and p-hydroxycinnamic acids release. Different
microwave experimental conditions were set up for various incident powers, durations, and solvents.
Experiments have shown that microwave power and duration had a low impact on biomass parietal
composition and on FA release. CA release yields remained low, but by increasing power and duration,
they could progress according to RSM. It would be interesting to implement an experimental design
to understand grass biomass behavior under microwaves and to find out their real effect (radiation
vs heat).
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Abstract: Statistical evidence pointing to the very soft change in the ionic composition on the surface
of the sugar cane bagasse is crucial to improve yields of sugars by hydrolytic saccharification. Removal
of Li+ by pretreatments exposing -OH sites was the most important factor related to the increase of
saccharification yields using enzyme cocktails. Steam Explosion and Microwave:H2SO4 pretreatments
produced unrelated structural changes, but similar ionic distribution patterns. Both increased the
saccharification yield 1.74-fold. NaOH produced structural changes related to Steam Explosion,
but released surface-bounded Li+ obtaining 2.04-fold more reducing sugars than the control. In turn,
the higher amounts in relative concentration and periodic structures of Li+ on the surface observed
in the control or after the pretreatment with Ethanol:DMSO:Ammonium Oxalate, blocked -OH and
O− available for ionic sputtering. These changes correlated to 1.90-fold decrease in saccharification
yields. Li+ was an activator in solution, but its presence and distribution pattern on the substrate was
prejudicial to the saccharification. Apparently, it acts as a phase-dependent modulator of enzyme
activity. Therefore, no correlations were found between structural changes and the efficiency of the
enzymatic cocktail used. However, there were correlations between the Li+ distribution patterns and
the enzymatic activities that should to be shown.

Keywords: lithium; sugarcane bagasse; saccharification; glycosyl-hydrolase; ToF-SIMS; surface ion
distribution; second-generation ethanol; pretreatment

1. Introduction

Demand for renewable fuels has considerably increased in recent years. Thus, there has been a
significant increase of interest in sugarcane.

The most widespread crop in Brazil is sugarcane, with 391,767 thousand tons coming from the
2018/2019 harvest [1]. Sugarcane bagasse is composed of an elaborate arrangement of polysaccharides
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and proteins, combined with inorganic and organic ions acquired during different stages of culturing
and processing [2]. Apart from these different sources of ions and the composition of the plant
material, the pretreatment of sugarcane bagasse has become extremely important for determining
the ionic composition of the substrate for the enzymatic saccharification. The cost and success of
bioethanol production process from lignocellulosic biomass depends largely on the recalcitrant biomass
itself, as well as on the repertoire of enzymes involved in the depolymerization of the constituent
polysaccharides in the cell wall [3].

The pretreatment of sugarcane is crucial to ensure the conversion of polysaccharides into sugars
for bioethanol production, since their chemical composition and physical structure are altered [4,5].
The different pretreatments can contribute to improving hydrolysis of the cell wall due to the rupture
of the lignin structure and the connection with the rest of the biomass; removal of hemicellulose;
and reduction of crystallinity and degree of polymerization of cellulose [6]. Several organic chemical
changes have been researched using ToF-SIMS with great success [7]. However, pretreatments have
the potential to alter the composition, relative concentration, and spatial distribution of alkaline and
alkaline-earth metal ions on the substrate surface. This critical aspect possibly related to enzyme
failure is still poorly researched. The mineral distribution on the surface of the substrate and the ionic
properties of the surface area are key properties related to enzyme action because they are responsible
for the surface charge, acidity, phase transfer, and the availability of binding and walking sites for
enzymes [8,9]. Metals, alkaline metals, and alkaline earth metal ions are known to interfere positively
or negatively in the enzymatic activity [8]. Therefore, it is necessary to map these changes and evaluate
which ones interfere in enzyme function.

The importance of substrate as an ionic carrier is stressed in complex substrates such as sugarcane
bagasse used in the second-generation ethanol industry.

The aim of this study was to analyze pretreatments of sugarcane bagasse to be used prior to
enzymatic hydrolysis and to understand the anatomical factors related to our yield using ION-TOF.
Furthermore, this work evaluated the neglected effect of current pretreatments on the composition,
concentration and distribution of metallic ions on the surface of the sugarcane bagasse. Here, it was
reported the extensive imaging analysis of different pretreatments of sugarcane bagasse used in
second-generation ethanol production and their correlation with enzyme cocktail activity.

2. Results

2.1. Control-Milled Sugarcane Bagasse in Natura

Milled sugarcane bagasse in natura was chosen as control and subjected to direct saccharification.
That material was also the initial material subjected to pretreatments to obtain a more suitable substrate
for saccharification.

Control presented a very compact and overlapped structure containing aromatics remnant of
lignin, (CxHyOz)n from carbohydrates and an almost uniform distribution of CxHy from side groups.
Sum images containing -OH and (CxHyOz)n + CxHy are shown in Figure 1. ToF-SIMS revealed a large
number of impregnated ions in the structure including Na+, K+ and Mg2+, as well as Ca2+ covalently
bounded (Ca−C3H4

+) (Table 1). From those ions, Li+ covered 22.08% of -OH sites which were released
together with Li+ sputtering (Table 2, Figure 2). Na+ and K+ spots were widespread on the surface
(Table 1). Na+ presented clustered distribution forming small high-bulk density aggregates. Na+ was
co-located with Cl− and PO−, PO2

− and PO3
− sites. However, only 48.7% of PO−, PO2

− and PO3
− sites,

co-located with Na+, were sputtered from the surface of the sugarcane bagasse. All other elements had
a random distribution. The density of H+ on the surface was very large. The negative mode sputter
eroded ions at a mass range of 160–180 Da related to surface glucose, arabinose, and xylose units of the
exposed cellulose and hemicellulose, respectively.
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the ION-TOF analysis of sugarcane bagasse submitted to different pre-treatments. Control was 
material in natura. The dendogram was obtained comparing aromatics, (CxHyOz)n residues and the 
chains of CxHy distributions, total ion image surface entropy and roughness data of differently 
pretreated sugarcane bagasses at p = 0.05. NaOH and Steam Explosion pretreatments produced the 
most amorphous substrate because of the loss in periodicity of microfibril arrangements, while 
Microwave:H2SO4 essentially differed from Ethanol:Dimethyl Sulfoxide: Ammonium Oxalate 
(EtOH:DMSO:AO) pretreatment due to the production of slightly spherical excavations on the surface 
of the material, which can be observed in the chemical sputtering ion image. The images presented 
were obtained at negative mode and thus were dominated (88.3%) by overlapped signals of aromatics, 
(CxHyOz)n residues and CxHy chains. Yellow stains are superposed -OH and O⁻ chemical images. 

Table 1. Ion particle analysis after automated color threshold. 
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Ca-
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DDA
b 

0 0.000 0.000 9 0.403 0.045 7 0.215 0.031 7 0.403 0.058 9 2.365 0.263 

Figure 1. The overlapped signals of aromatics, (CxHyOz)n residues and CxHy chains generated from the
ION-TOF analysis of sugarcane bagasse submitted to different pre-treatments. Control was material in
natura. The dendogram was obtained comparing aromatics, (CxHyOz)n residues and the chains of CxHy

distributions, total ion image surface entropy and roughness data of differently pretreated sugarcane
bagasses at p = 0.05. NaOH and Steam Explosion pretreatments produced the most amorphous substrate
because of the loss in periodicity of microfibril arrangements, while Microwave:H2SO4 essentially
differed from Ethanol:Dimethyl Sulfoxide: Ammonium Oxalate (EtOH:DMSO:AO) pretreatment due
to the production of slightly spherical excavations on the surface of the material, which can be observed
in the chemical sputtering ion image. The images presented were obtained at negative mode and thus
were dominated (88.3%) by overlapped signals of aromatics, (CxHyOz)n residues and CxHy chains.
Yellow stains are superposed -OH and O− chemical images.
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2.2. Steam Explosion Pretreatment 

Figure 2. Mixture Discriminant Analysis and distribution patterns of Li+ on the surface of sugarcane
bagasse. Pretreatments are grouped into conjuncts. The normalized spatial concentration patterns for
released Li+, Li+[O−]n and Li+[OH−]n from the surface of pretreated sugarcane bagasse is presented.
Parallel ridges of Li+ records were observed on the surfaces of control materials, Steam Explosion and
Ethanol: Dimethyl Sulfoxide: Ammonium Oxalate (EtOH:DMSO:AO) pretreatments. The periodic
arrangements in fringe and lattice structures positively correlated with the positioning of fibrils only
for control and EtOH:DMSO:AO pretreatments, once Steam Explosion destroyed that arrangement.

2.2. Steam Explosion Pretreatment

At positive mode, the mass spectrometric analysis of sugarcane bagasse subjected to steam
explosion evidenced a decrease in the concentrations of metal and semi-metal ions (Table 1). The records
for O−, Cl− and -OH were enriched 3.1-fold. The resulting chemical image of the surface of the
substrate evidenced the increase in the exposure of compounds at 279–280 Da (benzoate) and at 417 Da
(syringaresinol) from lignin. The pretreatment also increased 2.47-fold the (CxHyOz)n at 160–180 Da
(glucose and xylose from cellulose and hemicelluloses, respectively). The steam explosion produced
2.80-fold higher dimethyl dialkyl ammonium (DDA) amounts at random distribution than other
pretreatments. In turn, Li+ was dramatically reduced (2.20-fold) compared to control and presented
random distribution (Figure 2). At negative mode, the exposure of anions and sites for an enzymatic
attack such as -OH, O−, (CxHyOz)n and aromatics showed a 2.31-fold mean increase in signal intensity
(Figure 1). Microscopic changes in fiber were evident by chemical image, presenting lattice deformation
even at micrometer scale but without complete fibrils dismemberment and their periodic fringe
ordering, whose remnants occupied 47% surface area.

2.3. Microwave:H2SO4 Pretreatment

Microwave:H2SO4 pretreatment decreased metal ions on the surface of the substrate (Table 1).
At negative mode, the chemical image presented aromatics related to lignin superposed with CxHy

signals. The image showed 1.22-fold lower records for (CxHyOz)n on the surface than control, revealing
higher hindering of celluloses and hemicelluloses. It is worth mentioning the low abundance of ions
randomly distributed on the surface, 11.8% lower than control, but 43.2% higher than Steam Explosion.
The surface of that pretreated substrate had 2.60-fold less DDA than the Steam Explosion and 28.8%
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less Li+ than the control. The periodic structure of fibrils was 97.2% preserved rather than prior to
treatment. Microwave:H2SO4 produced a singular effect: the substrate pretreated surface showed
72 roughly circular excavations for 100 × 100 µm2 area. Excavations presented an average radius of
0.72 µm and 2.45 nm depth, which were extremely rich in -OH and O− (Figure 1). These excavations
presented 68.4% of its surface covered by -OH and O−from cellulose and hemicelluloses, and were
devoid of Li+, Ca-C3H4

+, Mg2+, and -NH3
+.

2.4. Ethanol:Dimethyl Sulfoxide:Ammonium Oxalate (EtOH:DMSO:AO) Pretreatment

The chemical image confirms the increase in the exposure of aromatic compounds and 1.21-fold
increment in the exposal of (CxHyOz)n at positive mode, followed by a 1.09-fold rise in the amounts of
-NH3

+, -CN and -CNH groups overlapped with (CxHyOz)n on the substrate surface. These results
pointed to overlaps between proteins and carbohydrates at the substrate surface. The pretreatment
randomly added DDA and produced a low ionic average count (Table 1). At negative mode,
the (CxHyOz)n and aromatic exposure showed 1.30-fold higher signal intensity than the control because
of the better exposure of fibrils’ after that pretreatment (Figure 1).

2.5. NaOH Pretreatment

The chemical image revealed the complete deformation of the lattice structures observed in
the control (Figure 1). Only 8.7% of the remnant parallel arrangements and lattice structures at the
substrate surface were preserved in a 100 × 100 µm2 area. That pretreatment also produced the biggest
enrichment in Na+ and F− recorded, equivalent to a 1.73-fold mean increase relative to the control
(Table 1). The increase in F− and K+ was routed to impurities in the NaOH solution (data not shown),
while Na+ enrichment can be a possible side effect of the pretreatment. In addition to the increased
exposure of (CxHyOz)n and CxHy, aromatics at 279—280 Da identified as benzoate and bi-phenolic
residues from lignin. Li+ was only observed in aggregates with DDA (Figure 2), but not on the remnant
surface. Despite the higher relative concentrations of Na+ and K+, all other ion concentrations reduced
(Table 1). Ions were distributed in lower numbers of aggregates occupying a reduced surface of the
substrate. Li+ presented a decrease of 1.41-fold in relation to the control (Table 1, Figure 2). That was
observed with Microwave:H2SO4, but it was lower than those obtained with Steam Explosion and
EtOH:DMSO:AO. Compared to the control, -OH and O−, increased 1.65-fold (Figure 1). That was the
biggest gain achieved with -OH exposition. Only the circular excavations verified in Microwave:H2SO4

pretreatment presented higher amounts of -OH exposed. However, circular excavations verified after
Microwave:H2SO4 pretreatment occupied only 68.4% a 100 × 100 µm2 area, while the area occupied by
-OH after NaOH pretreatment represented 97.4% of the surface analyzed.

2.6. Clustering Pretreatments Using Discriminant Analysis with Machine Learning—Anatomical Parameters

Figure 1 shows the comparison of surface anatomical parameters (p = 0.05) of sugarcane bagasse
differently pretreated. Aiming to compare all pretreatments, matrix discriminant analysis with machine
learning was used, due to the non-linearity of data and the very complex nested matrix of parameters
obtained. The surface structure properties analyzed were the percentage of the area occupied by
CxHy, (CxHyOz)n and aromatics (i.e., sugars and lignin) surface area covered by radicals (-OH and
O−), which are related to hydroxyl groups used by glycosyl-hydrolases during their action; the surface
area occupied by periodic, parallel, and lattice structures containing CxHy and (CxHyOz)n; and surface
entropy, waviness, and roughness. These parameters were automatically collected using the free and
open-source softwares ImageJ and Gwyddion.

According to these parameters, NaOH and Steam Explosion pretreatments clustered together and
produced the most amorphous substrate. It happened due to the loss of periodicity of the carbohydrate
surface arrangements. On the other hand, Microwave:H2SO4 differed from the pretreatment with
EtOH:DMSO:AO, because of the production of slightly spherical excavations on the surface of the
material. The fibrils and microfibrils, observed in the control, presented intense cover-up by organic
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matter, visible in the images as amorphous deposits containing -OH and (CxHyOz)n residues and
chains of CxHy (Figure 1). The estimated differential entropy for the control surface was equal to
−20.46 nats (natural units of information) with a deficit of 0.16266 nats, because of those roughly
amorphous deposits.

2.7. Clustering Pretreatments Using Discriminant Analysis with Machine Learning – Ionic Parameters

The matrix discriminant analysis of the ionic parameters from the surface of the substrates
clustered the following samples: EtOH:DMSO:AO pretreatment and Control; Steam Explosion and
Microwave:H2SO4; and finally, isolated the NaOH pretreatment in a single group (Figure 2, Table 1).
Using a jackknife procedure, deleting single ionic parameters before running the matrix discriminant
analysis with machine learning, the ionic parameters related to Li+ (Table 2) were identified as
responsible by 37,6% of these results. Figure 2 showed the results of the matrix discriminant analysis
with computerized images of Li+ obtained using the Gwyddion software.

Steam Explosion and Microwave:H2SO4 pretreatments produced lower counting of aggregates,
the lowest total area occupied by Li+ and the lowest average size for Li+ aggregates. However,
both differed in DDA, only present after the Steam Explosion pretreatment (Table 1), and -OH-enriched
excavations presented only after Microwave:H2SO4 pretreatment (Figure 1).

The NaOH pretreatment produced higher counts, percentage area and average size of aggregates
of Li+, but all Li+ observed was not distributed accompanying fibrils of carbohydrates such as in Steam
Explosion or control. In turn Li+ presented random distribution and a very low abundance on the
surface of the substrate, but one high bulk density aggregate of 13.79 µm2 in a 100 × 100 µm2 chemical
image area.

2.8. Performance of the Enzyme Cocktail Versus Pretreatment-the Enzymatic View Versus the Matrix
Discriminant Analysis of Anatomical and Ionic Composition on the Surface of the Substrate

The best saccharification yield was obtained after NaOH pretreatment, which increased the
release of reducing sugars by enzymatic saccharification in 2.04-fold more than the control at 10 h
intervals (Figure 3). The right side of Figure 3 shows a tree made using the results from the MDA
analysis of treatments used in each saccharification assay. The tree was placed next to the results of
the saccharification assays to highlight the similarities between enzyme responses and MDA analysis
results. Analysis was done at p ≤ 0.05. It was noted the relevant events in the dendrogram, such
as the non-Michaelian branch related to milled material, the counts of lithium-ion clusters on the
surface of the materials, the qualitative richness of Sodium observed in NaOH treatment, the total area
free from metal ions less than 14,509 µm2, and the qualitative changes in lithium-ion concentration
on the surfaces analyzed. These raw data are in Table 1. Steam Explosion and Microwave:H2SO4

clustered in an intermediate subset during enzymatic hydrolysis increasing 1.74-fold the reducing
sugars release at 10 h intervals compared to control. In turn, a 1.1-fold decrease in the production
rates of reducing sugars was identified after EtOH:DMSO:AO pretreatment when compared to control.
EtOH:DMSO:AO and control also presented time-dependent decay for the release of reducing sugars
after 10 h intervals.
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2.10. Enzyme Cocktail Response to Metal Ion Salts in Solution 

Figure 3. Time-dependent release of reducing sugars during the enzymatic hydrolysis of sugarcane
bagasse. Generalized additive model (GAM) curves for reducing sugars (RS) released and the similarity
analysis among enzyme cocktail activities were shown with the major traits related to the structural
differences among each pretreatment using Mixture Discriminant Analysis (MDA) at p = 0.05.

2.9. Matrix Discriminant Analysis (MDA) of Anatomical and Ionic Parameters from the Surface of the
Substrate Versus the Enzymatic View—Correlation Between Discriminant Analysis and Saccharification Yields

MDA for the anatomical parameters, including entropy, roughness, exposition of aromatics
from lignin, (CxHyOz)n residues and CxHy chains from carbohydrates, and microfibril and fibril
arrangements (Figure 1), did not correlate with data obtained in this study about saccharification yields
at p = 0.05. As enzymes are good topological recognizers, the information did not correlate with the
topological view of the enzymes. These results clustered pretreatments as the least-squares method for
the curves of time-dependent release of reducing sugars at p = 0.05 (Figure 3).

2.10. Enzyme Cocktail Response to Metal Ion Salts in Solution

As ionic parameters produced the same cluster profile for pretreatments as the saccharification
and time-dependent releases of reducing sugars, the effects of the ions observed on the surface of
the substrate were evaluated to check their impact on the saccharification when in solution. All ions
tested activated glycosyl-hydrolases when in solution (Table 3), but decreased laccase activity up to
87% (for NH4F). Therefore, it can be inferred that these ions negatively interfere in lignin degradation,
but acted as non-essential activators for hemicellulases and cellulases when in solution. These results
are opposed to the correlation observed between surface-bounded ions and saccharification.
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Table 3. Effects of ion salt in solution on the enzyme activities.

Ion Salts
Laccase Xylanase Endoglucanase Cellobiohydrolase β-Glucosidase

(%) (%) (%) (%) (%)

NH4F 12.34 141.68 109.84 126.50 135.70
NaH2PO4 37.56 146.81 99.06 100.10 141.80

MgCl2·6H2O 41.36 137.39 61.40 110.90 144.79
NH4Cl 43.39 155.04 23.44 103.80 138.54
CaCl2 43.07 147.14 120.15 119.30 144.23
KCl 42.72 148.24 140.31 109.50 146.57
LiCl 42.24 130.59 133.59 101.60 148.55

Na2SO4 29.41 181.60 110.78 137.30 152.23
MnCl2·4H2O 30.01 216.97 164.68 129.00 143.83

NaCl 38.20 175.46 134.68 129.70 150.57
KH2PO4 33.56 162.18 124.22 148.30 143.17

BaCl 34.04 139.41 123.43 144.30 143.57
Zn(NO3)2 40.48 122.86 119.84 140.10 137.07

Control (without ions) corresponded to 100%.

3. Discussion

Glycosyl-hydrolases need to deal with a very complex surface area rich in CxHy and -OH sites for
reaction. In addition to the ratio between hydrophobic areas and reaction sites containing -OH and O−,
the presence of several bounded metal ions on the surface of the substrate resulted in a new level of
complexity to be considered for the development of a pipeline linking pretreatment and cocktail.

To be analyzed by ToF-SIMS, the material was deposited two-dimensionally on the disc for ion
excavation. The specific surface area did not show visible relations with the enzyme hydrolysis. So,
new aspects were evaluated for these materials. Interpreting the surface area is difficult, as some
ions occupied the entire surface area evaluated for each material, such as Calcium and Chlorine ions,
which can be seen in Table 1. Metal cation-free areas were rare, such as the 14,509 um2 observed in
NaOH treatment. No material had Anion-free areas at that micrometric scale. In addition, each material
has its own surface area. The overlapped surface areas occupied by each metal ion and hydroxyl
sites are more valuable, and the constant overlap between hydroxyl radicals and lithium ions were
observed as exclusive for these materials. Perhaps the excess of other ions made it impossible to see
overlaps among other cations and the hydroxyl-rich regions, spreading to areas containing C-H-rich
hydrophobic regions. For example, the amounts of potassium, sodium, and the anions fluorine and
chlorine were so high that they occupied the entire surface evaluated.

Contrary to expectations, the increased exposure of fibrils, Steam Explosion, and NaOH
pretreatments did not answer equally during the enzymatic hydrolysis. On the other hand, Steam
Explosion presented a saccharification statistically equivalent to that observed after Microwave:H2SO4

pretreatment. This pretreatment did not produce major changes in the arrangement of the microfibrils
such as Steam Explosion, neither similar information about surface-sugars were observed, as the ones
described above. However, both decreased the abundance and area occupied by metal-ions on the
surface of the substrates compared to control. In particular, the areas containing exposed -OH and O−
free of Li+, proved a recurring property in both. This property was shared by the substrates subjected
to NaOH treatment.

The NaOH pretreatment increased surface-Na+ while reducing surface-Li+, reducing the surface
acidity while increasing O− and -OH on the surface area. The combination of amorphous structures,
loss of periodicity in the spatial distribution of carbohydrates, and the reduced surface-bounded Li+

together with the very large amounts of O− and -OH sites were possibly good factors to develop
productive E S complexes [10], because the strong increase in saccharification compared to other
pretreatments and control.
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The overall ionic cleaning of the surface increased the exposure of -OH and O−, but the ion
that most influenced the pattern of discrimination among substrates was lithium, which was sputter
eroded with -OH, implying covering of OH by that ion. Although the changes in the concentration
and distribution of nonessential ion activators were not limited to Li+, the best results during the
degradation of the substrate were obtained just after pretreatments capable of removing Li+ from
the -OH and O− surfaces of the substrate, i.e., NaOH, Steam Explosion and Microwave:H2SO4

pretreatments. These pretreatments increased 1.23-fold mean the available Li+-free -OH and O− for
ion sputtering than the control material.

Using only the main discriminating factors related to the ionic composition and distribution, i.e.,
the counting of Li+ aggregates, the distance between Li+ spots and the average size of Li+ clusters,
it was possible to identify relationships between Li+ distribution and enzyme activity.

Steam Explosion pretreatment produced an almost uniform pattern of Li+ distribution
accompanying fibrils, while Microwave:H2SO4 produced random distribution patterns. Therefore,
different distribution patterns, with statistically similar counts of aggregate and distancing of Li+ on the
surface of pretreated sugarcane bagasse, resulted in statistically similar production rates of reducing
sugars by the presented enzyme cocktail. Once Steam Explosion and Microwave:H2SO4 do not have
structural relationships related to fibril arrangement, the only aspect which linked both pretreatments,
were the surface concentration and distribution of Li+.

In turn, the pretreatment with NaOH produced the highest aggregation of Li+, but the lowest
concentration and the largest distribution of Li+ on the substrate surface. It allowed the exposure of
–OH, possibly, due to the reduced formation of coordination groups between Li+ and -OH, which results
in the highest sputtering of Li+ free of OH and O− radicals from the cane surface. NaOH also reduced
the periodic arrangement of fibrils, -OH− and O− enriched sites and reduced the surface occupied by
Li+, which positively correlated with the highest activity observed on pretreated substrates. Once Li+

on the surface of the substrate can block -OH as revealed by the sputter erosion of Li+ together with
-OH, surface Li+ can negatively interfere in the enzyme performance because glycosyl-hydrolases
require free -OH to react [11]. This hypothesis could be risen using the results about the correlation
between the increases of surface-bounded Li+ and covering of -OH sites with the decrease in enzyme
activity. Given the differences between the effects of ions in solution and the results from the matrix
discriminant analysis, ions adhered to the substrate could affect the enzyme action differently from
those in suspension. Thus, it could be hypothesized that the real substrate for the enzyme is an ionic
polysaccharide coordination system.

An important feature found during the enzymatic hydrolysis of control materials was the great
performance of the cocktail response during the first 10 h of the assay. Enzyme performance was second
only to that shown after NaOH pretreatment of the substrate. Apparently, a depolymerase adaptation
to control materials, i.e., the original substrate found in nature, allowed the rapid recognition of binding
sites for a rapid phase transfer, resulting in large amounts of productive interactions, which did not
exceed only those observed for the assays using NaOH-pretreated substrate. Therefore, the majority of
pretreatments are only important during prolonged hydrolysis times.

On the other hand, the EtOH:DMSO:AO pretreatment produced an ionic surface very similar to
that of control according to matrix discriminant analysis, especially regarding the pattern of surface
distribution of Li+. Nevertheless, the first 10 h of enzymatic attack recorded for this pretreatment was
the least productive. As DDA was a substantial change in that substrate, it could be inferred a failure
in the substrate recognition by enzymes. Although the solubility of the substrate could be improved
after that pretreatment, caution is needed when adding methyl and amino groups in the carbohydrate
structure, since its recognition as a substrate for enzymatic cocktails can be a problem.

EtOH:DMSO: AO pretreatment and control presented a strong decrease in reducing sugars after
10 h reaction times even without microbial activity. It was difficult to determine the cause for those
decays. Once both control and EtOH:DMSO:AO pretreated biomass clustered together in every matrix
discriminant analysis of chemical images, the observed decay can be related to ions trapped on the
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substrate surface and released into the reaction solution inducing reverse reactions or reducing sugar
precipitation. The causes for those phenomena remain hindered by a very complex mixture produced
during the saccharification.

It can be assumed that there is a complex causal mechanism controlled by phase-transfer of
enzymes and ions affecting cooperative, competitive and deinhibitory processes, anchimeric assistance
and [ion]− dependent induced-fit behavior of glycosyl hydrolases. Thus, it could be concluded that
lithium was an activator in solution, but its pattern of presence and distribution in the substrate can
act as an inhibitor. These results pointed to a phase-dependent action for alkali metal ions in the
enzymatic activity.

4. Materials and Methods

4.1. Control—Milled Sugarcane Bagasse in Natura

Sugarcane bagasse was provided by Sugar and Alcohol Mills (Ribeirão Preto, São Paulo, Brazil).
It was washed in tap water to remove reducing sugars, dried at 50 ◦C, and then milled in a knife mill SL
32 (SOLAB), 25 mesh. The material obtained was used as the control for the described pretreatments.

4.2. Sugarcane Bagasse Pretreatments

Sugarcane bagasse was submitted to four different pretreatment types. For all the pretreated
sugarcane bagasse the resulting material was washed with deionized water until the complete removal
of reducing sugars. The reducing sugars released were monitored using the 3,5-Dinitrosalicylic Acid
(DNS) method [12]. After washing, the material was dried at 50 ◦C and stored at room temperature.

4.2.1. Steam Explosion Pretreatment

Milled sugarcane bagasse in natura was maintained in steam water at 14 kg.cm−2 for 8 min,
followed by rapid steam water expansion.

4.2.2. Microwave:H2SO4 Pretreatment

Microwave pretreatment was made according to Moretti et al. [13] with minor changes. A sample
of 10 g of sugarcane bagasse was immersed for 24 h in, a solution of 0.05 M H2SO4 and glycerol.
After that, this sample was transferred to a 250-mL round-bottom flask into a microwave oven which
was connected to a spinning reflux condenser. The released sample was irradiated at 2450 MHz for
5 min. An infrared thermometer was used to detect the temperature. Further, 30 mL of distilled water
was added to the material, mixed, filtered and this suspension was used to determine the amount of
reducing sugars.

4.2.3. Ethanol: Dimethyl Sulfoxide: Ammonium Oxalate Pretreatment

Cell wall components from sugarcane bagasse in natura were fractionated using the protocol
described by Lima et al. [14]. For the removal of soluble sugars, samples of sugarcane bagasse (1 g)
were incubated in 20 mL 80% ethanol at 80 ◦C for 20 min under constant stirring. The resulting material
was centrifuged (11,000× g) for 15 min, and the supernatant was discarded. This step was repeated six
times, and the resulting precipitate was washed with 20 mL of distilled water and dried overnight in
an oven at 50 ◦C. Starch was removed incubating the dried material in 20 mL 90% Dimethyl Sulfoxide
(DMSO) at 90 ◦C for 24 h, while pectins were extracted incubating the starch-free material in 20 mL
ammonium oxalate solution, pH 7.0 at 80 ◦C for 3 h.

4.2.4. NaOH Pretreatment

50% dry mass of EtOH:DMSO:AO treated materials were hydrolyzed using NaOH to remove
hemicelluloses [14]. The material was hydrolyzed at room temperature using a sequence of three steps:
(1) 1-h hydrolysis time using 20 mL 0.1 M NaOH: 0.1 M sodium borohydride; (2) 1-h hydrolysis time at
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room temperature using 20 mL 1.0 M NaOH: 0.1 M sodium borohydride; and (3) 1-h hydrolysis time at
room temperature using 20 mL 4.0 M NaOH: 0.1 M sodium borohydride.

4.3. Enzymatic Hydrolysis

The enzyme cocktail applied to achieve cell wall degradation used 0.122 U laccase (Trametes
versicolor); 7 U xylanase (Malbranchea pulchella expressed in Aspergillus nidulans) [15]; 5 U endoglucanase
(Aspergillus terreus expressed in A. nidulans) [16], 14 U cellobiohydrolase (Aspergillus niveus expressed
in A. nidulans) [17], and 9 U β-glucosidase (Aspergillus niger) per gram of lignocellulosic biomass.
Materials were suspended into 7 mL of 50 mM sodium citrate buffer, pH 5.0. Hydrolysis was conducted
at 55 ◦C and 110 rpm during 48 h. Reducing sugars were determined using DNS method [12].

4.4. Effects of Dissolved Salts on Specific Enzyme Activities

The effects of the salts observed on the surface of sugarcane bagasse upon the enzyme cocktail
activities were analyzed in 10 mM final concentration: NH4F, NaH2PO4, MgCl2.6H2O, NH4Cl,
CaCl2, KCl, LiCl, Na2SO4, MnCl2·4H2O, NaCl, KH2PO4, BaCl, and Zn(NO3)2. Endoglucanase
and xylanase were measured using the substrates β-glucan and xylan beechwood, respectively.
Determination of reducing sugars released used the DNS method [12] and glucose and xylose as
controls for activity determination of endoglucanase and xylanase respectively. Cellobiohydrolases
and β-d-glucosidases were determined by the cleavage of ρ-nitrophenyl-cellobioside (ρNPC) and
ρ-nitrophenyl-β-d-glucopyranoside (ρNPG), respectively. ρ-Nitrophenol was used as standard. Laccase
activity was determined using syringaldazine as substrate [18]. The oxidation of syringaldazine to
quinone at room temperature was measured by the increase in the absorbance at 525 nm during 5-min
of reaction. All assays used 50 mM sodium citrate buffer pH 5.0 at 55 ◦C. One unit of enzymatic activity
was defined as the amount of enzyme that released 1 µmol min−1 of products. All experiments were
performed in triplicate.

4.5. Chemical Image Analysis

Sugarcane bagasse was surfaced-analyzed using an ION-TOF TOF.SIMS 5 instrument at
ION-TOF-TasconGmbh (Heisenbergstr, Münster, Germany) using Bi3+ as primary ion for the analysis of
organic and inorganic materials. The primary ion energy was 30 keV, analysis current of 0.8 pA, analysis
area from 25 × 25 µm2 to 100 × 100 µm2 and measurement time of 100 s. The measurement conditions
used positive mode, suitable for metal ions and non-metallic salts and compounds containing amino
groups, and the negative mode, used for ionization of carbohydrates (loss 1 H+ or more protons).
ION-TOF TOF.SIMS 5 instrument (ION-TOF GmbH, Münster, Germany) was controlled by the
SurfaceLab software suite. This software was used for data acquisition and analysis using the included
spectrum library for sample identification.

After a sum of the three-color channel images into a single channel, TIFF image files were converted
to the standard 8-bit gray-scale file format using the ImageJ software [19]. Before analysis, each image
for each ion and anatomical structure were standardized using the threshold method included in the
ImageJ software. Standardization employed the IJ_IsoData algorithm and produced two-dimensional
maps in red and black colors.

ImageJ software was used to count both, ionic spots numbers and intensities using densitometric
analysis. The area recovered with ions, the diameter of ionic aggregates and the color intensities of
ionic aggregates and areas covered with ions were also measured using the standardized images and
the ImageJ software.

For anatomical analysis, the Gwyddion software [20] was used to measure the follow parameters:
texture, roughness and waviness, the diameter of fibrils and fibril aggregates in lattice structures,
and the diameter of excavations caused by microwave:acid treatments.

All anatomical and ionic data were summarized in matrices and analyzed using discriminant analysis.
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4.6. Statistical Analysis

Data automatically collected using ImageJ and Gwyddion software were used to generate a
numerical matrix for each treatment. Matrices summarizing ionic parameters at the surface of
substrates and anatomical data included the ionic composition measured using ToF-SIMS and the
relative concentration of each ion, ionic aggregate counts, total surface area occupied by ionic aggregates,
the average area of ionic aggregates for each target ion, and the values measured for texture, roughness
and waviness, the diameter of fibrils and fibril arrangements in lattice structures, and the diameter of
punctuated excavations. Discriminant analysis with machine learning using R 3.3.1 [21] was employed
to compare each matrix summarizing the ionic and anatomical parameters produced by each treatment.
The discriminating analysis used the Mixture Discriminant Analysis method from the MDA [22]
package at p = 0.05. This method is suitable to deal with difficult data sets. The discriminant analysis
of the parameters in each pretreatment was made using function training, considering the levels
= pretreatments. MDA greatly succeeded during the discrimination of all pretreatments because
the non-normal distribution of data. The analysis produced a string of pretreatment names s when
neighbor pretreatments were more similar than distant ones. A matrix was produced using the
strings by assigning 1 to each neighbor pretreatment name in the resulting string and 0 to no neighbor.
These binary matrices were used to generate a tree clustering pretreatment using R 3.3.1 and the tree
package [21]. In order to estimate the best parameter to discriminate each pretreatment, data were
jackknifed, which allowed the leaving of one column out at a time, and the discriminant analysis of the
matrix was re-run. The parameter used to discriminate the major percentage of pretreatments in a
string produced by matrix discriminant analysis was considered the best discrimination parameter to
be used in the process.

Comparison among curves of enzymatic saccharification used the least-squares method
implemented in R 3.3.1 [21]. All comparisons among time-dependent enzymatic saccharification were
done at p = 0.05.

5. Conclusions

Anatomical parameters were not related to saccharification yields of sugarcane bagasse. However,
a strong factor affecting the performance of the enzyme cocktail was lithium coordinated with the
substrate. So, it can be concluded that Lithium was an activator in solution, but its presence and
distribution pattern on the substrate can act as an inhibitor. These results pointed to a phase-dependent
action for alkaline metal ions on enzyme activity.

Control and substrates produced by EtOH:DMSO:AO pretreatment also presented a
time-dependent decay of reducing sugars in the solution possibly related to ion-dependent precipitation
or reverse reactions. The cause for that phenomenon remains hindered by a very complex mixture
produced during the saccharification process. Once all materials analyzed presented very similar
ionic composition, but differed in relative concentration and distribution of lithium, it was necessary
to focus the analysis and absolute quantification of ions and ionic rates related to these enzyme
responses. It can be surmised that there is a complex causal mechanism controlled by phase-transfer of
enzymes and ions affecting cooperative, competitive and deinhibitory processes, anchimeric assistance,
and [ion]-dependent induced-fit behavior of glycosyl-hydrolases. So, it is necessary to develop a new
integrative kinetics approach to deal with all these aspects related to ion-polysaccharide hydrolysis.

It is likely that these pretreatments will not generate such predicted structural responses as
revealed by specific surface area data (Control: 5751.60 µm2/ng; Steam explosion: 4375.16 µm2/ng;
Microwave:H2SO4: 6544.19 µm2/ng; EtOH:DMSO:AO: 5235.62 µm2/ng; NaOH: 5347.32 µm2/ng).
This problem prevented any expected correlation between pretreatment and saccharification response,
but opened new possibilities for screening new characteristics. In this case, statistical indications of the
importance of lithium distribution on enzymatic activity during the screening for correlations were
found. It is not aware of investigations into the influence of cations adsorbed on the substrate. It only
knows the effect of cations in solution. It is expected that these novelties open previously unexplored
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paths for the study of the influence of complexed or adsorbed cations on enzymatic activity assays,
contributing to the development of more efficient enzymatic cocktails.
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Abstract: Straws are agricultural residues that can be used to produce biomethane by anaerobic
digestion. The methane yield of rice straw is lower than other straws. Steam explosion was
investigated as a pretreatment to increase methane production. Pretreatment conditions with varying
reaction times (12–30 min) and maximum temperatures (162–240 ◦C) were applied. The pretreated
material was characterized for its composition and thermal and morphological properties. When the
steam explosion was performed with a moderate severity parameter of S0 = 4.1 min, the methane
yield was increased by 32% compared to untreated rice straw. This study shows that a harsher
pretreatment at S0 > 4.3 min causes a drastic reduction of methane yield because inert condensation
products are formed from hemicelluloses.

Keywords: steam treatment; pretreatment; lignocellulose; anaerobic digestion; biochemical methane
potential; biomethane

1. Introduction

Rice straw is one of the most abundant lignocellulosic agricultural residues worldwide and
is produced mostly in Asia as a byproduct of rice production. Rice was in the third place of crop
production in 2013 with a world annual production of 746 million tons [1]. The production of rice
straw as a byproduct can be estimated at about 1120 million tons using a straw-to-grain ratio of 1.5 [2].
A part of this agricultural residue is used, for example, as cattle feed [3]. Unfortunately, open-field
burning of straw, which increases air pollution, is a common practice in Asia [4–6].

Possible energetic utilization of rice straw is limited by its low bulk density, which makes
large-scale, centralized conversion technologies uneconomical. Therefore, decentralized conversion
routs are of special interest. One such method is anaerobic digestion of lignocellulosic biomass, which
is a most efficient conversion technology regarding the energy output-to-input ratio [7–9].

However, the structure of lignocellulosic biomass generally causes a low digestibility during
anaerobic digestion because lignocellulose is a strongly connected composite of cellulose, hemicelluloses,
and lignin. Cellulose is a linear polymer consisting of glucose building blocks linked together by
glycosidic bonds. The intermolecular hydrogen bonds between adjacent cellulose chains result in a
highly ordered, water-insoluble configuration that makes cellulose crystalline [10]. Hemicelluloses are
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a group of amorphous heteropolymers that are significantly shorter than cellulose macromolecules.
They are fixed in the lignocellulosic fiber structure because they provide a linkage between lignin
and cellulose. Hemicelluloses are connected to lignin via covalent links and surround cellulose.
Lignin is a complex, three-dimensional macromolecule constructed of phenylpropane units and is
non-biodegradable via anaerobic digestion [8].

Hydrolysis is the rate-limiting step in the biogas process when a solid feedstock, such as
lignocellulose, is used [8]. A pretreatment is required to increase the availability of cellulose and
hemicellulose for the hydrolysis step. Pretreatment generally aims at the disintegration and separation
of biomass to release the different components [11]. A variety of pretreatment methods have been under
investigation for enhancing the biogas production of lignocellulose [9,12,13]. Among these methods,
steam pretreatment was rated with a high potential [12]. It is a relatively inexpensive pretreatment as
it does not require the addition of an external catalyst [14]. Also, it has energetic advantages because it
can be carried out with approximately 1.5 kg of steam per kilogram of biomass, compared to 5–10 kg
of hot water usually required for liquid phase pretreatments [15].

Steam explosion converts biomass at elevated pressures and temperatures in a steam atmosphere,
followed by mechanical disruption of the biomass by discharging to atmospheric pressure. Steam
hydrolysis is similar to the steam explosion process, except that it avoids the discharge of rapid
pressure. Temperatures ranging from 140–240 ◦C have been applied over a wide range of residence
times [16]. Ferreira et al. [17] named an optimum for steam explosion conditions of 150–220 ◦C and
5–20 min. They pointed out that pretreatment conditions that are too severe are unfavorable due to
the formation of phenolic and heterocyclic compounds (e.g., furfural, hydroxymethylfurfural (HMF),
and soluble phenolic compounds). These compounds could inhibit methane production, but the
methane-producing microorganisms are, however, capable of adapting to such compounds at smaller
concentrations [12].

Thermally labile acetyl groups in hemicelluloses are cleaved during steam explosion, and acetic
acid is formed [11]. The liberated organic acids catalyze hydrolysis reactions of hemicelluloses and
degradation reactions of a small part of lignin. The residue after steam explosion consists of cellulose,
a chemically modified lignin, and residual hemicelluloses. The sum of hemicelluloses in the residue,
as well as dissolved hemicellulose-derived sugars, declines with the severity of the pretreatment
because of (1) furfural formation by dehydration of pentoses and (2) secondary reactions of dissolved
compounds leading to solid pseudolignin by condensation reactions [18].

Steam explosion has been performed with various kinds of lignocellulosic biomasses prior to
anaerobic digestion including triticale [19], corn [20], wheat straw [17,21–26], hay [27], sugarcane
bagasse [28,29], sugarcane straw [29], rape straw [30], bulrush [31,32], miscanthus [33], birch [34],
willow [35,36], and cedar [37]. Steam explosion of rice straw for anaerobic digestion was investigated
in the study of Zhou et al. [38] who performed steam explosion under narrower parameter conditions
(200–220 ◦C, 1–4 min) and focused on the microbial communities during anaerobic digestion. Other
studies have focused on steam explosion of rice straw as pretreatment for enzymatic hydrolysis to
obtain fermentable sugars [39–41].

The steam explosion pretreatment generally increases the specific methane yields while also
increasing the speed of anaerobic degradation. However, the reported increase in methane yield ranged
from 0%–5% [22,23] to 10%–30% [17,19–21,24,26–30,32] and up to 50%–345% [29,33,34,36–38] because
of the differences in (1) steam explosion reactor setups and reaction conditions, (2) lignocellulosic
plants species and (3) digestion procedures.

The aim of this work was to evaluate the influence of a previous steam explosion in a batch system
on the anaerobic digestion of rice straw. Therefore, the steam explosion of rice straw was performed at
different severities. The pretreated material was chemically characterized and, thereafter, subjected to
batch anaerobic digestion tests to determine the methane yield.
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2. Materials and Methods

2.1. Plant Material

Field-dried rice straw of the Bahia variety (Oryza sativa var. Bahia) was acquired from the Ebro
Delta, Spain. The straw was cut in a Viking GE260 chaff cutter (Viking GmbH, Kufstein, Austria) to a
length of less than 100 mm. Fines were removed by manual sifting using a perforated sieve with a hole
diameter of 3.9 mm. The composition of the plant material is shown in Table 1. Elemental composition
and ash content were determined according to the procedures listed in Section 2.3. Fiber analysis was
performed via the Van Soest method.

Table 1. Composition of the rice straw based on dry matter. (If standard deviation is indicated, four
repetitions were performed.)

Ash
Content

after 550 ◦C

Ash Content
after 1000 ◦C

Neutral
Detergent

Fiber

Acid
Detergent

Fiber
C H N S O Si K Ca Mg Na

(wt.%)

12.0 ± 0.1 10.7 ± 0.2 70.8 ± 2.8 46.2 ± 1.7 42.2 6.0 0.8 0.3 38.7 3.6 1.4 0.5 0.3 0.1

2.2. Steam Explosion Pretreatment

The steam explosion was performed in a miniplant designed and constructed at the Karlsruhe
Institute of Technology. The reaction vessel of the miniplant consisted of a stainless-steel reactor with a
volume of 1 L and was constantly agitated with a cross-arm stirrer at 8 min−1. Before each experiment,
26.8 ± 1.2 g of straw was inserted into the reactor. The reactor was electrically heated to a temperature
of 110 ◦C. A constant flow of 5 g min−1 of steam was then introduced into the reactor. The explosion is
technically a rapid equalization of pressure performed by pneumatically opening a ball valve. Volatile
products and steam were discharged by the explosion step into a 240 L flash tank. The pretreated rice
straw remained in the reactor and was manually removed, and stored at 4 ◦C. Figure 1 provides a
piping and instrumentation diagram (P&ID) of the miniplant.
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Figure 1. P&ID of the steam explosion miniplant. T-1: deionized water tank, P-1: HPLC pump, WÜ-1:
electrical preheater for steam generation, R-1: steam explosion reactor with surrounding heating tape
and insulation, and T-2: flash tank.

The reaction temperature was monitored by two type K thermocouples installed in the top and
the bottom of the reactor. The arithmetic mean of the two temperatures measured was used for the
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calculation of the severity parameter S0, combining time t and temperature T of the steam pretreatment
in a single factor [18]. Equation 1 describes the time integral of S0, which was used to describe the
non-isothermal character of the heating process [42].

S0 = log

t∫

0

exp
(

T [◦C] − 100 ◦C
14.75

)
dt (1)

Different pretreatment conditions with varying steam input times (12–30 min), steam input masses
(60–150 g), and maximum temperatures (162–240 ◦C) were tested. Table 2 provides an overview of the
experimental setup. The temperature profile during heat up is shown in the Supplementary Materials.

Table 2. Experimental setup for steam explosion of 27 g chipped rice straw.

Severity Parameter S0 (min) 3.05 3.54 4.10 4.20 4.32 4.48 5.29

Steam input time (min) 30 30 30 16 12 30 32
Steam input mass (g) 150 150 150 78 60 150 60

Maximum reactor temperature (◦C) 1 162 174 206 222 229 222 240
Maximum pressure (bar) 1 6.5 9.0 18.5 25.0 29.0 26.0 26.5

1 before explosion step (◦C)

2.3. Chemical Analysis of Untreated Rice Straw and Steam-Exploded Residue

The dry matter content of the untreated material was determined in triplicate by drying the rice
straw at 105 ◦C for 16 h based on DIN EN 14774-1. The steam-exploded residue was dried at 40 ◦C for
87 h until its weight balanced to reduce evaporation of easily volatile reaction products of the steam
explosion. The ash content of the untreated material was determined in triplicate via incineration
in an electrically heated muffle oven at 550 ◦C for 4 h based on DIN EN 14775. The ash content of
steam-exploded residues was measured in single runs. The organic dry matter content, which is also
called volatile solids, was calculated from the difference between dry matter and ash content.

The stoichiometric carbon, hydrogen, nitrogen, and sulfur content (CHNS) was analyzed
chromatically in a Vario EL cube (Elementar Analysesysteme GmbH, Langenselbold, Germany).
The milled and dried samples of untreated straw and steam-exploded residue were analyzed in
triplicate for CHNS. Sample milling to powder was performed in a freezer mill. The oxygen content of
rice straw was estimated, closing the gap between CHNS and ash content to 100 wt.%. Other elements
in the rice straw were analyzed after quantitative dissolution (HNO3, HCl, HF 6:2:1 v v−1) by ICP-OES
type 725 (Agilent, Santa Clara, CA, USA).

Thermogravimetric analysis was performed with milled and dried samples in single runs at
a STA 449 F5 (Netzsch-Gerätebau GmbH, Selb, Germany) with a heating rate of 10 K min−1 and
nitrogen as the inerting agent. The thermogram obtained was differentiated to obtain the differential
thermogravimetry curve (DTG).

The surface structures of dried untreated straw and steam-exploded residue were investigated via
scanning electron microscopy (SEM) in a LEO 982 Gemini (Carl Zeiss AG, Jena, Germany) equipped
with a Schottky-type thermal field emission cathode, secondary electron detectors (Everhart-Thornley,
inlens), and a backscattered electron detector.

The acid-insoluble lignin content (Klason lignin) and acid-insoluble ash content were determined
via an “ASTM protocol” [43] in triplicate for the untreated straw and in single runs for the
steam-exploded residues.

Water-soluble components of rice straw and steam-exploded residues were extracted with hot
water. Therefore, about 0.9 g milled and dried sample was introduced in an extraction thimble, which
was placed in a boiling water bath for 3 h. Water extraction was performed in triplicate for untreated
straw and in single runs for steam-exploded residues. After extraction, the liquid was analyzed
via HPLC (Deutsche Metrohm GmbH, Filderstadt, Germany). Glucose and xylose were separated
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via HPLC at 35 ◦C in a Metrosep Carb 2 column (Deutsche Metrohm GmbH, Filderstadt, Germany)
and quantified by an amperometric detector. An eluent with 0.1 mol L−1 sodium hydroxide and
0.01 mol L−1 sodium acetate was used with a flow rate of 0.5 mL min−1. Hydroxymethylfurfural
(HMF) and furfural were separated via HPLC at 20 ◦C using a Lichrospher 100 RP-18 column (Merck
KGaA, Darmstadt, Germany) and quantified by a UV detector at 290 nm. A water–acetonitrile eluent
(9:1 v v−1) was used at a flow rate of 1.4 mL min−1.

2.4. Specific Biogas Yield

The Hohenheim biogas yield test was used to assess the biochemical methane potential (BMP) of
untreated and pretreated rice straw. The pretreated rice straw after steam explosion was directly used
for the biogas yield test without any water washing. The Hohenheim biogas yield test is a feasible
and well-established laboratory batch test developed at the University of Hohenheim and featured
in the VDI-Guideline 4630-Digestion of organic materials [44]. It is used to evaluate and compare
the methane production of different substrates as well as their biodegradability and gas production
kinetics. Glass syringes (100 mL) were used as digesters and for gas storage. The syringes were fitted
into a motor-driven rotor for mixing the sample, which was placed inside an incubator. Every run
included a control variant and two standard substrates to ensure the correctness of the results and the
comparability of different batches [45,46]. The methane percentage was measured by a gas transducer
AGM 10 (Pronova Analysetechnik, Berlin, Germany) with a nondispersive infrared (NDIR) sensor,
while the amount of produced biogas was recorded with an accuracy of 1 mL. Three replications
were performed for each sample. The gas yield is expressed as m3

N kg DM
−1, corrected for the gas

production of the inoculum, and expressed for standard atmosphere (273.15 K, 1013.25 hPa).

2.5. Theoretical Methane and Biogas Yield

The theoretical maximum gas production from an organic substrate with the elemental composition
CaHbOcNdSe can be determined stoichiometrically, see Equation (2) [47].

CaHbOcNdSe +
(
a− b

4 − c
2 + 3d

4 + e
2

)
·H2O →

(
a
2 + b

8 − c
4 − 3d

8 − e
4

)
·CH4+(

a
2 − b

8 + c
4 + 3d

8 + e
4

)
·CO2 + d·NH3 + e·H2S .

(2)

The maximal methane yield (YCH4), expressed as norm cubic meters per kilogram of organic
dry matter (m3

N kg DM
−1), can be obtained by Equation (3) using the molar volume of an ideal

gas (22.4 mol L−1). However, this theoretic value can never be achieved with lignocellulosic biomass
in reality because lignocellulose contains compounds that are considered not biodegradable, such
as lignin.

YCH4 =
22.4·

(
a
2 + b

8 − c
4 − 3d

8 − e
4

)

12a + b + 16c + 14d + 32e
. (3)

3. Results and Discussion

3.1. Characterization of the Solid Residue after Steam Explosion

3.1.1. Chemical Composition

The field-dried rice straw had a dry matter content of 91.6 wt.%, which was generally reduced
during steam explosion (Figure 2a). However, the dry matter content among the residues increased
with severity. An explanation might be that the residue becomes more hydrophobic at higher reaction
severity, because of a decrease in the number of polar functional groups. The mass of steam introduced
into the reactor might also influence the dry matter content. The experiments with the lowest steam
inputs, namely S0 = 4.20, 4.32 and 5.29 min, yielded the highest dry matter contents of 65, 66 and 68
wt.%, respectively.
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The acid-insoluble lignin of water-free rice straw accounted for 14.7 wt.% and increased to
28–42 wt.% after steam explosion (Figure 2b). This relative increase has two causes: (1) hemicelluloses,
and partly cellulose, are converted during steam explosion to water-soluble or volatile compounds.
Thereby, the content of the more inert lignin is increased in the solid residue. (2) Hemicelluloses
decompose and repolymerize to form a more stable solid that cannot be hydrolyzed to water-soluble
components during the Klason method [11]. These repolymerization or condensation reactions involve
not only hemicellulose-derived byproducts but also lignin [16]. These repolymerized pseudolignin
compounds are more stable and increase the acid-insoluble lignin content.

The acid-insoluble ash content at low severity parameters was similar to the untreated material
and accounts for 4.0 wt.%. The ash content increased at high severity (Figure 2c). This can also
be attributed to the conversion of hemicelluloses, and partly cellulose, during steam explosion to
water-soluble or volatile compounds. Thereby, the content of inert acid-insoluble ash increased in
the solid residue. This parameter could also be used to roughly estimate the weight loss of organic
material during steam explosion. This weight loss of organic material should be considered when the
cascading of steam explosion and biogas production is evaluated.

Figure 2d shows the elemental composition of solid steam-exploded residues. The carbon content
in the solid residue rose at high severity. By contrast, the hydrogen content decreased. This can
be explained by the removal of hydrogen- and oxygen-rich volatile compounds during the steam
explosion; thus, a carbon-rich solid residue remained.
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3.1.2. Water-Extractable Components

After the hot water extraction of untreated rice straw, 80 mg g−1 glucose and 44 mg g−1 xylose
were obtained in the liquid phase (Figure 3). Glucose was either present in the rice straw as free
monosaccharide or originated from the degradation of polymers like starch or hemicelluloses [48].
In the latter case, the amorphous or rather labile hemicelluloses may partly hydrolyze during water
extraction to yield glucose (but also xylose). No HMF was obtained after the water extraction of
untreated rice straw; therefore, no dehydration of glucose occurred.

Compared to untreated rice straw, water-extractable xylose increased at a low severity of steam
explosion. Xylose was no longer found in the extract at high severities (S0 > 4.1 min). A possible
explanation is that hemicelluloses are hydrolyzed to release additional xylose at low severities. At high
severities, the released xylose is quickly decomposed to furfural [35]. Water-extractable HMF increases
strongly with the severity factor. Thus, hexoses, such as glucose, are dehydrated at a higher severity
to form HMF. The HMF is known as a fermentation inhibitor for anaerobic digestion [49]. However,
reported values for inhibiting concentrations by HMF seem to be high, usually greater than 5 g L−1.
Moreover, the intensity of the inhibition is affected by the operational conditions and design of the
anaerobic system, as well as the presence of other inhibitors, such as furfural or phenols [49,50]. Both
inhibit the activity of acetate in utilizing methanogens.

Furfural was not detected after water-extraction of pretreated material. However, it was present
in the gas phase of the steam-explosion reactor (data not shown). A sample of the gas phase was
obtained via a relief valve, condensed afterwards, and analyzed for furfural. So, formed furfural was
mainly removed as a volatile during steam explosion. A small part of furfural may still be present on
the surface of the steam-exploded rice straw subjected to anaerobic digestion.
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3.1.3. Thermogravimetric Analysis

The main components of lignocellulosic biomass differ in thermal stability. Hemicelluloses
and cellulose consist of glycosidic linkages, which decompose within a narrow temperature region.
The amorphous hemicelluloses decomposed at a lower temperature compared to the crystalline
cellulose [51,52]. Lignin consists of phenylpropanoid units interconnected by different chemical
linkages that have different binding energies [53]. Therefore, the decomposition of lignin proceeded
over a broad temperature range.

Figure 4 shows the DTG curves of rice straw. The untreated material showed a peak at around 320 ◦C,
which corresponds to cellulose. Hemicellulose showed a shoulder at 280–300 ◦C, which is still present for
the lowest-severity experiments S0 = 3.05 min and S0 = 3.54 min. At a higher severity, the hemicellulose
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shoulder disappeared completely, indicating a destruction or alteration of hemicelluloses. An increased
mass loss at 380–480 ◦C was detected for the high-severity experiments (S0 = 4.49 min and S0 = 5.29 min),
which could be assigned to more temperature-stable repolymerization products of hemicellulose.Molecules 2019, 24, x 8 of 14 
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Figure 4. Differential thermogravimetric analysis (DTG) of untreated and pretreated rice straw
depending on the severity parameter S0 of the steam explosion.

3.1.4. Particle Morphology

The pretreated residue became darker and the particles more fragile with increasing severity.
A difference in the biomass macrostructure was observed by SEM. After the steam explosion with
a moderate severity parameter of S0 = 4.10 min, a very porous structure was obtained (Figure 5b).
However, at higher severities, no porous structure could be observed (Figure 5c). Photographs and
SEM images of untreated rice straw and all steam-exploded residues are provided in Supplementary
Materials. The surface structure for S0 = 3.54 min indicated that parts of the solid melted and
solidified later. Smaller fragments can be found, especially for high severities (e.g., S0 = 4.20 min and
S0 = 4.48 min).
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3.2. Specific Biogas Yields

The theoretical maximum gas production of the untreated rice straw was calculated according to
Equation (3). The elemental composition measured of rice straw C1.000H1.706O0.688N0.016S0.003 resulted
in a maximum methane yield of 0.478 m3

N kg DM
−1.

Figure 6 shows a comparison of the measured methane yield of rice straw with other common
straws, such as wheat straw or maize straw, investigated in the Hohenheim biogas yield test. Rice
straw showed a methane yield of 0.211 ± 0.009 m3

N kg DM
−1, which was lower compared to other

common straws. The steam explosion variant of rice straw with the highest increase in methane yield
S0 = 4.10 min reached the level of untreated wheat straw.
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Figure 6. Specific methane yield of the untreated rice straw and the pretreated steam explosion variant
S0 = 4.10 min compared with other straws after 35 d (average yields of different samples regarding
plant variety and particle size).

Figure 7 shows the specific methane yield of the steam-exploded samples investigated over
35 d, which is also summarized in Table 3. The variants S0 = 4.10 min and S0 = 3.54 min reached a
higher yield of 0.278 ± 0.003 m3

N kg DM
−1 (+32%) and 0.217 ± 0.007 m3

N kg DM
−1 (+3%) compared to

untreated rice straw. These variants also showed faster gas production compared to the untreated
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straw. The other pretreatment conditions led to a reduction in specific methane yield of −76% (S0 =

5.29 min), −63% (S0 = 4.32 min), and −10% (S0 = 3.05 min).
When steam explosion was performed at a low severity (S0 = 3.05 min and S0 = 3.54 min), the

methane yield was similar to the untreated rice straw. Thus, we concluded that the pretreatment
conditions were not severe enough to open up the structure of the lignocellulosic biomass for anaerobic
digestion (see SEM images in Supplementary Materials). On the other hand, high-severity parameters
(S0 = 4.32 min and S0 = 5.29 min) caused a drastic decrease in the methane yield. An obvious increase
in the methane yield was obtained only when the steam explosion pretreatment was performed at
moderate severities (S0 = 4.10 min). At this severity, the particle morphology had the most porous
structure among all conditions investigated (Figure 5b). Therefore, the broken macromolecular
structure as well as additional surface had a positive effect on further degradation during anaerobic
digestion. Thermogravimetric analysis showed a change of hemicellulose at S0 = 4.10 min, but
there was no formation of temperature-stable repolymerization products. The latter could be an
explanation for the drastic decrease in biogas yields of the high-severity experiments. We assumed that
repolymerization products from hemicelluloses were poorly digestible in the biogas process because of
their high resistance against (1) hydrolytic cleavage (increased Klason lignin content, Figure 3b) and (2)
decomposition reactions (increased thermal stability shown by decomposition at high temperatures of
380–480 ◦C, Figure 4).
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Table 3. Biogas yield, methane content, and specific methane yield of the untreated rice straw and
steam-exploded rice straw after 35 d (mean with standard deviation of three repetitions).

Severity Parameter Biogas Yield
(m3

N kg DM−1) CH4 (vol.%) Specific Methane Yield
(m3

N kg DM−1)

Untreated 0.368 ± 0.024 57.4 ± 1.5 0.211 ± 0.009
S0 = 3.05 min 0.331 ± 0.009 57.3 ± 0.1 0.190 ± 0.005
S0 = 3.54 min 0.393 ± 0.007 55.2 ± 0.9 0.217 ± 0.007
S0 = 4.10 min 0.542 ± 0.011 51.3 ± 0.6 0.278 ± 0.003
S0 = 4.32 min 0.128 ± 0.008 60.6 ± 2.0 0.078 ± 0.004
S0 = 5.29 min 0.082 ± 0.002 60.8 ± 3.1 0.050 ± 0.003
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4. Conclusions

Steam explosion of rice straw was performed as a pretreatment for anaerobic digestion to obtain a
methane-rich biogas. Steam explosion was investigated at different reaction conditions, which resulted
in severity parameters of S0 = 3.05–5.29 min. The severity of steam explosion highly influences the
methane yield:

• If the conditions of the steam explosion are too mild, the methane yield remains constant compared
to untreated rice straw.

• If conditions are too severe, the methane yield drops dramatically. At these conditions,
hemicelluloses are largely destroyed, and repolymerization leads to a more inert material.

• If conditions are moderate, the methane yield is increased, caused by a very porous structure and
altered hemicellulose.

For process upscaling, the increase in methane yield at optimal steam explosion conditions has to
be economically balanced with the mass loss of solid material during pretreatment and the effort of
pretreatment itself.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/19/3492/s1,
Figure S1. Temperature profile of steam explosion experiments that lead to different severity parameters S0; Table
S1. Photographs and SEM images of untreated rice straw and steam-exploded residue.
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Abstract: Food waste (FW) collected from a university canteen was treated in acidogenic fermenters
to produce volatile fatty acids (VFA) under biological pretreatment with mature compost. Batch
assays working at pH 6 revealed an increment of 9.0%, 7.9%, and 4.1% (on COD basis) of VFA
concentration when adding 2.5%, 3.5%, and 4.5% w/w of mature compost, respectively, even though
the volatile solids (VS) concentration of food waste was lower in the tests with increasing doses
of mature compost. For batch tests at pH 7, this VFA generation improvement was lower, even
though enhanced COD solubilization was recorded. Operating in semi-continuous conditions at
35 ◦C, pH of 6, and hydraulic retention time (HRT) of 3.5 days, the addition of 2.5% w/w of mature
compost led to a VFA concentration up to 51.2 ± 12.3% more (on VS basis) when compared to a
reference reactor without compost addition. Moreover, the percentage of butyric acid on VS basis in
the fermentation broth working at a pH of 6 increased from up to 12.2 ± 1.9% (0% compost addition)
to up to 23.5 ± 2.7% (2.5% compost addition). The VFA production was not improved when a higher
percentage of mature compost was used (3.5% instead of 2.5% w/w), and it slightly decreased when
mature compost addition was lowered to 1.5% w/w. When working at a pH of 7 in the semi-continuous
fermenters with the addition of 2.5% w/w mature compost at an HRT of 3.5 days, an improvement
of 79% and 104% of the VFA concentration (on VS basis) were recorded as compared to fermenters
working at a pH of 6 with 2.5% and 0% w/w of mature compost addition, respectively. At a pH of 7,
higher production of propionic and valeric acids was found with respect to the reactor working at a
pH of 6. The effect of pH on VFA generation was estimated to have greater contribution than that of
only biological pretreatment using mature compost. At a pH of 7, the VFA yield was higher for the
fermenter working with 2.5% w/w mature compost but at a pH of 7 and HRT of 5 days, the effect
of mature compost on VFA production improvement was lower than that obtained at a pH of 6.
Moreover, higher solubilization in terms of soluble chemical oxygen demand and total ammonium
was detected when biological pretreatment using mature compost was applied at both a pH of 6 and
a pH of 7, which indicates enhanced hydrolysis in both conditions.

Keywords: acetic acid; acidogenic fermentation; biorefinery; butyric acid; HRT; pH; propionic acid

1. Introduction

The raising concern about climate change and sustainability have led to an increasing awareness
of resource utilization [1] and, under this context, the demand for energy and materials is now a big
challenge in this century [2]. Urban organic wastes are known to contain a great variety of fermentable
and biodegradable materials, which include biodegradable organic compounds such as sewage sludge
(primary and secondary), food waste (FW), and organic fraction of municipal solid waste (OFMSW),
among others. The acidogenic fermentation of urban organic wastes is gaining attention due to their

153



Molecules 2019, 24, 2986

high accessibility and possible process improvement. In 2012, approximately 90 million tons of FW
was generated in all European countries [3]. This number indicates that a huge quantity of volatile
fatty acids (VFA) could have been recovered through anaerobic acidogenic fermentation. VFA is a key
commodity to produce biomaterials, such as polyhydroxyalkanoates, and biodegradable bioplastics,
which currently have a growing market [4–6]. Other than that, VFA could be used as external carbon
sources for biological nutrient removal (nitrogen and phosphorus) in wastewater treatment plants or
to produce bioenergy [7–9]. To improve the biomaterials utilization from FW, such as PHA, it is of the
utmost importance to maximize the production of VFA and different strategies are possible [10].

Hydrolysis is usually the rate limiting step for VFA production [11–14]. Hence, development
of treatment methods to improve hydrolysis and solubilization of complex organic compounds has
been investigated and it is still under research. Currently, there are a number of pre-treatment
methods [15–18] to enhance the hydrolysis step, which is usually classified as physical, chemical,
and biological. Physical pretreatments (thermal and mechanical) increase the disintegration of cell
membranes or the specific surface area, which can provide better contact between substrate and
microorganisms [19–21]. In chemical pretreatments, the external addition of chemicals (acids, alkalis,
ozonation, etc.) will somehow increase the solubilization of the substrate [17,18,22]. Biological
pretreatments are getting more attention for acidogenic fermentation, since they do not require reagent
additions and do not imply high-energy demands. Among biological pretreatments, bioaugmentation
is a promising approach to enhance VFA production instead of other organic compounds [10].
The simplest use of bioaugmentation is to add to the fermentation medium, which is a pre-adapted
mixed culture. An example is the rumen addition that has been successfully used in anaerobic
fermentation of corn stover [23] or anaerobic digestion of high lignocellulose grass silage [24]. Rumen
addition typically requires an immediate use of it, since these bacteria are very sensitive and could
become inactive after a few hours. Even so, the net positive output has attracted many researchers’
interest. Another approach that would overcome this problem is the use of mature compost, which
is much more stable than rumen, but this biological pretreatment agent has been seldom reported
in literature.

This paper focuses on the VFA production by adding mature compost to FW in acidogenic
fermentation, to assess quantitatively the improvement yields and composition of VFA at different
pHs and hydraulic retention time (HRT). To this end, batch and semi-continuous experiments were
carried out for an operation period of 200 days.

2. Results and Discussion

2.1. Effect of Mature Compost Addition at pH of 6

Several batch tests were performed at a pH of 6.0 using mixtures 1:1 on the volatile solid (VS)
basis of food waste and acidogenic fermentation inoculum of a digester treating FW [15] with different
doses of mature compost (namely, 0%, 2.5%, 3.5%, and 4.5% w/w). Table 1 summarizes the main
characteristics of these batch tests and Figure 1 shows the VFA production with different doses of
mature compost. The results showed that, in a short-term period (10 days), an increment of 9.0%,
7.9%, and 4.1% of VFA concentration (on the COD basis) was observed when 2.5%, 3.5%, and 4.5%
w/w of mature compost was added, respectively, as compared to the batch without compost addition
(it should be noted that the quantity of food waste added in each batch decreased when the percentage
of compost increased).
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Table 1. Main characteristics of the batch tests of food waste using mature compost at a pH of 6.

Parameter Units 0% 2.5% 3.5% 4.5% FW Only Compost Only

Food Waste weight g 84.75 82.63 81.79 80.94 200 -
% VS of Food Waste in the mixture % 50 44 41 39 100 -

Compost weight g - 5 7 9 - 27
% VS of Compost in the mixture % - 13 17 21 - 100

Inoculum weight g 115.25 112.36 111.21 110.06 - -
% VS of Inoculum in the mixture % 50 44 41 39 - -

Initial VS content % 5.36 5.77 6.24 6.52 6.81 1.18
Initial soluble COD g COD/L 36.95 34.64 34.56 35.14 41.22 5.21

Soluble COD at day 10 g COD/L 47.09 50.87 49.95 52.22 55.51 5.18
Initial NH4

+-N mg NH4
+-N/L 355 345 353 339 47 1

NH4
+-N at day 10 mg NH4

+-N/L 1027 1058 1033 1058 458 16

VFA concentration and distribution at day 10

VFA concentration g COD/L 9.82 10.70 10.59 10.22 2.68 0.03
Acetic Acid % COD 21.5 22.3 22.0 22.7 79.0 85.2

Propionic Acid % COD 0.5 0.6 0.7 0.6 4.8 -
Isobutyric Acid % COD 2.0 1.8 1.8 1.9 2.1 -

Butyric Acid % COD 21.0 23.6 23.8 24.5 4.9 7.1
Isovaleric Acid % COD 5.7 5.3 5.0 5.3 0.7 -

Valeric Acid % COD 0.5 0.7 0.7 0.7 2.1 -
Isocaproic Acid % COD 0.2 0.2 0.2 0.2 0.5 -
Hexanoic Acid % COD 47.4 44.6 44.9 43.1 5.2 7.7
Heptanoic Acid % COD 1.0 0.9 0.8 0.9 0.7 -Molecules 2019, 24, x FOR PEER REVIEW 4 of 17 
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Figure 1. VFA concentration monitoring in a batch of acidogenic fermentation tests of FW at a pH of 6
(a) and a pH of 7 (b) with a different mature compost addition and evolution of the VFA distribution in
the fermentation test with 2.5% w/w mature compost addition at a pH of 6 (c) and 7 (d).

Within one day, the batch containing inoculum and FW (with or without compost) increased
to reach a stable VFA concentration. Only small changes were recorded afterwards. This could be
related to the easily fermentable organic material of fresh FW and the high activity of the fermentation
inoculum. Bottles containing only FW could have inherent microorganisms of these substrates, but this
biomass did not contribute much to the formation of VFA in acidogenic fermentation in 10 days.
For the batch containing only mature compost, VFA production remained below 26 mg VFA/L in
this batch. When analyzing the VFA distribution between acidogenic fermentation of FW with and
without addition of mature compost, the difference was not clear, since every individual VFA changed
in a similar way. The biggest change in VFA composition could be seen from day 0 to day 1, which
was the moment when most VFA were produced and reached stable conditions afterward. Table 1
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summarizes the percentage of the three main VFA products obtained at the 10th day of these batch
assays, which are mainly composed by acetic, butyric, and hexanoic acids. Figure 1c shows the
evolution of the VFA profile during the batch test at a pH of 6 where 2.5% w/w was added. It was
observed that butyric and hexanoic acids concentrations had some changes in the first two days.
In contrast, acetic acid was approximately stable during the first five days and remained at 22% COD
of total VFA concentration at day 10. When considering the soluble chemical oxygen demand (sCOD)
analyzed at the end of the batch tests (Table 1), higher solubilization of organic compounds could
be observed when mature compost was added. Without addition of mature compost, only 27.4%
increase in sCOD was observed while 46.8%, 44.5%, and 48.6% increase in sCOD was monitored when
2.5%, 3.5%, and 4.5 % mature compost was added. These indicated that, with the addition of mature
compost, hydrolytic enzymes were introduced into the fermentation broth with the aim to increase the
hydrolytic rate [25,26]. These results were also consistent with the study by Fdez.-Güelfo et al. [27]
who tested the biological pretreatment of OFMSW using mature compost and reported that 2.5% v/v
was enough to increase the sCOD by roughly 50%, which was the indicator of the solubilization yield
in that study. When compost was added, FW was microbiologically solubilized prior to acidogenic
fermentation [28]. In terms of total ammonium nitrogen (TAN), the percentage of solubilization of
ammonium also increased abundantly.

To study the effects in long-term conditions, three semi-continuous reactors (A, B, and C) were put
into operation at a pH of 6 without compost addition working under a retention time of 3.5 days. After
15 days of operation with approximately the same specific VFA production in terms of g VFA/g VS fed,
several doses of mature compost were added to the digesters. Table 2 summarizes the different periods
of FW collection carried out where it is observed that fermenter A (fed with only FW) remained as a
reference reactor, fermenter B worked always with 2.5% (on dry weight) of mature compost (mixed
in the influent FW), and fermenter C worked under different conditions of mature compost addition.
Figure 2 monitors the VFA concentration profiles (in terms of mg CODVFA/L), the VFA yield (expressed
in terms of g VFA/g VSfed), and the Organic Loading Rate (OLR) applied (in terms of g VS/(L day))
during Phase 1. On the other hand, Table 3 shows the main characteristics of the effluent fermentation
broth obtained in each period and Figure 3 shows the monitoring of the individual VFA during the
whole experimental period.

Table 2. Summary of the working conditions for the three semi-continuous mesophilic fermenters in
the periods tested.

Fermenter

Phase 1 2

Stage 1 2 3 4 1 2 3

Period (Days) 0–14 15–34 35–84 85–114 115–146 147–168 168–198

A
pH 6 6 6 6 6 6 6

HRT (days) 3.5 3.5 3.5 3.5 3.5 3.5 3.5
Compost (% w/w) - - - - - - -

B
pH 6 6 6 6 6 6 7

HRT (days) 3.5 3.5 3.5 3.5 3.5 3.5 5
Compost (% w/w) - 2.5 2.5 2.5 2.5 2.5 -

C
pH 6 6 6 6 7 7 7

HRT (days) 3.5 3.5 3.5 3.5 3.5 5 5
Compost (% w/w) - - 3.5 1.5 2.5 2.5 2.5
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Figure 3. OLR (a) and individual VFA concentration in the whole experimental period of fermenters
A (b), B (c), and C (d).

When 2.5% w/w of mature compost was mixed with FW as feeding of fermenter B, an increase
of VFA production in comparison to the reference fermenter was observed. The VFA yield reached
its maximum 0.27 gVFA/gVS on day 73 after the addition of 2.5% w/w of mature compost, with an
average improvement in VFA yield of 30.6 ± 16.7% (VS basis) in that the FW collection period with
respect to the reference reactor. When fermenter C was fed with FW and 3.5% w/w of mature compost
(days 35–84), the production of VFA on average, was 29.8 ± 14.4% more (VS basis) than that of the
reference fermenter. Therefore, it yielded similar results than the fermenter working with 2.5% w/w
mature compost. To further understand the relationship between the percentage of mature compost
and VFA production under these operating conditions, the percentage of mature compost in the feeding
was decreased from 3.5 to 1.5% w/w in fermenter C. When the percentage of mature compost was
lowered, the VFA yield slightly decreased with respect to fermenter with 2.5% w/w mature compost.
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Therefore, in both long-term and short-term periods, with the presence of mature compost, VFA
production could be limitedly boosted up in the beginning and maintained its dominance during the
experiment, without considering the quantity of doses. Generally, higher solubilization expressed in
terms of sCOD was detected in the fermenters working with mature compost addition (see Table 3),
which is also consistent with a higher NH4

+-N concentration in the fermentation broth. This might
be due to the mature compost, which contains a variety of microorganisms, aerobic and anaerobic,
with hydrolytic enzymes, which are capable of improving the solubilization of biodegradable organic
matter [27]. Moreover, butyric acid percentage on a VS basis in the fermentation broth was enhanced
due to mature compost addition at a pH of 6, which increases from up to 12.2 ± 1.9% (without compost
addition) to up to 23.5 ± 2.7% (2.5% w/w compost addition).

Aside from the changes of mature compost percentage, it can be clearly seen that the VFA
concentration of the reference fermenter was not constant, since the influent feedstock was not exactly
the same in every collection and also the OLR varied from one period to the other. The mature compost
addition resulted in a higher VFA yield with respect to the reference reactor in those periods when the
OLR was lower. These results also reveal the current situation of VFA produced through acidogenic
fermentation of real FW obtained directly from local restaurants, canteens, or households. Therefore,
the fluctuations emerged during this experiment could be caused by the continuous changing of real
FW every two to three weeks.

2.2. Effect of Mature Compost Addition at a pH of 7

Figure 1b shows the evolution of VFA concentration in batch assays treating FW under 35 ◦C and
a pH of 7. Table 4 summarizes the main characteristics of these batch tests. From the results of batch
assays, it could be observed that the VFA concentration steadily increased but did not show a large
increment from day 0 to day 4. More VFA started to be produced from day 4 onward and reached
the maximum observed VFA concentration on day 7. Batch tests with 2.5%, 3.5%, and 4.5% mature
compost were able to reach 15.2 ± 0.9, 14.9 ± 0.8, and 14.9 ± 0.6 gCODVFA/L, respectively, at day 7.
In this batch test, the bottles containing 0% mature compost followed the VFA production trend of
those containing various percentages of mature compost ranging from 2.5% to 4.5% and their difference
was relatively small (it should be noted that the quantity of food waste added in each batch decreased
when the percentage of compost increased). A VFA concentration below 175 mg/L was detected in the
control assay where only mature compost was added. The evolution of the distribution of individual
VFA for the batch test with 2.5% compost (w/w) at a pH of 7 is shown in Figure 1d, where it is observed
that the hexanoic acid percentage decreased with time while propionic and butyric acids increased.
The day when the maximum VFA concentration was recorded (day 7) at a pH of 7 by adding 2.5%
w/w compost. The main VFA constituent was acetic acid, accounting for approximately 5.99 gCOD/L,
which was followed by hexanoic (3.79 gCOD/L), butyric (2.71 gCOD/L), propionic (1.16 gCOD/L),
and isovaleric acid (0.78 gCOD/L). A similar proportion of VFA was reported in the experiment carried
out by Kumar and Mohan [29] treating vegetable waste, considering only short chain carboxylic acids
(C2–C5). Moreover, these authors [29] obtained 2.6% and 7.0% propionic acid in the fermentation
broth at a pH of 6 and a pH of 7, respectively, which is in line with the results obtained in this study,
where a significant increment of propionic acid production was observed from day 4 to day 6 when
working under neutral pH and mature compost addition (see Figure 1d). These results brought to
the conclusion that acidogenic fermentation at neutral pH changed the metabolic pathway, which
leads to the production of propionic acid as compared to partially acidic pH. To define the state of
acidogenic fermentation, some researchers used the degree of acidification [29–31], which represents
the bioconversion of substrate into short chain carboxylic acids (VFA in this study). In a short-term
period, an increase in sCOD and total ammonium nitrogen (TAN) can be observed (see Table 4).
Higher sCOD after acidogenic fermentation proved the hydrolysis and solubilization occurred in
this fermentation process. Without adding mature compost, sCOD could raise from 40.6 gCOD/L to
48.5 gCOD/L and the addition of 3.5% mature compost led to the highest increment, which was 25.4%,
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from 39.1 gCOD/L to 49.1gCOD/L. This value shrunk when the mature compost addition was increased
from 3.5% to 4.5%. Fdez.-Güelfo et al. [27] compared the effect of solubilization with different doses of
mature compost varying between 2.5% to 10% (v/v) and a big difference in the increment of sCOD was
found between 2.5% and 5% mature compost, where 2.5% yielded the highest and 5% was only half
of that. In their experiment, the lowest doses produced the highest increase of sCOD, which might
be due to higher consumption of solubilized organic compounds when metabolic activity increases.
On the other hand, TAN was directly proportional to the mature compost added without addition of
mature compost. TAN was able to raise 60% respect to its initial value. This number was even higher
when a different percentage of mature compost was added.

Table 4. Main characteristics of the batch tests of food waste using mature compost at a pH of 7.

Units 0% 2.5% 3.5% 4.5% FW Only Compost Only

Food Waste weight g 44.50 43.39 42.95 42.50 200 -
% VS of Food Waste in the

mixture % 50 43 41 39 100 -

Compost weight g - 5 7 9 - 9
% VS of Compost in the mixture % - 13 18 22 - 100

Inoculum weight g 155.50 151.61 150.05 148.50 - -
% VS of Inoculum in the mixture % 50 43 41 39 - -

Initial VS content % 2.32 2.65 2.89 2.97 9.59 0.40
Initial soluble COD g COD/L 40.56 39.54 39.14 38.73 35.61 6.53
Final soluble COD g COD/L 48.47 47.88 49.06 42.93 n.a 6.86

Initial NH4
+-N mg NH4

+-N/L 728 734 727 680 n.a 7
Final NH4

+-N mg NH4
+-N/L 1164 1635 1724 1803 n.a. 195

VFA Concentration and Distribution at Day 10

VFA concentration g COD/L 12.94 13.28 13.43 11.74 5.18 0.23
Acetic Acid % COD 37.5 37.4 38.2 35.9 76.2 53.0

Propionic Acid % COD 6.8 7.3 7.5 7.3 13.5 -
Isobutyric Acid % COD 2.6 2.5 2.6 2.6 2.9 -

Butyric Acid % COD 18.4 19.6 19.4 19.4 1.2 22.0
Isovaleric Acid % COD 5.7 5.3 5.2 5.4 1.1 -

Valeric Acid % COD 1.3 1.4 1.4 1.5 1.6 -
Isocaproic Acid % COD 0.1 0.1 0.1 0.1 0.4 -
Hexanoic Acid % COD 25.7 24.8 24.3 26.3 1.6 24.9
Heptanoic Acid % COD 1.7 1.6 1.4 1.5 1.5 -

n.a.: Not analyzed.

Regarding the semi-continuous operation of the acidogenic fermenters, at the beginning of Phase 2,
a change from pH 6 to pH 7 was applied to fermenter C. As shown in Figure 4, after changing to pH 7,
the microorganisms responded quickly and the total VFA concentration of fermenter C was boosted
five days later. A stepwise increment of VFA concentration from day 120 to 125 and from day 130
to 135 was related to a sudden increase in OLR, due to different FW collection periods. However,
VFA production in fermenters A and B followed the same trends as in the previous period since
they remained working at a pH of 6. FW is known by its heterogeneous composition in terms of
carbohydrates, proteins, and lipids [32], and the randomly collected food waste from a University
canteen leads to added complexity related to the different composition of this waste. Mixed microbial
cultures (MMC) make VFA production possible through different metabolic pathways, which depend
on the type of substrates (carbohydrates, proteins, and lipids) [33], among other factors. Nevertheless,
there could exist some hindrances to retard or even stop the VFA generation by MMC, where one of
them is steric hindrance from a residual extracellular polymeric substance (EPS) polymeric network [34].
EPS molecules result in the formation of a tight extracellular matrix (ECM) covering cells that constitute
barriers, which will prevent the penetration of hydrolytic enzymes during digestion [35]. A large
gap between fermenters working at a pH of 6 (A and B) and a pH of 7 (C) can be noted by the end
of the first stage of Phase 2. In this phase, the biological pretreatment at a pH of 6 contributed to
11% to 25% improvement on VFA generation (on VS basis) with respect to the reference reactor at a
pH of 6. The combined effect of regulating the pH to 7 while dosing mature compost yielded a net
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positive enhancement of VFA production. At a pH of 7 with the addition of 2.5% mature compost with
an HRT of 3.5 days, an improvement of 79% and 104% of the VFA concentration (on VS basis) were
recorded during this phase (days 133–145) as compared to fermenters B and A, respectively. From these
comparisons, the effect of pH on VFA generation was estimated to have greater contribution than
that of only biological pretreatment using mature compost. The regulation of pH to a value near 7
enhanced the solubilization of FW and resulted in having more sCOD and NH4

+-N, as summarized in
Table 3, and a concomitant higher VFA production. Moreover, the VFA profile at a pH of 7 with mature
compost addition was different from that obtained at a pH of 6 (as stated in Table 3 and Figure 3).
A rise in propionic, valeric, and isovaleric acid production was observed.
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Figure 4. Evolution of (a) VFA concentration of the fermentation broth, (b) specific VFA production,
and (c) applied OLR when treating FW with several percentages of mature compost at a pH of 6 and
pH of 7 in fermenters A, B, and C.

In addition to working at a pH of 7, the HRT of Fermenter C was increased from 3.5 to 5 days.
At longer HRT, more time was given to bacteria to undergo decomposition of long chain organic
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molecules, especially the rate-limiting hydrolysis step. Although it could be possible to achieve higher
VFA production, risk of interference of methanogenic activities should also be taken into account [32].
Figures 3 and 4 show the VFA concentration of the semi-continuous operation of this fermenter.
When HRT was increased to 5 days in fermenter C, VFA concentration in the fermentation broth
increased linearly from 15.8 gCOD/L to 24.8 gCOD/L and remained within these limits in the third
stage, with changes related mainly to OLR and the collected FW. In this case, it was unclear whether
extending HRT from 3.5 days to 5 days had led to higher VFA yield, since, even though, the VFA
yield increased during this period in Fermenter C, the VFA yield improvement with respect to the
reference reactor (fermenter A) was in the same range. Kuruti et al. [36] performed some experiments
to examine the optimal HRT for acidogenic fermentation and found out that, irrespective of the pH,
batch fermentation broths were stabilized on day 4, 7, and 5 when working with glucose, cattle manure,
and poultry litter, respectively. Moretto et al. [37] also suggested to consider HRT of 6 days to achieve
best performance of process yield and maximum VFA level through the results of their experiments
when treating a mixture of squeezed OFMSW and thickened waste activated sludge at a pH of 9
and mesophilic temperature (37 ◦C). In this study, the mesophilic fermenter containing 2.5% mature
compost and operating at a pH of 7 produced the highest quantity of VFA when compared with the
other two in operation.

Regarding the VFA profile (on VS basis) in this fermenter, acetic, propionic, butyric, isobutyric,
valeric, and isovaleric acids accounted for the 48.7 ± 3.0%, 4.6 ± 0.9%, 18.4 ± 2.8%, 1.67 ± 0.19%,
4.63 ± 1.49%, and 3.44 ± 0.65%, respectively, of the total amount of VFA produced during the last
stage of the experiment in accordance to the last FW collection period. Furthermore, in the last stage,
the working pH of Fermenter B was regulated to 7, the retention time was extended to 5 days, and the
mature compost addition was stopped. The net VFA production after making these modifications was
positive, and a pH regulation to 7, together with increasing HRT, had greater effects on VFA generation.
Comparing VFA production from fermenter B and C, VFA yield was higher for the fermenter working
with mature compost but it was not possible to conclude that, at a pH of 7 and HRT of 5 days, the effect
of mature compost on VFA production was as significant as when working at a pH of 6 (Phase 1).
However, COD solubilization and NH4

+-N release was higher when adding mature compost at a pH
of 7 and HRT 5 days, which led to a lower ratio of VFA concentration with respect to soluble COD for
the fermenter with mature compost addition, as stated in Table 3.

3. Materials and Methods

3.1. Substrate and Inoculum

The FW was collected from a university canteen every two weeks, approximately. Although the
composition changed between collection periods, it mainly contained pasta, potato, meat, rice, noodles,
bread, vegetables, and fruit peels. Once collected, FW was shredded (Bosch, Spain, MMB66G5M) and
mixed with deionized water in a proportion of approximately 1:2 by volume, to obtain a concentrated
feedstock of FW. This FW was stored in a refrigerator chamber at 4 ◦C until its usage. When the feedstock
was needed for acidogenic fermentation, this substrate was diluted with deionized water to control
the contents of total solids (TS, 4.45–7.57%) and volatile solids (VS, 3.78–6.43 %) so that their values
were within a certain range during the experiments. The characterization of FW collected in different
periods is shown in Table 5. The mature compost was collected from a full-scale mechanical-biological
treatment (MBT) plant in the metropolitan area of Barcelona and came from tunnel composting of
OFMSW and park and garden waste. The collected compost contained 52% of TS and 27% of VS.
Once it was collected, compost was stored in a closed vessel to preserve its original moisture contents.
Unlike FW, the mature compost was collected in one single time. Therefore, the characteristics of
the mature compost were constant throughout the experiments. The inoculum used was effluent of
acidogenic fermenter treating FW at a pH of 6 and hydraulic retention time (HRT) of 3.5 days from a
previous work [15].
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3.2. Experimental Set-Up

3.2.1. Batch Assays: FW with Mature Compost

Discontinuous assays were performed in serum bottles of a 200-mL effective volume with different
mature compost doses (0, 2.5, 3.5, and 4.5% w/w) to study the effects of mature compost on VFA
production and their individual VFA profile. Serum bottles were filled with inoculum and substrate
according to their volatile solids content, to obtain an inoculum to substrate ratio (ISR) of 1:1 by weight.
Corresponding mature compost doses (0, 2.5, 3.5, and 4.5% w/w) were then added. Blank samples were
prepared as a control, including inoculum, substrate, and mature compost (three times the weight for
4.5% w/w and filling with deionized water). In different periods of time, two batches were carried out
operating at a pH of 6 and a pH of 7 by using sodium bicarbonate (NaHCO3) and hydrochloric acid
(10 M HCl) for pH adjustment. Before the bottles were sealed with a stopper containing PTFE/Butyl
septum, nitrogen gas was flushed through the headspace to remove residual air. These bottles were
located inside an incubator (Memmert GmbH + Co. KG, Schwabach, Germany, Pass-through ovens
UF750) working at a mesophilic temperature (35 ◦C). Furthermore, 2.5 mL of the sample were taken
and centrifuged at 4000 rpm for 15 min. The supernatant was filtered by a 0.45-µm syringe filter. Part
of this filtered sample was used for soluble chemical oxygen demand (sCOD) and total ammonium
nitrogen (TAN) analysis in day 0 and day 7 while the other part of the filtered sample was prepared for
VFA analysis where this operation was performed daily from day 0 to 7, and, on day 10, to check the
stability of VFA production. The pH measurements were performed in the beginning (day 0) and the
end of the batch test (day 10), and two selected days in between (day 3 and 7). In these days when the
measurement was carried out, pH was adjusted to their initial pre-set values in order to avoid different
behaviors on VFA production due to pH fluctuation. Analyses were performed in duplicate for the
standard deviation calculation.

3.2.2. Semi Continuous Operation

For this study, three jacketed lab-scale reactors with an effective working volume of 4.5 L and
mechanically stirred (using IKA-Werke, IKA Werke GmbH & Co. KG, Staufen, Germany, RW 16 basic
functioning at approximately 150 rpm) were used as acidogenic fermenters at mesophilic conditions
(35 ◦C) working with FW. These fermenters were operated at HRT of 3.5 days and the equivalent
quantity of substrate (FW) was fed manually once per day (fed-batch culture). During feeding and
draw-off operations, a minimum amount of nitrogen gas was flushed through the headspace of
fermenters to avoid entering air.

At the beginning of the experiment, the three fermenters (A, B, and C) were fed with FW for 15 days.
At this moment, all fermenters were working at HRT of 3.5 days and a pH of 6, and NaHCO3 was
used to increase alkalinity of the fermentation broth and to adjust pH to the pre-set value. The whole
experiment was carried out under mesophilic conditions (35 ◦C). Fermenter A remained as the reference
reactor and was always fed with FW without adding mature compost.

To analyze the long-term effect of biological pretreatment using mature compost on the acidogenic
fermenter, fermenter B was fed with a mixture of FW and compost, which represented the 2.5% w/w.
In fermenter C, different doses of mature compost were added to test the effect of the quantity of
mature compost addition. Later, in addition, to study the effects of biological pretreatment, pH and
HRT were taken into consideration. Table 2 summarizes the compost addition, working pH, and HRT
applied in each acidogenic fermenter. As stated in this Table, to evaluate the fermenters’ performance
at a different pH and HRT conditions, the reference fermenter (A) worked at a pH of 6, HRT 3.5 days,
and without mature compost addition and the other fermenters could work at a pH of 6 or 7, at different
HRT of 3.5 or 5 days, and at different mature compost dosages (up to 3.5% w/w) depending on the
parameter to be studied. Samples were taken daily on weekdays for continuous assessment of VFA
and effluent pH, and other characterizations were analyzed two to three times per week.
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3.3. Analytical Methods

The analysis of soluble COD, total solids (TS), and volatile solids (VS) were performed in
accordance to the Standards Methods for the Examination of Water and Wastewater [38]. For the
determination of the total ammonium nitrogen (TAN) concentration, the sample was centrifuged at
4000 rpm for 15 min, the supernatant was filtered through a 0.45 µm-pore size regenerated cellulose
syringe filter. Samples were properly diluted to have the TAN range between 1 to 100 ppm and were
analyzed with an ammonium ion selective electrode (Thermo Scientific, Beverly, MA, USA, Orion
9512HPBNWP). The pH was determined using a Crison pH electrode (pH series 52–04). Filtered
samples were acidified with 85% phosphoric acid for VFA concentration analysis. Individual VFA
including acetic, propionic, isobutyric, butyric, isovaleric, valeric, isocaproic, caproic, and heptanoic
acids were determined by gas chromatography (Shimadzu GC 2010 plus) (Shimadzu Corporation,
Kyoto, Japan) equipped with a capillary column (Nukol™, 15 m × 0.53 mm × 0.5 µm) and flame
ionization detector (FID) (Shimadzu Corporation, Kyoto, Japan). The initial temperature of capillary
column was 80 ◦C and increased at 10 ◦C/min to 110 ◦C, from 110 ◦C to 145 ◦C at 15 ◦C/min, which
was followed by an increment of 20 ◦C/min to reach 190 ◦C. The temperature was 280 ◦C and 300 ◦C to
the injector and detector, respectively. The carrier gas was helium, the fuel gas was hydrogen, and the
oxidizing gas was synthetic air. Hence, individual VFA were detected by the programmed method for
this gas chromatograph.

4. Conclusions

In this study, FW collected from a university canteen was treated in acidogenic fermenters
to produce volatile fatty acids (VFA) under biological pretreatment with mature compost. Batch
assays working at a pH of 6 revealed an increment of 9.0%, 7.9%, and 4.1% (on COD basis) of VFA
concentration when adding 2.5%, 3.5%, and 4.5% w/w of mature compost, respectively, even though
the VS concentration of food waste was lower in the tests with increasing doses of mature compost.
When increasing the operating pH to 7, batch tests also revealed higher COD solubilization due to
mature compost addition, even though it did not significantly impact enhanced VFA concentration in
the fermentation effluent.

The addition of 2.5% w/w of mature compost to a semi-continuous acidogenic fermenter treating
FW at mesophilic conditions (35 ◦C), pH of 6, and HRT of 3.5 days led to an improvement of the
volatile fatty acids (VFA) yield up to 51.2 ± 12.3% (on VFA basis) when compared to the reference
reactor working without mature compost addition. The mature compost dosage at a pH of 6 resulted
in a higher percentage of butyric acid on a VS basis in the fermentation broth, which increases from up
to 12.2 ± 1.9% (0% compost addition) to up to 23.5 ± 2.7% (2.5% w/w compost addition). Moreover,
a higher sCOD content and a higher NH4

+-N concentration was monitored in reactors working with
mature compost, as a result of an enhanced hydrolytic activity. Considering the reactor working at a
pH of 6 with 2.5% w/w addition, a higher compost addition of 3.5% w/w did not lead to higher VFA
yield, while a slightly lower VFA production was recorded when working with 1.5% w/w.

When pH was changed from a pH of 6 to a pH of 7, VFA production was boosted and a higher
production of propionic and valeric acids was recorded with respect to the reactor working at a pH of
6. In the semi-continuous fermenters with addition of 2.5% w/w mature compost at a pH of 7 with
an HRT of 3.5 days, an improvement of 79% and 104% of the VFA concentration (on VS basis) were
recorded as compared to fermenters working at a pH of 6 with 2.5 and 0% w/w of mature compost
addition, respectively. Therefore, the effect of pH on VFA generation was estimated to have greater
contribution than that of only biological pretreatment using mature compost. At a pH of 7, the VFA
yield was higher for the fermenter working with mature compost but it was not possible to conclude
that at a pH of 7 and HRT of 5 days, the effect of mature compost on VFA production was as significant
as in a pH of 6. However, COD solubilization and NH4

+-N release was higher when adding mature
compost at a pH of 7 and HRT 5 days, which led to a lower ratio of VFA concentration with respect to
soluble COD for the fermenter with mature compost addition.
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Abstract: (1) Background: The continuously increasing demand for renewable energy sources renders
anaerobic digestion as one of the most promising technologies for renewable energy production. Due
to the animal production intensification, manure is being used as the primary feedstock for most
biogas plants. Their economical profitable operation, however, relies on increasing the methane yield
from the solid fraction of manure, which is not so easily degradable. The solid fraction after anaerobic
digestion, the so-called digested fibers, consists mainly of hardly biodegradable material and comes
at a lower mass per unit volume of manure compared to the solid fraction before anaerobic digestion.
Therefore, investigation on how to increase the biodegradability of digested fibers is very relevant. So
far, Aqueous Ammonia Soaking (AAS), has been successfully applied on digested fibers separated
from the effluent of a manure-fed, full-scale anaerobic digester to enhance their methane productivity
in batch experiments. (2) Methods: In the present study, continuous experiments at a mesophilic
(38 ◦C) CSTR-type anaerobic digester fed with swine manure first and a mixture of manure with
AAS-treated digested fibers in the sequel, were performed. Anaerobic Digestion Model 1 (ADM1)
previously fitted on manure fed digester was used in order to assess the effect of the addition of
AAS-pre-treated digested manure fibers on the kinetics of anaerobic digestion process. (3) Results
and Conclusions: The methane yield of AAS-treated digested fibers under continuous operation was
49–68% higher than that calculated in batch experiments in the past. It was found that AAS treatment
had a profound effect mainly on the disintegration/hydrolysis rate of particulate carbohydrates.
Comparison of the data obtained in the present study with the data obtained with AAS-pre-treated
raw manure fibers in the past revealed that hydrolysis kinetics after AAS pre-treatment were similar
for both types of biomasses.

Keywords: ADM1; anaerobic digestion; aqueous ammonia soaking pre-treatment; continuous;
digested manure fibers; modelling

1. Introduction

Anaerobic digestion is one of the most promising renewable energy technologies, as it provides a
solution to both environmental and energy considerations. Some of the benefits of this technology
are that it reduces the odour, minimizes the size of the organic wastes, contributes to the reduction of
the greenhouse gases emissions and produces a high value fertilizer as well as a renewable energy
gas. Anaerobic digestion of swine manure has been a wide matter of discussion and it has proved
a promising approach for renewable energy production in the form of methane. Nowadays, due to
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the intensification of animal production, manure seems to be the largest available substrate for biogas
plants, in Europe. According to the European parliament [1] 55% of the available biomass for biogas
production comes exclusively from animal manure. In fact, 22 large-scale biogas plants are currently
under operation in Denmark using manure as primary feedstock, but their economical profitable
operation relies on increasing the methane yield from manure [2].

Although manure is undoubtedly an excellent carrier for biogas plants, it contains an organic
fraction which is not easily degraded. Many different strategies have been developed so far to increase
the methane potential of the manure. New separation technologies that are being applied before
anaerobic digestion have been tested over during the last few years [3]. The liquid fraction of the
manure could be used as fertilizer in the farms while the solid fraction could be transported to
centralized biogas plants for methane production [4]. Additionally, several different pre-treatment
technologies have been applied to increase the methane yield of manure and manure fibers. Some
representative results are those of Hartmann et al., [5], where mechanical maceration was applied on
fibers with a 25% increase on the methane yield, and also the study of Bruni et al., [6] who applied
hydrothermal, chemical, as well as enzymatic pretreatments on fibers, with a maximum increase of
66%. One chemical pre-treatment, which has been initially investigated for bioethanol production is
Aqueous Ammonia Soaking (AAS). Ammonia is a proven delignification reagent, which is quite safe
to handle, non-polluting and non-corrosive [7], and due to its high volatility, it can be easily recovered
and recycled [7], thus avoiding the need of any further chemical consumption. More recently, AAS
was also applied on the treatment of the fibrous fraction of raw and digested manure fibers, under
room temperature [8,9]. In both studies, Aqueous Ammonia Soaking (AAS) treatment combined with
subsequent removal of ammonia (which also gives the possibility for being recycled in a full-scale plant)
was applied effectively, resulting in a high increase of the methane yield. According to Jurado et al. [8]
an increase of up to 78% was observed compared to the non-treated raw manure fibers (control), during
the first 16 days of digestion while optimisation of the pre-treatment conditions for raw manure fibers
resulted in an impressive 244% increase of the methane yield [10]. Similar results were observed in
the study of Mirtsou-Xanthopoulou et al. [9] where an increase of up to 110% was observed in the
methane yield of digested manure fibers compared to the non-treated ones (control). Post-treatment of
digested fibers focuses only on hardly biodegradable biomass in contrast to raw fibers where easily
biodegradable material is also present. Therefore, the mass of fibers to be treated is expected to be
significantly lower in case of digested fibers leading thus to a more economical process. The question
that the present study addresses is whether models developed for digesters processing manure can
actually be applied when the influent stream is supplemented with AAS-treated digested fibers and
how disintegration/hydrolysis kinetics compare to those of AAS-treated raw fibers.

In general, mathematical models are used in order to efficiently describe and predict the efficiency
of different biological processess. Different models for describing the anaerobic digestion process
and predicting the methane production and effuent characteristics started to emerge as early as in
1970 [11]. The Anaerobic Digestion Model 1 (ADM1) is a generic mathematical model, which was
developed specifically for the anaerobic digestion process in 2002 by the IWA anaerobic digestion task
group [12]. ADM1 is a modeling platform that can be used for simulating the biogas process under
different substrates and operating conditions, taking into account the most important biological and
physicochemical processes of anaerobic digestion. Since ADM1’s publication, numerous studies have
been published applying, fitting and tuning ADM1 to different feedstocks, reactors and operating
conditions [13]. Digesting manure with different substrates is a case that has also been lately applied in
modeling with ADM1 [14–19], although to a lesser extent considering that there are around 300 ADM1
based studies and only 10% refer to manure as the main feedstock despite the fact that manure is one
of the basic and most well-known feedstocks of anaerobic digesters.

In the present study, continuous experiments at a mesophilic (38 ◦C), CSTR-type, anaerobic digester
fed with swine manure first and a mixture of manure with AAS-treated digested fibers in the sequel,
were performed in order to verify the experimental data obtained from batch experiments. A modified
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Anaerobic Digestion Model 1, accounting for co-digesting feedstocks of different composition [20] was
used in order to assess the effect of the addition of AAS-pre-treated digested manure fibers on the
kinetics of anaerobic digestion process.

2. Results and Discussion

2.1. Influent Characterization

The characteristics of manure and AAS-treated digested manure fibers are shown in Table 1. As
anticipated, the AAS-treated fibers consisted mainly of particulate organic matter with carbohydrates
being a substantial fraction while manure was rich in soluble organic matter.

Table 1. Characteristics of manure (A) and (B) and of Aqueous Ammonia Soaking (AAS)-pre-treated
raw manure fibers.

Characteristics, Particulate
Matter

Manure A a (Used in
Phases 1 and 2)

AAS-Pretreated Digested
Fibers

(Used in Phases 2, 3 and 4)

Manure B a

(Used in Phases 3 and 4)

COD, kg/100 kgTS 79.11 75.34 124.19
Carbohydrates, kg COD/100 kg TS 6.10 32.75 9.57

Proteins, kg COD/100 kg TS 28.00 21.41 43.95
Lipids, kg COD/100 kg TS 32.65 1.10 51.25
Inerts, kg COD/100 kg TS 12.37 20.08 19.42

Characteristics, soluble matter
COD, kg/100 kgTS 91.83 23.7 55.90

Sugars, kg COD/100 kg TS 0 0 0.0
Aminoacids, kg COD/100 kg TS 18.92 1.02 11.52

Long chain fatty acids,
kg COD/100 kg TS 21.25 19.49 12.94

Valeric acid, kg COD/100 kg TS 0 0.66 0.0
Butyric acid, kg COD/100 kg TS 3.98 0.00 2.42

Propionic acid, kg COD/100 kg TS 8.46 0.34 5.15
Acetic acid, kg COD/100 kg TS 34.75 2.07 21.15

Inerts, kg COD/100 kg TS 4.46 0 2.71
Inorganic carbon, kmole/100 kg TS 0.53 0.05 0.32

Inorganic phosphorus,
kmole/100 kg TS 9.59 × 10−3 6.52 × 10−3 0.0058

Inorganic nitrogen (NH3-N),
kmole/100 kg TS 0.73 4.28 × 10−2 0.44

a as reported in Jurado et al. [20].

2.2. Continuous Experiments and Modeling Results

Operating conditions and steady state characteristics of the anaerobic digester fed with manure A
(first phase) and a mixture of manure A and AAS-pretreated digested manure fibers (second phase)
are summarised in Table 2. Despite the fact that manure fibers were characterised by a much lower
content in soluble organic material (Table 1) the biogas production of the second steady state (with
manure and fibers as influent) was 16% higher than that of the first (with only manure as influent). The
methane yield was calculated as 0.303l CH4/g TS during the first steady state with manure as influent
and 0.272 l CH4/g TS during the second steady state when the digester was being fed with mixture
of manure and AAS-treated digested fibers. Given that the TS ratio of manure:fibers in the influent
of the digester was 0.52:0:48 and assuming that the methane yield due to the manure fraction was
0.303l CH4/g TS also during the second steady state, then the methane yield of AAS-treated digested
fibers was calculated to be 0.238 l CH4/g TS. In previous studies, the methane yield from AAS-pretreated
digested fibers was measured in the range of 141–160 mL CH4/g TS in batch experiments (compared to
a methane yield of 76 mL CH4/g TS from non-treated digested fibers) [9]. Consequently, the continuous
experiments verified what it was observed in batch experiments; namely that AAS pretreatment
resulted to a significant increase of methane yield of digested fibers. The even higher methane yield
obtained from the continuous experiment was most probably due to the adaptation of the mixed

173



Molecules 2019, 24, 2469

microbial culture on the different feedstock since the batch experiments were performed with inoculum
which was adapted to manure only, where actually no hydrolysis had taken place [20].

Table 2. Operating conditions, experimental measurements and model predictions for the steady states
on manure and mixture of manure and AAS-treated digested fibers.

Operating Conditions Manure A (1st Phase) Mixture of Manure A and AAS-Treated Digested
Fibers (2nd Phase)

HRT, d 24–25 24–25
Flow rate, mL/d 114–134 117–125
Organic loading rate
(OLR), g COD/l/d 2.83–3.53 2.30–3.65

Soluble OLR, g soluble
COD/l/d 1.52–1.90 1.00–1.58

Steady state
characteristics Manure A (1st phase) Mixture of manure and AAS-treated digested fibers

(2nd phase )

Experimental Model Experimental Model

Methane, % 67.6 ± 2.1 64.2 ± 8.3 66.6 ± 1.8 67.0 ± 7.6
Biogas production, m3/d 2.32 × 10−3 ± 0.2 × 10−3 2.65 × 10−3 ± 0.1 × 10−3 2.70 × 10−3 ± 0.3 × 10−3 2.9 × 10−3 ± 0.2 × 10−3

pH 8.2 8.1 8.1 8.0
Acetic acid, kgCOD/m3 0.142 ± 0.025 0.087 ± 0.013 0.161 ± 0.084 0.081 ± 0.018
Propionic acid,
kgCOD/m3 0.023 ± 0.005 0.018 ± 0.002 0.012 ± 0.003 0.019 ± 0.002

Butyric acid, kgCOD/m3 0.026 ± 0.002 0.011 ± 0.001 0.007 ± 0.0001 0.012 ± 0.001

ADM1 as developed in Jurado et al. [20] was used to simulate the first phase where only manure
A was being added in the reactor. During the second phase, where the digester was fed with the
mixture of manure A and AAS-pretreated digested fibers, fitting of the ADM1 to the experimental data
was performed. The only kinetic parameters, which were mostly affected, were those of carbohydrates
and proteins hydrolysis. Hydrolytic kinetic constants for carbohydrates and proteins in manure had
been calculated as 0 and 2.8 × 10−4 d−1, respectively [20], while for the mixture were increased to
6.8 × 10−2 and 7.0 × 10−3 d−1 and are in very good agreement with the hydrolysis constants estimated
for AAS-pretreated raw manure fibers, 7.3 × 10−2 and 7.1 × 10−3 d−1, respectively [20]. Hydrolysis
constants were remarkably lower compared to all soluble substrate consumption rates, including
volatile fatty acids and therefore it can be assumed that hydrolysis is the rate-limiting step for the
overall anaerobic digestion process when adding manure fibers at the ratio tested hereby. Kinetics of
volatile fatty acids uptake seemed to be unaffected as the behaviour of the digester under the pulse
disturbances was satisfactorily simulated by the model without any further change in the kinetic
parameters. The latter is very well depicted in Figures 1–3 where the experimental and predicted by
the model VFA concentrations during the pulse experiments are presented.
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Model predictions for the steady state on manure A are also shown in Table 2. It is noticeable
that the model, which was developed in another digester fed with manure, was able to accurately
predict the steady state reached in the present study. Table 2 also includes model predictions for the
second phase, after fitting of the model had been performed. It is obvious that the model was able to
adequately predict the steady state reached on the mixture of manure A and AAS-pretreated digested
fibers after alteration of just the hydrolytic constants.

Subsequently, ADM1, with the new values of the hydrolytic constants as obtained from the second
phase, was used to simulate the performance of the digester during the third and fourth phases, where
a mixture of manure B and AAS-treated digested fibers (at a ratio of 0.52:0.48 on Total Solids basis) was
the influent at an HRT of 25 and 11.2 d., respectively.

The experimentally measured, as well as the calculated by the model, biogas production rate
together with the organic (TS based) loading rate of the digester throughout the four phases of the
continuous experiment are shown in Figure 4. The model exhibited a remarkable ability to predict the
biogas production rate after significant change of the feeding characteristics (from manure A to manure
B in the third phase) as well as of the HRT of the system (from 25 d to 11.2 d in the fourth phase). Last
but not least, the model also satisfactorily predicted the methane concentration in the biogas, of the last
two phases of the continuous experiments. Specifically, for the third phase, the model predicted an
average percentage of methane in the biogas of around 64.6 ± 0.5 and experimentally it was measured
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as 63.2 ± 0.1. For the fourth phase, the methane percentages predicted from the model and measured
experimentally were 68.2 ± 2.2 and 63.2 ± 0.4, respectively.
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Figure 4. Experimental and theoretical biogas production rate in m3/d (A) and organic loading rate in
g TS/d (B) throughout the four phases.

3. Materials and Methods

3.1. Feedstock

Digested manure fibers (fibers collected after anaerobic digestion) and two batches of swine
manure (A and B) were kindly provided by Morsø BioEnergi and stored at −20 ◦C until used. The two
batches of manure were collected at a different period of the year, therefore their characteristics varied
considerably—as shown in Table 1.

3.2. Analytical Methods

Characterization of the liquid fraction of manure and manure fibers included the determination
of the soluble components and was done after centrifugation of the samples at 10,000 rpm for 10 min
and filtration of the supernatant through 0.2 µm membrane filters.
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Total (TS) and volatile (VS) solids were measured according to standard methods [21]. Total and
soluble Chemical Oxygen Demand (COD) was determined using Hach Lange kits LCK_914 (5−60 g L−1

range) and LCK_514 (100−2000 mg L−1 range), respectively.
For total phosphorus and total nitrogen determination the material was dried at 42 ◦C overnight

and powdered, while for the soluble and inorganic measurements, the material was centrifuged at
10,000 rpm for 10 min and the supernatant was passed through 0.2 µm membrane filters. For the
determination of the non-soluble and soluble organic phosphorus persulphate digestion was applied
to the solid and liquid fraction, respectively, followed by ascorbic acid photometric determination of
phosphate ions [21]. For the determination of non-soluble and soluble organic nitrogen, digestion
with the micro-kjeldahl apparatus was applied to the solid and liquid fraction, respectively, followed
by distillation and titration (titrimetric method) for ammonium ions determination (APHA, 2005).
For the inorganic forms of phosphorus (PO4

−3-P) and nitrogen (NH4-N) determination, analysis was
carried out by applying ascorbic acid photometric determination [21] and by using the Hach Lange kit
LCK_305 (1–12 mg L−1 range), respectively.

Two groups of carbohydrates were determined in the samples of manure and manure fibers: the
first group was the total carbohydrates, including those bound in the lignocellulosic biomass and the
second group was the simple sugars [22]. Analysis of the two groups of carbohydrates was carried
out based on the NREL analytical procedures [23]. Detection and quantification of sugar monomers
(glucose, xylose and arabinose) was made with HPLC-RI equipped with an Aminex HPX-87H column
(BioRad, Hercules, CA, USA) at 60 ◦C. A solution of 4 mmol L−1 H2SO4 was used as eluent at a flow
rate of 0.6 mL min−1. Samples for HPLC analysis were acidified with a 10% w/w solution of H2SO4,
centrifuged at 10,000 rpm for 10 min and finally filtered through a 0.45 µm membrane filter. Klason
lignin was also determined according to NREL analytical procedures [23]. For the determination of
both total carbohydrates and lignin the material was dried at 42 ◦C overnight and powdered, while for
the determination of free sugars the material was centrifuged at 1000 rpm and the supernatant was
passed through 0.2 µm size membrane filters.

For the quantification of Volatile Fatty Acids, VFA, 1 mL of sample was acidified with 17%
H3PO4 and filtered through minisart high flow filter (pore size 0.5 µm). VFAs were analyzed on a
gas chromatograph (PerkinElmer Clarus 400) with a flame ionization detector and a capillary column
(Agilent HP-FFAP column, 30 m long and 0.53 mm inner diameter).

Biogas composition in methane was measured with a gas chromatograph (SRI GC model 310)
equipped with a thermal conductivity detector and a packed column (Porapak-Q, length 6 ft and inner
diameter 2.1 mm). The temperature for injector, column and detector was set to 80 ◦C. The volume of
methane produced in sealed vials during methane potential tests was calculated by multiplying the
biogas composition in methane with the headspace volume.

3.3. Experimental Set-Up

3.3.1. Ammonia Pre-Treatment

Samples of digested manure fibers were soaked in ammonia reagent (32% w/w in ammonia) at a
ratio of 10 mL reagent per g TS, under room temperature. The treatment was performed in closed
glass flasks to avoid ammonia evaporation. After the completion of the treatment, water was added
at a ratio of 10 mL per g TS to facilitate the subsequent ammonia distillation step. Distillation was
performed using a rotary evaporator (Buchi RII Rotavapor) with a vertical condenser.

3.3.2. Continuous Experiments

One mesophilic (38 ◦C) CSTR-type digester of 3 l useful volume was started-up using mixed
anaerobic liquor from a swine manure treating digester and fed with swine manure A at a hydraulic
retention time of approximately 25 d (first phase). After the digester reached steady-state, the influent
was changed (second phase) to a mixture of swine manure A and AAS-treated digested manure fibers
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(at a ratio of 0.52:0.48 on Total Solids basis). The ratio has been chosen based on the maximum addition
of fibers allowing for a smooth operation (no blockings of the flow of material in the pipes) of the
lab-scale digesters and pumps. Subsequently and after the digester reached the second steady state,
the manure provided by Morsø BioEnergi changed to a new batch of manure (B) with much lower
TS content (1.63 gTS/100 g manure) than the one used for the first and second phase (4.4 gTS/100 g
manure). The digester was allowed to reach steady state (third phase) with the new type of manure
under the same operating parameters applied for the second phase (TS ratio of manure: AAS treated
fibers and HRT). After the third steady state was reached, the HRT was reduced to 11.2 d (fourth phase).

Summarizing, the four phases involved are as following:

First Phase: manure A as influent at an HRT of 25 d.
Second Phase: mixture of manure A and AAS-treated digested fibers (at a ratio of 0.52:0.48 on Total
Solids basis) as influent at an HRT of 25 d.
Third Phase: mixture of manure B and AAS-treated digested fibers (at a ratio of 0.52:0.48 on Total
Solids basis) as influent at an HRT of 25 d.
Fourth Phase: mixture of manure B and AAS-treated digested fibers (at a ratio of 0.52:0.48 on Total
Solids basis) as influent at an HRT of 11.2 d.

The feeding of the digester was intermittent and repeated once a day during all phases. The
operation, however, can actually be considered as “continuous” due to the relatively long retention
times applied. Daily monitoring of the digester included biogas production and composition in
methane, pH, volatile fatty acids and soluble COD concentration. When the digester reached the
second steady state while fed with the mixture of manure and fibers, complete characterisation was
performed in terms of almost all measurable components of ADM1 (see paragraph 3.4.2). Subsequently,
the digester was subjected to pulse disturbances of acetic, propionic and butyric acids and soluble
influent fraction (obtained after centrifugation and filtration) in order to study the dynamics of
the processes (those experiments are considered part of the second phase). Following this, 50 mL
concentrated solutions of acetic, propionic and butyric acids and a 600 mL sample consisting of the
soluble fraction of the mixture (manure and digested fibers), were consecutively injected into the
digester in order to increase the reactor concentration of the injected substrate to around 1600, 1200
and 1600 mg COD/l for the acetic, propionic and butyric acids, respectively, and to around 400 mg
COD/l for the soluble fraction of the mixture [24]. The response of the bioreactor to these disturbances
was monitored mainly through measurements of biogas production and composition in methane, pH
and VFA concentration until all components approach their levels before the pulse.

3.4. Modeling

Anaerobic Digestion Model No1 (ADM1) was used to simulate the anaerobic digestion process
and to assess the effect that the addition of AAS pretreated digested fibers had on the kinetic parameters.
In the study by Jurado et al. [20], IWA anaerobic digestion model (ADM1) had been fitted to the
experimental data obtained from a swine manure-fed digester which was different than the one used
in this study and hydrolysis constants of carbohydrates (khydr_ch), proteins (khydr_pr) and lipids
(khydr_li) and maximum uptake rates of long chain fatty acids (km_fa) and volatile fatty acids (km_c4,
km_pro and km_ac for butyric, propionic and acetic acid, respectively) had been calculated as shown in
Table 3. That model was used to simulate the first steady state of the reactor (with only swine manure
as influent). Subsequently, the model was fitted to the experimental data obtained throughout the
second phase, where a mixture of manure and fibers was introduced as influent and new hydrolysis
constants had been obtained. Finally, the experimental results obtained when the new batch of manure
(B) was added as well as when the Hydraulic Retention time (HRT) was reduced to 11.2d (third and
fourth phase, respectively) were used to validate the model fitted to the second phase. The software
used was Aquasim 2.1 g and the secant method was applied for the parameters estimation.
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Table 3. Kinetic parameters as calculated in the study of Jurado et al. for a manure fed anaerobic
digester [20].

Kinetic Parameter Units Value

Carbohydrates hydrolysis constant, khydr_ch d−1 <<

Proteins hydrolysis constant, khydr_pr d−1 3.0 × 10−3

Lipids hydrolysis constant, khydr_li d−1 2.8 × 10−4

Maximum uptake rate of long chain fatty acids, km_fa kg COD fa/kg COD x_fa/d 0.93
Maximum uptake rate of butyric acid, km_c4 kg COD c4/kg COD x_c4/d 13.1

Maximum uptake rate of propionic acid, km_pro kg COD pro/kg COD x_pro/d 6.56
Maximum uptake rate of acetic acid, km_ac kg COD ac/kg COD x_ac/d 45.02

3.4.1. Correction of the HRT in the Kinetic Model

Due to the structural characteristics of the digester, there was an accumulation of solids, which
was quantified by measuring Total Suspended Solids (TSS) concentration in the interior (by taking
sample directly from inside the digester) and the effluent of the reactor. The higher retention time of the
solids was expressed by introducing a new variable into the model, called ‘tres’. Tres was calculated by
substracting the Hydraulic Retention Time (HRT) from the Solids Retention Time (SRT) (Equation (1)):

tres = SRT − HRT (1)

In the model, it was considered that solids and microbial biomass were recycled in the reactor and
their concentration was corrected according to Equation (2) [25].

x = x·

Qout − Vreactor

tres + Vreactor
Qout


 (2)

where x is the solids and biomass recirculation flow (kg COD/d), Vreactor is the reactor active volume
(m3) and Qout the effluent flow (m3/d).

3.4.2. Organic and Inorganic Inputs in the Kinetic Model

Swine manure characteristics were considered as measured and calculated in Jurado et al. [20].
AAS-treated digested manure fibers were characterized in terms of total and soluble COD, total
carbohydrates and free sugars, total and soluble Kjendahl nitrogen and NH3-N, volatile fatty acids
(valeric, butyric, propionic and acetic acids), inorganic phosphorus and inorganic carbon. Particulate
and soluble inerts were determined as the residual COD after three months of batch anaerobic
digestion. Particulate carbohydrates and proteins were calculated as the difference between total and
free carbohydrates/sugars and total and soluble Kjeldahl nitrogen, respectively. Aminoacids were
calculated as the difference between soluble Kjeldahl nitrogen and NH3-N. Calculation of particulate
lipids was based on the difference between non-soluble COD (total − soluble COD) and the sum of
particulate carbohydrates, proteins and inerts, while long chain fatty acids were calculated as the
difference between soluble COD and all measured soluble components (sugars, aminoacids, volatile
fatty acids and soluble inerts).

In the model, the influent concentration of all organic and inorganic constituents was initially
expressed in kg COD/100 kg TS and kmole/100 kg TS, respectively, and subsequently was multiplied
with the influent TS concentration and calculated in kg COD/m3 and kmole/m3, respectively. This
was done in order to take into account the variations of the TS concentration in the feeding. The
influent flow rate, Qin, was given in m3/d and the flow rate of each individual component (in kg COD/d
and kmole/d for organic and inorganic substances, respectively) was calculated as the product of the
volumetric concentration in the influent with the influent flow rate, Qin.
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4. Conclusions

Continuous experiments at a mesophilic (38 ◦C) CSTR-type anaerobic digester fed with swine
manure first and a mixture of manure with AAS-treated digested fibers in the sequel, were performed.
The methane yield of AAS-treated digested fibers under continuous operation was 49–68% higher than
that calculated in batch experiments in the past. Anaerobic Digestion Model 1 (ADM1) previously
fitted on manure fed digester was used and simulated very satisfactorily the first experimental phase,
proving thus the robustness of the model and process. Fitting of the second experimental phase,
where the influent stream was supplemented with AAS-treated digested fibers (digested fibers refer
to manure fibers after anaerobic digestion), indicated that AAS treatment had a profound effect
mainly on the hydrolysis rate of particulate carbohydrates and it is noticeable that the estimated
disintegration/hydrolysis constants were comparable to those obtained with AAS-treated raw manure
fibers (raw fibers refer to manure fibers before anaerobic digestion). Last but not least, pulse experiments
with important intermediates of the process, i.e. acetic, propionic and butyric acids, indicated that the
associated kinetic constants were not affected by the addition of the AAS-treated digested fibers in
the influent.
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Abstract: This paper deals with the development of a citrus peel waste (CPW) biorefinery that
employs low environmental impact technologies for production of ethanol and methane. Three major
yeasts were compared for ethanol production in batch fermentations using CPW pretreated through
acid hydrolysis and a combination of acid and enzyme hydrolysis. The most efficient conditions for
production of CPW-based hydrolyzates included processing at 116 ◦C for 10 min. Pichia kudriavzevii
KVMP10 achieved the highest ethanol production that reached 30.7 g L−1 in fermentations conducted
at elevated temperatures (42 ◦C). A zero-waste biorefinery was introduced by using solid biorefinery
residues in repeated batch anaerobic digestion fermentations achieving methane formation of 342 mL
gVS

−1 (volatile solids). Methane production applying untreated and dried CPW reached a similar
level (339–356 mL gVS

−1) to the use of the side stream, demonstrating that the developed bioprocess
constitutes an advanced alternative to energy intensive methods for biofuel production.

Keywords: bioethanol; biomethane; citrus peel waste; biorefinery; biorefinery residues

1. Introduction

Vegetable and fruit waste account for 20–50% of household waste in various countries, while citrus
peel waste (CPW) comprises a principal residue under the specific category [1]. Global citrus production
(orange, lemon, lime, kinnow, sweet orange, etc.) constitutes over 121 × 106 t annually, while the
industrial juice manufacturing sector generates about 25 × 106 t of CPW [2]. CPW formed during
processing of the fruit consists mainly of peels and pressed pulp (seeds and segment membranes),
accounting for 50% of the fruit’s weight [3,4].

Current management options for CPW include burying in landfills and application as animal feed
after drying. However, the thermal dehydration process of CPW to produce animal feeds is energy
consuming and not always cost-effective [5], while the final product consists of rather poor animal
feed, due to low protein content and high quantity of sugars [6]. Moreover, the waste includes elevated
organic matter (approximately 95% of total solids) and water content (approximately 80–90%), as well
as low pH (3–4), making CPW inappropriate for landfilling based on the latest EU Waste Framework
Directive 2008/98/EC [7].

Although the disposal of CPW is opposed to EU regulations, the waste could serve as a valuable
feedstock for the manufacture of biofuels and other commodities. Specifically, CPW comprises high
levels of pectin, cellulose, hemicellulose, and soluble sugars, while 0.5% g g−1 of essential oils are
included on a wet basis [8,9]. D-limonene, constituting the main component of essential oils in
CPW, is a terpenic compound with antimicrobial properties and applicability in food, cosmetics,
and pharmaceutical industries [10]. Thus, citrus processing industries usually recover essential oils
from the waste streams produced as an added-value extractable component [11].
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Global climate change associated with the extensive release of greenhouse gases has raised
concerns about the application of fossilized hydrocarbons as the main energy source [12]. Thus,
in recent years, exploitation of new renewable resources for the production of biofuels as a replacement
for the use of the nonrenewable source of petroleum has received much global research interest [13].
The ability of microorganisms to use renewable resources for biofuel synthesis is exploited by the
current industry manufacturing biofuels (e.g., bioethanol, biomethane, biobutanol), mainly from
sugarcane, corn, and wheat [14]. However, various studies have investigated the application of CPW
as a promising feedstock for biofuel production through bioprocessing, using different pretreatment
approaches and microorganisms.

Due to the antimicrobial properties of d-limonene, CPW valorization for production of
ethanol and methane requires the removal of essential oils to avoid biosystem inhibition [10,15].
Various pretreatment methods have been employed for extraction of essential oils, including steam
explosion [10,16,17], hydrothermal sterilization [15,18], popping [19], and drying [20,21]. However,
essential oils and pectin constitute high added-value commodities, which were not extracted in several
existing studies. Other CPW-based valorization approaches produced extractables and fermentation
products using energy intensive approaches, including elevated acid hydrolysis temperatures,
low ethanol fermentation temperatures that contribute to additional cooling and separation costs,
and anaerobic digestion under thermophilic conditions.

The current study explored alternative and low environmental impact technologies for CPW
valorization through the development of a biorefinery strategy. Low temperature dilute acid hydrolysis
as a single procedure and combined with enzyme hydrolysis was evaluated as a CPW pretreatment
method, following extraction of essential oils (via distillation) and pectin. The hydrolyzate formed
was tested for ethanol production employing the thermotolerant strain Pichia kudriavzevii KVMP10,
which was compared with two industrial yeasts at elevated fermentation temperatures, aiming to
reduce biofuel production costs. A zero-waste process was targeted, employing solid biorefinery
residues (BR) for methane production, which was compared with the use of CPW and dried citrus peel
waste (DCPW), constituting the first study to our knowledge comparing the specific citrus waste-based
fractions in anaerobic digestion.

2. Results and Discussion

2.1. The CPW Biorefinery Strategy

The current biorefinery aimed for CPW valorization through the removal of essential oils and
pectin, as well as fermentation of the hydrolyzate formed as fermentation feedstock for bioethanol
production. A zero-waste concept was established by refinement of remaining solid fractions via
anaerobic digestion for methane production. Specifically, the first step included extraction of essential
oils using distillation, while the remaining solid residues of the process were dried and applied to
dilute acid hydrolysis under varying conditions. Thus, pectin was extracted from the hydrolyzate
generated through precipitation with the addition of ethanol, while the hydrolyzate was subsequently
applied to distillation for ethanol removal. Following pectin isolation, the hydrolyzate was fermented
to bioethanol, testing the effectiveness of three yeast strains (P. kudriavzevii KVMP10, Kluyveromyces
marxianus, and Saccharomyces cerevisiae), while the remaining solid residues from dilute acid hydrolysis
were anaerobically digested for methane generation (Figure 1).
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Figure 1. Process flow sheet of the zero-waste biorefinery used for citrus peel waste (CPW) valorization.

2.2. Ethanol Production

The industrial production of ethanol is currently performed by catalytic hydration of ethylene
(chemical method) [22] and by fermenting agricultural feedstocks (biochemical method) [14]. Ethanol
can serve as a green energy source, which is mainly produced using starch, sugar, and carbohydrates,
such as corn, potato, molasses, sugarcane, and lignocellulosic biomass [23]. Sugars can be directly
converted to ethanol, while starchy and cellulosic materials should be first pretreated mainly using
enzymes or chemicals to hydrolyze the polymers into sugars [24]. Herein, CPW has been applied
as a cellulosic material, which includes an additional significant content of soluble sugars that
could be applied for production of a hydrolyzate rich in carbon sources for ethanol fermentations.
The thermotolerant strain P. kudriavzevii KVMP10 was tested and compared with two industrial yeasts
(K. marxianus and S. cerevisiae) for ethanol production from CPW hydrolyzates under technologically
favourable fermentation conditions. Thus, an elevated bioprocess temperature (42 ◦C) was applied in
an attempt to reduce operational costs associated with decreased energy use for cooling and lower
contamination risk [25,26].

2.2.1. Ethanol Production Using CPW Hydrolyzates Obtained through Acid Hydrolysis

Dilute acid hydrolysis of CPW served the dual objective of breaking down polymers (cellulose,
hemicellulose) into soluble sugars, while consisting of an essential processing step for pectin
isolation [27]. Thus, six CPW hydrolyzates were produced using three hydrolysis temperatures (108 ◦C,
116 ◦C, 125 ◦C) for 10 min and 20 min, respectively. Optimal conditions for CPW saccharification
through dilute acid hydrolysis were identified as 116 ◦C for 10 min, based on the concentration of
ethanol produced and the final product yield during fermentations (Figure 2, Table 1). Thus, ethanol
concentration and product yield reached 5.8 g L−1 and 0.48 gethanol (eth) g−1

total sugar consumed (TSC),
respectively, using P. kudriavzevii KVMP10, while K. marxianus and S. cerevisiae produced 4.6 g L−1 and
4.2 g L−1 of ethanol, respectively. Although, the highest ethanol concentration (6.7 g L−1) was obtained
using the hydrolyzate generated at 125 ◦C for 20 min with application of P. kudriavzevii KVMP10,
the product yield decreased significantly to 0.32 geth g−1

TSC. A t-test (p < 0.05) was performed to
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statistically assess differences between the mean values of ethanol concentration. Significant statistical
difference was observed between ethanol titres obtained in P. kudriavzevii KVMP10 and S. cerevisiae
fermentations, using both hydrolyzates exhibiting the highest product formation (116 ◦C for 10 min
and 125 ◦C for 20 min). Nevertheless, the titre of the biofuel obtained in P. kudriavzevii KVMP10
fermentations fed with the aforementioned hydrolyzates was not statistically different. Overall,
in nearly all experiments performed using K. marxianus and S. cerevisiae, the increase in hydrolysis
duration reduced the final product titre and yield, indicating the potential formation of inhibitors at
elevated preprocessing duration. This is in line with previous studies demonstrating the inhibitory effect
that may occur in ethanol fermentations of K. marxianus [28] and S. cerevisiae [29] fed with feedstocks
pretreated employing increased acid hydrolysis temperatures and duration. Specifically, hydrolyzates
derived from acid pretreatment resulted in low product yield in K. marxianus fermentations [28],
while the presence of acid hydrolysis products (furan derivatives, weak acids, phenolics) inhibited
the growth of S. cerevisiae and caused a reduction in ethanol yield and productivity [29]. Therefore,
considering that the overall performance of K. marxianus and S. cerevisiae was decreased, the lower
product yield of P. kudrivzevii KVMP10 and the elevated energy demand expected with application of
125 ◦C for 20 min in hydrolysis, the use of 116 ◦C for 10 min was selected as suitable conditions for
CPW hydrolysis. These results are in agreement with other studies demonstrating that the optimal
conditions for dilute acid hydrolysis of CPW comprise application of 116 ◦C for 10–13 min with the use
of 0.5% (v/v) H2SO4 and 5–6% (w/v) dry solids of the raw material (rm) [30,31].
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Figure 2. Ethanol titre achieved in Pichia kudriavzevii KVMP10, Saccharomyces cerevisiae,
and Kluyveromyces marxianus fermentations of hydrolyzates obtained through dilute acid treatment
of CPW.

A variety of CPW pretreatment approaches have been previously evaluated for ethanol production
by different yeasts. The production of the biofuel was investigated in S. cerevisiae fermentations,
using a CPW-derived hydrolyzate obtained through application of steam explosion as well as
dilute-acid hydrolysis and pectin recovery, achieving a yield of 0.43 geth g−1

TSC [16,32]. S. cerevisiae
was also applied for bioethanol production using CPW hydrolyzates obtained through hydrothermal
sterilization, steam explosion, and a combination of popping and enzyme hydrolysis, demonstrating
ethanol production of 42 g L−1 [15], 60 L t−1

raw material [33] and 46.2 g L−1, respectively [19]. Orange
peel waste was pretreated by two-stage acid and enzyme hydrolysis, while the hydrolyzate formed was

186



Molecules 2019, 24, 2451

used as fermentation feedstock for bioethanol production by S. cerevisiae and Mucor indicus, achieving
final product concentrations of 30.3 g L−1 and 15 g L−1 with a yield of 0.46 geth g−1

TSC and 0.39 geth

g−1
TSC, respectively [21,34].

Table 1. Consumption of reducing sugars and final titre of ethanol in fermentations of acid hydrolyzates.

Experiment Reducing Sugars Consumed (g L−1) Final Ethanol Titre (g L−1)

P. kudriavzevii KVMP10

108 ◦C, 10 min 11.0 4.7
108 ◦C, 20 min 17.9 5.2
116 ◦C, 10 min 12.1 5.8
116 ◦C, 20 min 30.9 2.9
125 ◦C, 10 min 15.5 5.8
125 ◦C, 20 min 20.5 6.7

K. marxianus

108 ◦C, 10 min 9.8 3.6
108 ◦C, 20 min 3.1 1.6
116 ◦C, 10 min 17.2 4.6
116 ◦C, 20 min 10.9 2.3
125 ◦C, 10 min 7.5 3.8
125 ◦C, 20 min 18.6 1.8

S. cerevisiae

108 ◦C, 10 min 6.9 3.5
108 ◦C, 20 min 5.4 1.8
116 ◦C, 10 min 8.6 4.2
116 ◦C, 20 min 6.0 2.7
125 ◦C, 10 min 8.1 2.2
125 ◦C, 20 min 5.9 3.0

2.2.2. Optimization of the Fermentation Process

The final ethanol titre achieved using the hydrolyzates obtained was low compared to the
relevant literature. Therefore, a number of parameters were evaluated to improve ethanol production
through the biorefinery proposed. The effect of nitrogen source supplementation was initially tested to
increase biofuel production. However, although nitrogenous compounds can substantially enhance the
fermentation rate of ethanol [35,36], the use of yeast extract as a nitrogen source did not demonstrate
any noticeable effect on ethanol formation in all yeast fermentations conducted.

Acid and enzyme hydrolysis were combined as sequential pretreatments to enhance the production
of ethanol, due to potential increased release of fermentable sugars. The addition of the enzymatic
pretreatment step in the biorefinery substantially enhanced the titre of bioethanol to 9.2 g L−1 in P.
kudriavzevii KVMP10 fermentations, resulting in a product yield of 0.42 geth g−1

TSC. Pretreatment
processes that involve two steps can be more efficient in lignocellulosic biomass saccharification,
releasing increased concentrations of simple sugars that enhance ethanol generation [19,21]. Thus,
sequentially applied acid and enzyme hydrolysis of CPW was capable of producing substantially
elevated sugar yields that reached 0.58 gtotal sugar g−1

dry raw material [30].
Recycling of the remaining liquid stillage following essential oil extraction into the hydrolysis

process was applied in an attempt to further increase the concentration of monosaccharides in the
hydrolyzate and ethanol formation, as well as to reuse the process water generated for plant application.
Stillage water recycling contributed to a three-fold increase of ethanol concentration that reached
30.7 g L−1 in P. kudriavzevii KVMP10 fermentations conducted at 42 ◦C, while biofuel production was
also enhanced in K. marxianus cultures reaching 26.3 g L−1. Nevertheless, ethanol production from S.
cerevisiae remained at low levels with the reuse of the stillage, potentially due to the elevated process
temperature employed. The present findings demonstrate that P. kudriavzevii KVMP10 constitutes
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a more efficient ethanol producer with application of CPW hydrolyzates as compared to the industrial
yeasts tested (K. marxianus and S. cerevisiae). Moreover, the increased ethanol production was achieved
at an elevated fermentation temperature, which is in agreement with other studies highlighting that P.
kudriavzevii strains are robust ethanol producers exhibiting multiple tolerance at high temperatures
and acidic environments [37]. Key novelties of the results obtained are that high ethanol production
was achieved from CPW under mild pretreatment and harsh fermentation conditions, while saving of
valuable resources was achieved through process water recycling. Thus, in accordance with the water
reuse achieved, the remaining solid residue from CPW hydrolysis was applied in anaerobic digestion
to produce biogas targeting the operation of a zero-waste biorefinery as described below.

2.3. Anaerobic Digestion of Biorefinery Residues

The biomethanization of CPW has been mainly studied following essential oil extraction,
which serves the dual purpose of generating an added-value product and reducing the anaerobic
digestion inhibition caused by the antimicrobial properties of the oil [5]. However, although essential
oils were extracted from CPW in several studies prior to use in methane production [10,32], untreated
CPW has also been used in anaerobic digestion of fresh or dried citrus fragments (peel, pulp, and seeds)
under thermophilic [17,38] and mesophilic conditions [20,39]. Herein, methane production was tested
using biorefinery solids BR, remaining as a side stream from acid hydrolysis of CPW, and their capacity
to produce the biofuel was compared to the application of untreated CPW as well as DCPW under
mesophilic conditions.

2.3.1. Methane Production Using BR, CPW, and DCPW

Biogas and methane production from BR as well as CPW and DCPW was evaluated with the
addition of 6 g L−1 as initial content of volatile solids (VS) in anaerobic digestion (Figure 3). During the
first batch, DCPW exhibited substantially higher production of methane at 35 d, as compared to the
rest of the materials, generating 303 mL. The use of BR demonstrated prolonged biogas inhibition for
the first 15 days of the process, accumulating high levels of acetate that reached 9.7 g L−1 (Figure 4),
while CPW also caused inhibition of methane formation. However, the concentration of acetate was
subsequently reduced in the experiment fed with BR, resulting in methane production that reached
264 mL at 35 days, similarly to biofuel production from CPW. Following 36 days, a subsequent batch
was conducted through refeeding of the same content of each material in fermentations. The inhibitory
effect was substantially reduced in the second batch, regarding the kinetics of methane production,
indicating potential adaptation of the sludge to each material. Specifically, the production rate of
methane was 11.3 mL d−1, 15.9 mL d−1, and 7.5 mL d−1 during the first batch experiment, while in
the second batch, the rate increased to 14.9 mL d−1, 25.6 mL d−1, and 13.6 mL d−1 for CPW, DCPW,
and BR, respectively. Following the second refeed of each material, the methane production rate was
further increased only in the digestion of DCPW, reaching 27.2 mL d−1. Moreover, cumulative methane
formation was significantly increased with the use of BR, reaching 314 mL. Following 78 days, a second
refeed of each material was applied to evaluate whether methane production was further increased.
The production of methane was only slightly enhanced in the third batch, reaching 305–320 mL, for all
materials tested. The data obtained demonstrate the capacity of BR to generate significant amounts
of methane at a similar level to the use of dried or untreated CPW. Moreover, although methane
production is consistent with other studies that reached similar biofuel formation from CPW [10,20,39],
the production of the biofuel achieved here under mesophilic conditions was comparable to that of
studies employing thermophilic anaerobic digestion temperatures [10,32]. Therefore, the approach
followed not only enables the development of a zero-waste biorefinery, but also provides significant
energy gains, due to the substantially reduced temperature used in anaerobic digestion.
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Although the use of DCPW in anaerobic digestion resulted in the highest production of methane in
the first batch as compared to the application of CPW and BR, calculation of bioprocess yield showed that
employing CPW in the system enhanced the overall waste-to-energy conversion (Figure 5). The methane
yield, defined as mL of methane produced per g of raw material (rm) used, was substantially higher,
with the application of untreated CPW ranging between 72 and 84 mLmethane g−1

rm, respectively.
However, employing DCPW and BR resulted in a similar and lower process yield that reached
42–51 mLmethane g−1

rm for both materials. The enhanced methane yield performed with the use of
CPW was expected, given the higher organic content remaining in the specific material for treatment
in anaerobic digestion as compared to DCPW and BR, where volatile compounds and/or hydrolyzed
carbohydrates have been removed. This conclusion was clarified by the t-test (p < 0.05) performed to
identify statistically significant differences in the mean values obtained for the final methane production
(mL) per g of rm with each feedstock in the first two batches. Furthermore, a statistically significant
increase (p < 0.05) was observed in the volume of biogas produced per g of rm between 35 days and 112
days with the use of BR, demonstrating the potential adaptation of the culture to the specific material
following the first batch. Direct comparison of the three different citrus waste fractions demonstrated
that even BR could produce high contents of methane, highlighting the applicability of biorefinery side
streams for valorization through anaerobic digestion.
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2.3.2. Biomethane Production Using Different Initial Quantities of CPW

Biomethanization of untreated CPW was previously evaluated by various studies. Forgacs et
al. [17] achieved significantly low production of methane from untreated citrus waste that reached
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102 mL g−1
VS, while Koppar and Pullammanappallil [38] generated 644 mL g−1

VS from untreated
CPW under thermophilic conditions. The use of peel, seeds, and pulp of fresh ripe orange as distinct
feedstocks in anaerobic digestion under mesophilic conditions resulted in methane production that
reached 72 mL g−1

VS, 581 mL g−1
VS, and 288 mL g−1

VS, respectively [39]. Herein, different initial
quantities of untreated CPW volatile solids (ranging between 3–24 g L−1) were applied in anaerobic
digestion to evaluate the effect of increasing contents of organic material as well as essential oils in
the bioprocess (Figure 6). The maximum cumulative production of methane in each experiment was
monitored as 165 mL, 264 mL, 598 mL, and 1011 mL, employing 3 gVS L−1, 6 gVS L−1, 12 gVS L−1,
and 24 gVS L−1, respectively. Methane production per g of VS applied was not significantly different
in each experiment, ranging between 294 and 366 mL g−1

VS. However, the increase in feedstock
concentration resulted in a prolonged lag phase (Figure 6B). It has been previously shown that the
increase in essential oil concentration can negatively impact biomethanization of orange peel waste,
inhibiting the methanogenesis [40]. However, the results obtained here demonstrate that anaerobic
digestion of CPW under mesophilic conditions can generate high methane yields, comparable to those
obtained under thermophilic conditions. Thus, the maximum yield of methane achieved in the present
study ranged between 294 and 366 mL g−1

VS, which was three times higher than the yield achieved by
Forgacs et al. [17], which reached 102 mL g−1

VS under thermophilic conditions. A similar effect was
reported by Lotito et al. [41], where the use of fresh and stored citrus peel waste achieved methane
production that ranged between 333 and 471 mL g−1

VS under mesophilic conditions. Nevertheless,
significant quantities of α-terpineol and p-cymene were detected as final degradation products towards
the end of digestion, while d-limonene was no longer present [40,41].
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3. Materials and Methods

3.1. Citrus Peel Waste

The feedstock applied in the experiments of the present work constituted citrus residues (seeds,
pulp, and segment membranes), which were collected from a local citrus processing industry (KEAN
Soft Drinks Ltd., Limassol, Cyprus) and maintained at −20 ◦C until further use. CPW was thawed
and ground to solids of less than 2 mm in diameter using a laboratory blender (Waring Commercial,
San Antonio, TX, USA). The chemical composition of CPW has been previously determined as follows:
22.00% cellulose, 11.09% hemicellulose, 2.19% lignin, 8.10% glucose, 12.00% fructose, 2.80% sucrose,
25.00% pectin, 6.07% protein, and 3.78% limonene [32].

3.2. Pretreatment of Citrus Peel Waste

3.2.1. Extraction of Essential Oils and Pectin

The first step of CPW pretreatment employed distillation for extraction and collection of essential
oils as previously described [30], recovering 0.43% w/w of essential oils. Residues from essential oil
distillation were dried at 70 ◦C for 24 h [42] and dilute acid hydrolysis was performed in an autoclave
(SANYO MLS-3781L, Panasonic, Tottori, Japan) at 108 ◦C, 116 ◦C, and 125 ◦C for 10 min and 20 min,
using 5% (w/v) of dry CPW with the addition of 0.5% (v/v) of sulfuric acid. Following dilute acid
hydrolysis, centrifugation and filtration were employed to obtain the supernatant, which was mixed
with an equal volume of ethanol (96% v/v) to precipitate pectin at room temperature for 4 h [32].
Subsequently, the mixture was centrifuged at 3000 rpm for 30 min. The precipitate was washed five
times with ethanol (45% v/v), followed by drying at 50 ◦C to obtain pectin [43], isolating 23.25% w/w
of the heteropolysaccharide, while the supernatant was applied in distillation at 80 ◦C three times to
recover and recycle ethanol for pectin precipitation.

3.2.2. Enzyme Hydrolysis

Enzyme hydrolysis was applied as additional pretreatment prior to bioethanol fermentations.
The procedure was performed with the addition of solid residues from acid treatment in the hydrolyzate
obtained following ethanol recovery. The pH of the mixture was adjusted to 4.8 with the use of
1 M NaOH to ensure that process conditions were within the optimal pH range of 4.5–5.0 for the
enzymes employed, while cellulases (Chem Cruz, Dallas, TX, USA) and β-glucosidases/pectinases
(Oenozym FW, Lamothe-Abiet, Bordeaux, France) were added at 30 IU g−1

drm and 25 BGL g−1
drm,

respectively [30]. Enzyme hydrolysis was performed at 50 ◦C for 48 h in shake flasks stirred at 100 rpm
in a water bath, while upon hydrolysis completion, enzymes were inactivated via heating in an oven at
105 ◦C for 15 min [44].

3.3. Ethanol Fermentations

P. kudriavzevii KVMP10 was previously isolated as a thermotolerant ethanologenic yeast within
our research group [45], while K. marxianus was obtained from the Leibniz Institute DSMZ—German
Collection of Microorganisms and Cell Cultures (Braunschweig, Germany). Commercial pressed
baker’s yeast was used as a source of S. cerevisiae. All strains were maintained at −80 ◦C in glycerol
stock cultures.

P. kudriavzevii KVMP10 and S. cerevisiae were precultured in liquid media, simulating a Valencia
orange peel waste hydrolyzate [4], while the inoculum of K. marxianus was prepared using universal
media for yeast strains (containing (g L−1) yeast extract 3, malt extract 3, peptone 5, and glucose 10)
incubated at 30 ◦C in shake flasks stirred at 100 rpm. Ethanol fermentations were performed in batch
experiments using 100 mL flasks with a working volume of 60 mL at 42 ◦C and 100 rpm. The mixture
of reducing sugars obtained from CPW pretreatment (dilute acid hydrolysis only or combined acid and
enzyme hydrolysis) was used as a carbon source for the experiments. The feedstock was supplemented
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with 10 g L−1 of yeast extract as a nitrogen source. Moreover, recycling of the remaining liquid stillage
following essential oil extraction into the hydrolysis process was tested to enhance the soluble sugar
content in the hydrolyzate. All experiments were performed in duplicate, while three samples were
analyzed for each replicate, constituting analyses of 6 samples at each time point.

3.4. Anaerobic Digestion Experiments

CPW, DCPW, and BR (remaining solids following acid hydrolysis of CPW) were used as feedstock
in anaerobic digestion. Equal quantities of volatile solids (VS, 6 g L−1) were employed to produce biogas
under mesophilic conditions (37 ◦C), while anaerobic digestion was performed in batch experiments
using 250 mL flasks with a working volume of 150 mL. The nutrient medium was prepared according
to the composition used in Angelidaki et al. [46]. Each bottle was supplemented with 6 g of granular
sludge withdrawn from a full-scale UASB reactor (Charalambides Christis Ltd., Limassol, Cyprus) used
for the treatment of dairy wastewater at pH 6.8–7.3. The content of sludge in lignin and N-compounds,
cellulose, and hemicellulose was measured at 0.35%, 0.30%, and 1.40%, respectively. Granular sludge
was washed with distilled water and applied as active inoculum (4% w/v), while each bottle was flushed
with 100% CO2 gas to ensure anaerobic conditions. Experiments were performed in triplicate and
methane accumulation was determined for 121 days, aiming to evaluate the adaptation of anaerobic
digestion to CPW, DCPW, and BR. Following 36 days, a refeed of each material (6 gVS L−1) was applied
in each digestion and a subsequent refeed was also conducted at 78 days. The refeed of each material
was performed through withdrawal of 50 mL of digested medium, which was replaced with an equal
volume of fresh media and substrate. Nevertheless, any remaining substrate and anaerobic sludge
could not be removed, while each bottle was subsequently flushed using 100% CO2 gas. Although the
ratio of biomass versus substrate might have been potentially different between each batch, digestion
conditions as well as the procedure of the refeed was the same for all materials tested, enabling direct
comparison between each flask. Furthermore, in order to test the effect of different initial VS contents
of CPW, 3, 6, 12, and 24 g L−1 were applied in triplicate anaerobic digestion experiments for 92 days,
evaluating the effect of essential oils in the process. The sampling procedure included withdrawing
1 mL of biogas with the use of a gas-tight syringe for determination of biogas composition as described
in Section 3.5.4., as well as obtaining biomedium samples for the detection of VFAs. During anaerobic
digestion, the volume of biogas, methane, carbon dioxide, oxygen, hydrogen, and nitrogen produced
was monitored.

3.5. Analyses

3.5.1. Ethanol Concentration

Gas Chromatography using a flame ionization detector was employed for the determination of
ethanol concentration. A Shimadzu GC-2014 (Shimadzu, Milton Keynes, UK) and a 30 m long Zebron
ZB-5 capillary column (Phenomenex, Macclesfield, UK) with a 0.25 mm internal diameter was used.
The stationary phase of the column was 5% phenyl- and 95% dimethylpolysiloxane, while the mobile
phase applied was nitrogen. Samples obtained during ethanol fermentations were centrifuged for
3 min at 13,000 rpm and the supernatant was filtered through 0.2 µm syringe filters. Ethanol was
extracted by vortexing 1 mL of the filtered sample with 2 mL of hexane for 1 min. Approximately 1 µL
of the extract was injected and the temperature of the column was kept constant at 40 ◦C for 3 min.
Ethanol concentration was calculated, interpolating from a previously established calibration curve
and the coefficient of variation for 3 samples was 1.47% at a concentration level of 4 g L−1. Furthermore,
the respective LoB, LoD, and LoQ values were calculated at 0, 0.07, and 1.7 g L−1, respectively.
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3.5.2. Reducing Sugars

During ethanol fermentations the content of reducing sugars was analyzed by the phenol–sulfuric
acid method [47]. The LoB, LoD, and LoQ values were calculated at 0, 1.48, and 11.18 mg
L−1, respectively.

3.5.3. Total and Volatile Solids

The total solids (TS) and VS content of granular sludge, CPW, DCPW, and BR was determined
according to Standard Methods [48]. The LoB/LoD/LoQ values for the determination of formic acid,
acetic acid, propionic acid, butyric acid, and valeric acid concentrations were calculated at 0/0.002/0.3 g
L−1, 0/0.01/0.3 g L−1, 0/0.01/0.2 g L−1, 0/0.01/0.2 g L−1, and 0/0.003/0.2 g L−1, respectively.

3.5.4. Biogas Composition

Biogas composition (H2, O2, N2, CH4, and CO2) was analyzed using a gas chromatograph (Agilent
Technologies, 7820OA, Santa Clara, CA, USA) fitted with a ShinCarbon ST 50/80 (2 m length, 2.2 mm
ID) mesh column (Restek Corporation, Bellefonte, PA, USA) and thermal conductivity detector as
described by Vardanyan et al. [49]. The LoB/LoD/LoQ values for the determination of hydrogen,
oxygen, nitrogen, methane, and carbon dioxide volumes were calculated at 0/0.4/8.4 mL, 0/0.4/3.4 mL,
0/1.2/10.5 mL, 0/0.2/7.0 mL, and 0/0.3/1.1 mL, respectively.

3.5.5. Volatile Fatty Acids (VFAs)

The concentration of VFAs (acetate, formate, butyrate, propionate, and valerate) formed during
anaerobic digestion was measured through High Pressure Liquid Chromatography (HPLC). Culture
samples were centrifuged at 13,000 rpm for 3 min and filtered using 0.22 mm syringe filters. A Shimadzu
LC-20AD liquid chromatograph (Shimadzu, Milton Keynes, UK) equipped with a Shimadzu SPD-20A
UV/VIS detector, a Shimadzu SIL-20A HT auto sampler, and a CTO-10AS VP column oven was used.
The column was eluted isocratically at a rate of 0.7 mL min−1 from an organic analysis column (Rezex
ROA-Organic Acid column, Phenomenex, Torrance, CA, USA) with 5 mM H2SO4 at 55 ◦C, while the
injection volume was 1 µL.

4. Conclusions

This paper has demonstrated the potential of a novel zero-waste biorefinery for the production
of renewable biofuels from CPW through low environmental impact technologies. It was confirmed
that the combination of sequential acid and enzyme hydrolysis for CPW pretreatment enhanced the
fermentative production of ethanol. Moreover, the thermotolerant P. kudriavzevii KVMP10 was a more
efficient ethanol producer at elevated fermentation temperatures as compared to industrial yeasts
(S. cerevisiae and K. marxianus). The use of BR in anaerobic digestion for methane generation resulted in
increased production of the biofuel. The study presents important operational parameters reducing
the energy requirements of the biorefinery.

Author Contributions: Conceptualization, M.K. and I.V.; Methodology, M.K., M.P., and I.V.; Validation, M.P.,
C.G.S, E.P., and S.S.; Investigation, M.P., C.G.S, E.P., and S.S.; Writing—Original Draft Preparation, M.K., M.P.,
and I.V.; Writing—Review and Editing, M.K., M.P., and I.V.; Supervision, M.K.

Funding: This research received no external funding.

Acknowledgments: We would like to thank KEAN Soft Drinks Ltd. for the provision of citrus peel waste.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Kosseva, M.R. Sources, characterization, and composition of food industry wastes. In Food Industry Wastes,
1st ed.; Kosseva, M.R., Webb, C., Eds.; Elsevier Inc.: London, UK, 2013; pp. 37–60.

194



Molecules 2019, 24, 2451

2. FAO. Citrus Fruit Statistics 2015; FAO: Rome, Italy, 2016; p. 53.
3. Marin, F.R.; Soler-Rivas, C.; Benavente-Garcia, O.; Castillo, J.; Perez-Alvarez, J.A. By-products from different

citrus processes as a source of customized functional fibres. Food Chem. 2007, 100, 736–741. [CrossRef]
4. Wilkins, M.R. Effect of orange peel oil on ethanol production by Zymomonas mobilis. Biomass Bioenergy 2009,

33, 538–541. [CrossRef]
5. Negro, V.; Bernardo, R.; Fino, D. Recovery of energy from orange peels through anaerobic digestion and

pyrolysis processes after D-limonene extraction. Waste Biomass Valoriz. 2018, 9, 1331–1337. [CrossRef]
6. Mamma, D.; Christakopoulos, P. Biotransformation of citrus by-products into value added products. Waste

Biomass Valoriz. 2014, 5, 529–549. [CrossRef]
7. Ruiz, B.; Flotats, X. Citrus essential oils and their influence on the anaerobic digestion process: An overview.

Waste Manag. 2014, 34, 2063–2079. [CrossRef] [PubMed]
8. Lopez, J.A.S.; Li, Q.; Thompson, I.P. Biorefinery of waste orange peel. Crit. Rev. Biotechnol. 2010, 30, 63–69.

[CrossRef] [PubMed]
9. Li, Q.; Siles, J.A.; Thompson, I.P. Succinic acid production from orange peel and wheat straw by batch

fermentations of Fibrobacter succinogenes S85. Appl. Microbiol. Biotechnol. 2010, 88, 671–678. [CrossRef]
10. Martin, M.A.; Siles, J.A.; Chica, A.F.; Martin, A. Biomethanization of orange peel waste. Bioresour. Technol.

2010, 101, 8993–8999. [CrossRef]
11. Siles, J.A.; Vargas, F.; Gutierrez, M.C.; Chica, A.F.; Martin, M.A. Integral valorisation of waste orange peel

using combustion, biomethanisation and co-composting technologies. Bioresour. Technol. 2016, 211, 173–182.
[CrossRef]

12. Liao, J.C.; Mi, L.; Pontrelli, S.; Luo, S. Fuelling the future: Microbial engineering for the production of
sustainable biofuels. Nat. Rev. Microbiol. 2016, 14, 288–304. [CrossRef]

13. Jiang, Y.; Ding, D.; Zhao, S.; Zhu, H.; Kenttamma, H.I.; Abu-Omar, M.M. Renewable thermoset polymers
based on lignin and carbohydrate derived monomers. Green Chem. 2018, 20, 1131–1138. [CrossRef]

14. Mohanty, S.K.; Swain, M.R. Bioethanol production from corn and wheat: Food, fuel and future. In Bioethanol
Production from Food Crops, 1st ed.; Ray, R.C., Ramachandran, C., Eds.; Elsevier Inc.: London, UK, 2019;
pp. 45–49.

15. Oberoi, H.S.; Vadlani, P.V.; Nanjundaswamy, A.; Bansal, S.; Singh, S.; Kaur, S.; Babbar, N. Enhanced ethanol
production from Kinnow mandarin (Citrus reticulata) waste via a statistically optimized simultaneous
saccharification and fermentation process. Bioresour. Technol. 2011, 102, 1593–1601. [CrossRef] [PubMed]

16. Wilkins, M.R.; Widmer, W.W.; Grohmann, K.; Cameron, R.G. Simultaneous saccharification and fermentation
of citrus peel waste by Saccharomyces cerevisiae to produce ethanol. Process Biochem. 2007, 42, 1614–1619.
[CrossRef]

17. Forgacs, G.; Pourbafrani, M.; Niklasson, C.; Taherzadeh, M.J.; Hovath, I.S. Methane production from citrus
wastes: Process development and cost estimation. J. Chem. Technol. Biotechnol. 2011, 87, 250–255. [CrossRef]

18. Sandhu, S.K.; Oberoi, H.S.; Dhaliwal, S.S.; Babbar, N.; Kaur, U.; Nanda, D.; Kumar, D. Ethanol production
from Kinnow mandarin (Citrus reticulata) peels via simultaneous saccharification and fermentation using
crude enzyme produced by Aspergillus oryzae and the thermotolerant Pichia kudriavzevii strain. Ann. Microbiol.
2012, 62, 655–666. [CrossRef]

19. Choi, I.S.; Kim, J.H.; Wi, S.G.; Kim, K.H.; Bae, H.J. Bioethanol production from mandarin (Citrus unshiu) peel
waste using popping treatment. Appl. Energy 2013, 102, 204–210. [CrossRef]

20. Gunaseelan, V.N. Biochemical methane potential of fruits and vegetable solid waste feedstocks. Biomass
Bioenergy 2004, 26, 389–399. [CrossRef]

21. Oberoi, H.S.; Vadlani, P.V.; Madl, R.L.; Saida, L.; Abeykoon, J.P. Ethanol production from orange peels:
Two-stage hydrolysis and fermentation studies using optimized parameters through experimental design. J.
Agric. Food Chem. 2010, 58, 3422–3429. [CrossRef] [PubMed]

22. Mohsenzadeh, A.; Zamani, A.; Taherzadeh, M.J. Bioethylene production from ethanol: A review and
techno-sconomical evaluation. ChemBioEng Rev. 2017, 2, 75–91. [CrossRef]

23. Lin, Y.; Tanaka, S. Ethanol fermentation from biomass resources: Current state and prospects. Appl. Microbiol.
Biotechnol. 2006, 69, 627–642. [CrossRef] [PubMed]

24. Taghizadeh-Alisaraei, A.; Hosseini, S.H.; Ghobadian, B.; Motevali, A. Biofuel production from citrus wastes:
A feasibility study in Iran. Renew. Sustain. Energy Rev. 2017, 69, 1100–1112. [CrossRef]

195



Molecules 2019, 24, 2451

25. Kyriakou, M.; Chatziiona, V.K.; Costa, C.N.; Kallis, M.; Koutsokeras, L.; Constantinides, G.; Koutinas, M.
Biowaste-based biochar: A new strategy for fermentative bioethanol overproduction via whole-cell
immobilization. Appl. Energy 2019, 242, 480–491. [CrossRef]

26. Tavares, B.; de Almeida Felipe, M.G.; dos Santos, J.C.; Pereira, F.M.; Gomes, S.D.; Sene, L. An experimental
and modeling approach for ethanol production by Kluyveromyces marxianus in stirred tank bioreactor using
vacuum extraction as a strategy to overcome product inhibition. Renew. Energy 2019, 131, 261–267. [CrossRef]

27. Kaya, M.; Sousa, A.G.; Crepeau, M.J.; Sorensen, S.O.; Ralet, M.C. Characterization of citrus pectin samples
extracted under different conditions: Influence of acid type and pH of extraction. Ann. Bot. 2014, 114,
1319–1326. [CrossRef] [PubMed]

28. Zhang, M.; Shukla, P.; Ayyachamy, M.; Permaul, K.; Singh, S. Improved bioethanol production through
simultaneous saccharification and fermentation of lignocellulosic agricultural wastes by Kluyveromyces
marxianus 6556. World J. Microbiol. Biotechnol. 2010, 26, 1041–1046. [CrossRef]

29. Almeida, J.R.M.; Modig, T.; Petersson, A.; Hahn-Hagerdal, B.; Liden, G.; Gorwa-Grauslund, M.F. Increased
tolerance and conversion of inhibitors in lignocellulosic hydrolysates by Saccharomyces cerevisiae. J. Chem.
Technol. Biotechnol. 2007, 82, 340–349. [CrossRef]

30. Patsalou, M.; Menikea, K.K.; Makri, E.; Vasquez, M.I.; Drouza, C.; Koutinas, M. Development of a citrus
peel-based biorefinery strategy for the production of succinic acid. J. Clean. Prod. 2017, 166, 706–716.
[CrossRef]

31. Talebnia, F.; Pourbafrani, M.; Lundin, M.; Taherzadeh, M.J. Optimization study of citrus wastes saccharification
by dilute-acid hydrolysis. Bioresources 2008, 3, 108–122.

32. Pourbafrani, M.; Forgacs, G.; Horvath, I.S.; Niklasson, C.; Taherzadeh, M.J. Production of biofuels, limonene
and pectin from citrus wastes. Bioresour. Technol. 2010, 101, 4246–4250. [CrossRef]

33. Boluda-Aguilar, M.; Garcia-Vidal, L.; Gonzalez-Castaneda, F.D.P.; Lopez-Gomez, A. Mandarin peel wastes
pretreatment with steam explosion for bioethanol production. Bioresour. Technol. 2010, 101, 3506–3513.
[CrossRef]

34. Lennartsson, P.R.; Ylitervo, P.; Larsson, C.; Edebo, L.; Taherzadeh, M.J. Growth tolerance of Zygomycetes Mucor
indicus in orange peel hydrolysate without detoxification. Process Biochem. 2012, 47, 836–842. [CrossRef]

35. Harun, R.; Danquah, M.K.; Forde, G.M. Microalgal biomass as a fermentation feedstock for bioethanol
production. J. Chem. Technol. Biotechnol. 2010, 85, 199–203. [CrossRef]

36. Torija, M.J.; Beltran, G.; Novo, M.; Poblet, M.; Rozes, N.; Guillamon, J.M. Effect of the nitrogen source on the
fatty acid composition of Saccharomyces cerevisiae. Food Microbiol. 2003, 20, 255–258. [CrossRef]

37. Seong, Y.J.; Lee, H.J.; Lee, J.E.; Kim, S.; Lee, D.Y.; Kim, K.H.; Park, Y.C. Physiological and metabolomic analysis
of Issatchenkia orientalis MTY1 with multiple tolerance for cellulosic bioethanol production. Biotechnol. J.
2017, 12, 1–11. [CrossRef] [PubMed]

38. Koppar, A.; Pullammanappallil, P. Anaerobic digestion of peel waste and wastewater for on site energy
generation in a citrus processing facility. Energy 2013, 60, 62–68. [CrossRef]

39. Sanjaya, A.P.; Cahyanto, M.N.; Millati, R. Mesophilic batch anaerobic digestion from fruit fragments. Renew.
Energy 2016, 98, 135–141. [CrossRef]

40. Calabro, P.S.; Pontoni, L.; Porqueddu, I.; Greco, R.; Pirozzi, F.; Malpei, F. Effect of the concentration of
essential oil on orange peel waste biomethanization: Preliminary batch results. Waste Manag. 2016, 48,
440–447. [CrossRef] [PubMed]

41. Lotito, A.M.; Sanctis, M.D.; Pastore, C.; Iaconi, C.D. Biomethanization of citrus waste: Effect of waste
characteristics and of storage on treatability and evaluation of limonene degradation. J. Environ. Manag.
2018, 215, 366–376. [CrossRef]

42. Wilkins, M.R.; Widmer, W.W.; Grohmann, K.; Cameron, R.G. Hydrolysis of grapefruit peel waste with
cellulase and pectinase enzymes. Bioresour. Technol. 2007, 98, 1596–1601. [CrossRef]

43. Faravash, R.S.; Ashtiani, F.Z. The effect of pH, ethanol volume and acid washing time on the yield of pectin
extraction from peach pomace. Int. J. Food Sci. Technol. 2007, 42, 1177–1187. [CrossRef]

44. Wilkins, M.R.; Widmer, W.W.; Cameron, R.G.; Grohmann, K. Effect of seasonal variation on enzymatic
hydrolysis of valencia orange peel waste. Proc. Fla. State Hortic. Soc. 2005, 118, 419–422.

45. Koutinas, M.; Patsalou, M.; Stavrinou, S.; Vyrides, I. High temperature alcoholic fermentation of orange peel
by the newly isolated thermotolerant Pichia kudriavzevii KVMP10. Lett. Appl. Microbiol. 2015, 62, 75–83.
[CrossRef] [PubMed]

196



Molecules 2019, 24, 2451

46. Angelidaki, I.; Alves, M.; Bolzonella, D.; Borzacconi, L.; Campos, J.L.; Guwy, A.J.; Kalyuzhnyi, S.; Jenicek, P.;
Van Lier, J.B. Defining the biomethane potential (BMP) of solid organic wastes and energy crops: A proposed
protocol for batch assays. Water Sci. Technol. 2009, 59, 927–934. [CrossRef] [PubMed]

47. Dubois, M.; Gilles, K.A.; Hamilton, J.K. Colorimetric method for determination of sugars and related
substances. Anal. Chem. 1956, 28, 350–356. [CrossRef]

48. Rice, E.W.; Baird, R.B.; Eaton, A.D.; Clesceri, L.S. Standard Methods for the Examination of Water and Wastewater,
22nd ed.; American Public Health Association, Ameican Water Works Association, Water Environment
Federation: Denver, CO, USA, 2012; p. 541.

49. Vardanyan, A.; Kafa, N.; Konstantinidis, V.; Shin, S.G.; Vyrides, I. Phosphorus dissolution from dewatered
anaerobic sludge: Effect of pHs, microorganisms, and sequential extraction. Bioresour. Technol. 2018, 249,
464–472. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

197





molecules

Article

Enhanced Enzymatic Hydrolysis of Pennisetum
alopecuroides by Dilute Acid, Alkaline and Ferric
Chloride Pretreatments

Shangyuan Tang 1,†, Chunming Xu 2,†, Linh Tran Khanh Vu 3 , Sicheng Liu 1, Peng Ye 1,
Lingci Li 1, Yuxuan Wu 1, Mengyu Chen 1, Yao Xiao 1, Yue Wu 1, Yining Wang 1, Qiong Yan 1,*
and Xiyu Cheng 1,*

1 College of Life Sciences and Bioengineering, School of Science, Beijing Jiaotong University, Beijing 100044,
China; 16121638@bjtu.edu.cn (S.T.); 16292010@bjtu.edu.cn (S.L.); 17121611@bjtu.edu.cn (P.Y.);
18121614@bjtu.edu.cn (L.L.); 15272020@bjtu.edu.cn (Y.W.); 18272032@bjtu.edu.cn (M.C.);
17271250@bjtu.edu.cn (Y.X.); 18272052@bjtu.edu.cn (Y.W.); 17272018@bjtu.edu.cn (Y.W.)

2 Key Laboratory of Cleaner Production and Integrated Resource Utilization of China National Light Industry,
Beijing Technology and Business University, Beijing 100048, China; xucm@th.btbu.edu.cn

3 Faculty of Chemical and Food Technology, Ho Chi Minh City University of Technology and Education,
No. 1 Vo Van Ngan Street, Linh Chieu Ward, Thu Duc District, Ho Chi Minh City 71307, Viet Nam;
linhvtk@hcmute.edu.vn

* Correspondence: qyan@bjtu.edu.cn (Q.Y.); xycheng@bjtu.edu.cn (X.C.); Tel.: +86-10-51684351-209 (X.C.)
† These authors contributed equally.

Academic Editor: Ivet Ferrer
Received: 8 April 2019; Accepted: 30 April 2019; Published: 2 May 2019

����������
�������

Abstract: In this study, effects of different pretreatment methods on the enzymatic digestibility of
Pennisetum alopecuroides, a ubiquitous wild grass in China, were investigated to evaluate its potential as
a feedstock for biofuel production. The stalk samples were separately pretreated with H2SO4, NaOH
and FeCl3 solutions of different concentrations at 120 ◦C for 30 min, after which enzymatic hydrolysis
was conducted to measure the digestibility of pretreated samples. Results demonstrated that different
pretreatments were effective at removing hemicellulose, among which ferric chloride pretreatment
(FCP) gave the highest soluble sugar recovery (200.2 mg/g raw stalk) from the pretreatment stage.
In comparison with FCP and dilute acid pretreatment (DAP), dilute alkaline pretreatment (DALP)
induced much higher delignification and stronger morphological changes of the biomass, making it
more accessible to hydrolysis enzymes. As a result, DALP using 1.2% NaOH showed the highest total
soluble sugar yield through the whole process from pretreatment to enzymatic hydrolysis (508.5 mg/g
raw stalk). The present work indicates that DALP and FCP have the potential to enhance the effective
bioconversion of lignocellulosic biomass like P. alopecuroides, hence making this material a valuable
and promising energy plant.

Keywords: Pennisetum alopecuroides; dilute alkaline pretreatment; ferric chloride pretreatment;
enzymatic hydrolysis

1. Introduction

With the growth of vehicles and an over-reliance on fossil fuels in industrial development, biofuel
production from non-food crop feedstocks (e.g. agricultural residues, forest residues and industrial
wastes) has drawn considerable attention [1–8]. In China, anaerobic digestion of organic wastes has
been successfully used for biogas production both domestically, as well as at a larger scale [2–6].
Different biomass substrates, such as cornstalk, rice straw, wheat straw and pine foliage, have also been
investigated for the production of bioethanol [9–12]. In addition to these lignocellulosic biomass wastes,
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Pennisetum alopecuroides is a potential prolific renewable herbaceous plant that is widely distributed
in many provinces of China. Some Pennisetum species are cultivated as an important feedstock for
the animal feed industry in north China, northeast China, southwest China and the middle-lower
Yangtze Plain [8]. The annual dry matter yield of Pennisetum grass ranges from 40 to 50.2 t/ha, which is
much higher than the yields of sugarcane and corn (13~21 t/ha) and comparable to that of miscanthus
(27~38 t/ha) [9,10]. While Miscanthus species and some other energy plant candidates (e.g., switchgrass)
have attracted widespread interest in the bio-energy field, studies on P. alopecuroides have been relatively
limited. Given its rapid growth, high yield, high adaptability, low cost and environmentally benign
production, P, alopecuroides was selected as a substrate in the current study to evaluate its application
prospects in biofuel production.

The recalcitrant structure of lignocellulosic biomass is the main constraint of its bioconversion [13–18].
Varied pretreatment strategies such as chemical methods (e.g., acid, bases, salts and solvents),
physico-chemical processes (e.g., steam explosion, liquid hot water (LHW) and ammonia fiber expansion
(AFEX) and biological methods have been developed in attempts to remove hemicellulose and/or
lignin from lignocellulosic wastes and reduce the crystallinity of cellulose [13,19–24]. It is widely
accepted that efficient pretreatment should avoid the use of expensive chemicals, improve fiber reactivity
and maximize the recovery/formation of fermentable sugars, avoid formation of enzyme inhibitory
byproducts, preserve cellulose and hemicellulose fractions that are easily accessible to hydrolysis
enzymes and minimize energy requirements [11–14]. However, no single strategy could efficiently
meet all these criteria due to the variations in material characteristics. The chemical pretreatment of
lignocellulosic materials has been widely employed in many pilot and large-scale cellulosic ethanol
plants because it is ideal for low-lignin materials and has high reactivity at mild conditions [12–14].
A chemical method is hence a suitable pretreatment strategy for P. alopecuroides, a low-lignin material.

Among several chemical methods, dilute acid pretreatment is most commonly used, due to
its advantages in cost and process severity [13,14]. One major limitation of acid pretreatment is its
requirement of corrosion-resistant reactors [13]. On the other hand, corrosion problems and sugar
degradation are less severe in alkaline processes than in acid pretreatment. Alkaline pretreatment is
also effective in delignifying the biomass [7,20,22,24]. A mild alkali concentration (<4% w/w) favors
enzymatic hydrolysis especially for low-lignin materials [13,14]. Previous studies also showed that
pretreatment of lignocellulosic biomass using Lewis acids such as FeCl3 enhances digestibility of
biomass, producing reusable solubilized hemicellulose [25–27]. Operating at milder temperature
conditions (120 ◦C vs 160~260 ◦C in steam explosion and LHW pretreatments) in the current study
means that dilute acid pretreatment (DAP), dilute alkaline pretreatment (DALP) and ferric chloride
pretreatment (FCP) reduce energy consumption and the formation of enzyme inhibitory byproducts [11].
Up to date, DAP, DALP and FCP have been used on a wide range of low-lignin biomasses ranging from
wood (cedar, pine, hemlock) to agricultural residues (corn stover, wheat and barley straw, switchgrass,
Miscanthus) [18–24]. To our best knowledge, the effects of these methods on the biodigestibility of
P. alopecuroides has not been systematically studied to identify the ideal pretreatment process or to
evaluate the potential of P. alopecuroides biomass in the bioconversion industry. Moreover, some
previous studies have also shown that effective removal of lignin and/or hemicellulose in acid/alkaline
pretreatments did not result in a significant increase in reducing sugar yields (only 91.4−92 mg/g) [19,21].
These results indicate that the exact roles of different pretreatments in the improvement of hydrolysis
efficiency were complicated, thereby necessitating further research to better understand the mechanism.

In the present study, three chemical pretreatments including DAP, DALP and FCP were
systematically investigated to develop an efficient pretreatment strategy for enhancing enzymatic
hydrolysis of P. alopecuroides biomass. The composition and microstructure of substrates in response
to these pretreatments were investigated to better understand the exact roles of each pretreatment in
changing biomass recalcitrance and subsequent enzymatic hydrolysis enhancement. The fermentable
sugar production from the pretreated P. alopecuroides biomass was also studied to evaluate its application
prospects for biofuel production.
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2. Results and Discussion

2.1. Effect of Different Pretreatments on Biomass Composition

The pretreatment process decreases the recalcitrance of lignocellulosic substrates by removing
lignin and hemicellulose components, thereby exposing cellulose to the hydrolysis enzyme [28,29].
The P. alopecuroides samples were subjected to different pretreatments, including DAP, DALP and
FCP. The solid yield and compositional change of the stalk samples are important indices to evaluate
the effectiveness of their pretreatments. As shown in Table 1, the dry matter retained after different
pretreatments was about 53.3−58.2%. A P. alopecuroides sample pretreated by DALP had a higher solid
yield as compared with those pretreated with DAP and FCP. The weight loss of P. alopecuroides biomass
could be attributed to the solubilization of its components into the aqueous solution. The higher solid
yield (or lower weight loss) indicate that less lignocellulosic components were converted into soluble
substances. In comparison to DALP, DAP and FCP thereby gave higher soluble sugar concentrations
(86.7 mg/g raw stalk (RS) vs 112.2 mg/g RS and 193.4 mg/g RS, respectively).

Table 1. Effect of DAP/DALP/FCP of Pennisetum alopecuroides biomass on its chemical composition.

Different
Pretreatment

Solid
Yield (%)

Hemicellulose
Content (%)

Cellulose
Content (%)

Lignin
Content (%)

Soluble Sugar
from Pretreatment

(mg/g RS) 1

Control – 28.7 ± 0.4 41.8 ± 0.9 17.5 ± 0.6 20.0 ± 0.4
DAP, 3% H2SO4 53.3 ± 1.7 15.0 ± 1.7 55.9 ± 2.3 17.1 ± 1.5 112.2 ± 2.0

DALP, 1.0%NaOH 58.2 ± 1.2 15.3 ± 0.1 64.1 ± 1.7 11.7 ± 0.6 86.7 ± 0.2
FCP, 3.2% FeCl3 55.9 ± 1.8 11.9 ± 1.3 60.8 ± 1.3 16.4 ± 0.7 193.4 ± 8.7

1The soluble sugar yield in the pretreatment process was calculated based on per g raw stalk (RS). Values are means of
triplicate ± standard deviation.

Compositional analysis showed that the weight loss of the stalk samples was mainly due to
hemicellulose hydrolysis by both DAP and FCP (Table 1). A previous study also reported that soluble
sugars predominantly originated from the hemicellulose fraction of lignocellulosic substrates [23].
The dilute acid pretreatment and FeCl3 pretreatment can markedly solubilize hemicellulose into
monomeric sugars and soluble oligomers [23,27]. Results in Table 1 indicate that DALP significantly
removed both lignin and hemicellulose, while DAP and FCP preferentially removed hemicellulose.
Samples pretreated by DALP had the lowest lignin content of 11.7%. A similar delignification effect
was also observed in alkaline pretreatment and microwave-assisted alkaline pretreatment processes
for different stalk wastes [6,15,30,31].

2.2. Effect of Different Pretreatments on Cell Structure

Cell structure changes of the stalk samples pretreated by DAP, DALP and FCP were also studied
by a scanning electron microscopy (SEM) at the same magnification (× 500) (Figure 1).

As shown in Figure 1a, the untreated P. alopecuroides sample had a smooth and intact surface with
an unchanged fibrous structure organization. On the other hand, the cell walls of the DAP sample were
obviously destroyed. It can be seen in Figure 1b that the rectangular cell wall boundaries became blurry
to some extent, indicating that a portion of cellulosic components could have been removed by DAP.
The cell surfaces of the FCP sample were also not smooth, and partly broken (Figure 1d). This clearly
verifies that the removal of lignocellulosic components such as hemicellulose by FCP resulted in
morphological surface modification. Stronger morphological changes were observed from the DALP
sample. As can be seen in Figure 1c, the surfaces and cell walls of the DALP sample were significantly
destroyed and distorted. Enhanced destruction of plant cell wall was also found in previous studies
with microwave-assisted acid/alkaline pretreatments of lignocellulosic wastes [22,23,32]. The present
study suggests that the strong delignification effect and partial removal of hemicellulose by DALP
remarkably enhances the destruction effect to cell wall structure (Table 1 and Figure 1). The formation
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of cracks, fragments and the distortion of cell structure induced by DALP could lead to the formation of
many reactive sites on the biomass surface. Such changes increasingly benefit the accessibility of stalk
samples to enzymes and bacteria, and consequently accelerate the subsequent bioconversion process.Molecules 2019, 24, x 4 of 15 
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Figure 1. SEM images of P. alopecuroides samples with and without pretreatments (500×): (a) 
untreated sample; (b) sample with DAP; (c) sample with DALP; (d) sample with FCP. 
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Figure 1. SEM images of P. alopecuroides samples with and without pretreatments (500×): (a) untreated
sample; (b) sample with DAP; (c) sample with DALP; (d) sample with FCP.

2.3. Effect of Different Pretreatments on Enzymatic Hydrolysis

Enzymatic hydrolysis was carried out to evaluate the enhancement of biodegradability of
P. alopecuroides biomass pretreated with DAP, DALP and FCP. As shown in Figure 2, the untreated
sample displayed its lowest reducing sugar yield after 72 h of enzymatic hydrolysis (134.8 mg/g raw
stalk). Meanwhile, samples pretreated with 3.0% H2SO4 solution and 3.2% FeCl3 solution under 121 ◦C
for 30 min exhibited varied increases in enzymatic hydrolysis efficiency. The reduced sugar yields of
the pretreated samples by DAP and FCP reached 258.3 mg/g pretreated stalk (PS) and 293.7 mg/g PS,
increasing by 92% and 118% as compared with the untreated samples, respectively. DALP appeared
to be the most efficient pretreatment technique by which to obtain the highest reducing sugar yield
among all tested pretreatment methods (669.7 mg/g PS) (Figure 2).
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The highly ordered crystalline structure of cellulose fibrils, the presence of lignin polymer and
the recalcitrant cellulose–hemicellulose–lignin network structure in lignocellulosic biomass severely
hindered enzymatic hydrolysis [33,34]. As shown in Table 1 and Figure 1, decreases in hemicellulose
content and changes in cell structure, emerging after acid pretreatments (especially FCP), were
responsible for the significant increase in reducing sugar yield. It is obvious that the pretreated sample
by DALP, in which much more lignin components were removed, showed a much higher reducing
sugar yield than those of DAP and FCP samples. The connection between these results strengthens a
hypothesis that lignin removal is relatively important for improving enzymatic hydrolysis. This is
because delignification not only reduces the adsorption of cellulase onto lignin, but also produces higher
cellulose substrate content, consequently making cellulose more accessible to enzymes [30,31,33,34].
A stronger destruction of cell wall and higher increase of cellulose accessibility in DALP samples also
produced a positive impact on enzymatic hydrolysis, affirmed by SEM observation (Figure 1).

2.4. Effect of H2SO4/NaOH/FeCl3 Concentrations on Biomass Composition

The effects of H2SO4/NaOH/FeCl3 concentrations in different pretreatment processes on the
chemical characteristics of pretreated samples were further studied. The corresponding acid, alkali
and FeCl3 concentrations in DAP, DALP and FCP were selected based on previous studies [7,22,23,27].
In DAP, as the H2SO4 concentrations increased from 1.0% to 4.0%, the solid yields decreased from
59.4% to 52.6%. The reduction in solids was mainly ascribed to the degradation of lignocellulosic
components. As can be seen in Table 2, the corresponding hemicellulose contents decreased from
16.9% to 12.2%, consistent with the decrease of solid yields. Removed cellulosic components were
partially converted into soluble sugars, and the corresponding sugar concentrations in the aqueous
phase significantly increased from 40.0 mg/g RS to 119.3 mg/g RS (Table 2). Due to the removal of
hemicellulose, cellulose contents increased.
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Table 2. The effects of H2SO4/NaOH/FeCl3 concentrations during pretreatments of P. alopecuroides on
its chemical composition.

Different
Pretreatment

H2SO4/NaOH/FeCl3
Concentrations (%)

Solid Yield
(%)

Hemicellulose
Content (%)

Cellulose
Content (%)

Lignin
Content (%)

Soluble Sugar
from Pretreatment

(mg/g RS) 1

Control – – 28.7 ± 0.4 41.8 ± 0.9 17.5 ± 0.6 20.0 ± 0.4

DAP with H2SO4 1% 59.4 ± 1.0 16.9 ± 1.6 51.8 ± 1.9 15.7 ± 1.1 40.0 ± 1.3
2% 55.0 ± 0.9 15.5 ± 1.3 55.0 ± 0.5 16.8 ± 1.2 69.5 ± 1.2
3% 53.3 ± 1.7 15.0 ± 1.7 55.9 ± 2.3 17.1 ± 1.5 112.2 ± 2.0
4% 52.6 ± 2.1 12.2 ± 0.2 56.5 ± 1.6 17.3 ± 1.4 119.3 ± 0.7

DALP with NaOH 0.4% 74.6 ± 2.5 22.0 ± 0.9 53.3 ± 0.3 14.5 ± 0.4 50.5 ± 0.2
0.6% 64.7 ± 1.7 17.4 ± 0.9 59.0 ± 1.4 14.0 ± 0.1 63.4 ± 2.0
0.8% 59.4 ± 2.1 16.0 ± 0.2 63.2 ± 0.6 12.6 ± 0.1 83.5 ± 0.7
1.0% 58.2 ± 1.2 15.3 ± 0.1 64.1 ± 1.7 11.7 ± 0.6 86.7 ± 0.2
1.2% 53.9 ± 1.7 14.8 ± 0.3 68.0 ± 0.7 10.2 ± 0.8 107.3 ± 0.6

FCP with FeCl3 0.8% 68.8 ± 3.1 15.2 ± 1.7 56.9 ± 1.6 18.0 ± 1.6 90.2 ± 2.2
1.6% 60.8 ± 1.7 13.5 ± 1.5 60.7 ± 1.1 17.3 ± 0.1 163.6 ± 3.2
3.2% 55.9 ± 1.8 11.9 ± 1.3 60.8 ± 1.3 16.4 ± 0.7 193.4 ± 8.7
4.8% 53.1 ± 2.3 9.7 ± 1.7 62.7 ± 1.5 15.3 ± 1.5 200.2 ± 6.7

1 The soluble sugar yield in the pretreatment process was calculated based on per g raw stalk (RS). Values are means of
triplicate ± standard deviation. RS: raw stalk.

In the case of FCP, severe pretreatment conditions (3.2% and 4.8% FeCl3) also effectively removed
cellulosic components, resulting in lower solid yields of 53.1~55.9% as compared with those of less
severity conditions (0.8~1.6% FeCl3) (Table 2). The significant decrease in hemicellulose content and the
slight increase in cellulose content suggest that hemicellulose was more easily degraded than cellulose
during FCP pretreatment [7,18]. The corresponding soluble sugar content in the aqueous phase also
increased from 90.2 mg/g RS to 200.2 mg/g RS (Table 2). Due to the acidic condition provided by H2SO4

and FeCl3 during DAP and FCP, the generated soluble sugars could be dehydrated to furfural and
5-hydroxymethylfurfural (5-HMF) [23,27]. Although the solid yields obtained by DAP and FCP were
similar, the soluble sugar concentrations in FCP samples were much higher than those observed in
DAP samples (193.4~200.2 mg/g RS vs 112.2~119.3 mg/g RS), indicating that more generated soluble
sugars may have been further converted into other byproducts by H2SO4 [23,27].

The mass loss observed after acid pretreatments can be mainly attributed to the removal of
hemicellulose components [23,27]. Acid pretreatments such as DAP and FCP randomly break
glycosidic bonds, removing hemicellulose while improving the cellulose content of lignocellulosic
biomass and consequently increasing the accessibility of cellulose to hydrolytic enzymes [28,29].
On the other hand, alkaline pretreatments produce nucleophilic attacks that break the lignin structure,
solubilizing lignin fragments or hemicellulose from α-O-4 linkages [35–37]. Results in Table 2 show
that relatively higher solid yields of 53.9~74.6% were observed in DALP samples. As the NaOH
concentrations increased from 0.4% to 1.2%, the hemicellulose contents decreased from 22.0% to 14.8%,
and cellulose contents significantly increased from 53.3% to 68.0%. The corresponding soluble sugar
concentrations also increased from 41.8 mg/g RS to 107.3 mg/g RS (Table 2). It should be noted that
DALP, with 1.0~1.2% NaOH, more significantly reduced the lignin contents of biomass to 10.2~11.7%
as compared with those achieved by DAP and FCP (Table 2).

2.5. Effect of H2SO4/NaOH/FeCl3 Concentrations on Enzymatic Hydrolysis

The effects of different H2SO4/NaOH/FeCl3 concentrations on the enzymatic hydrolysis of
P. alopecuroides biomass were also investigated. As shown in Figure 3, samples pretreated with DAP,
DALP and FCP had much higher reducing sugar yields after enzyme hydrolysis, 1.4~5.5 times higher
than that of the untreated sample (134.8 mg/g). In particular, the sample pretreated with 1.0% H2SO4

solution under 121 ◦C for 30 min exhibited an obvious increase in enzymatic hydrolysis efficiency, and
the corresponding reducing sugar yield reached 258.1 mg/g PS. Increased acid concentrations showed a
beneficial effect on cellulosic component removal and subsequent enzymatic hydrolysis. The reducing
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sugar yield reached a maximum value of 336.4 mg/g PS when P. alopecuroides biomass was pretreated
with 4.0% H2SO4. Similar improvements were observed during the FCP process. As can be seen in
Figure 3, the reducing sugar yield of the sample pretreated with 0.8% FeCl3 solution was 192.0 mg/g
PS. The highest reducing sugar yield of 279.3 mg/g PS was obtained when FeCl3 concentration was
increased to 4.8%.
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As can be seen in Figure 3, the enzymatic hydrolysis efficiency of DALP samples was the highest
among the untreated sample and all pretreated samples. At the lowest NaOH concentration of 0.4%, the
reducing sugar yield of the DALP sample reached 296.1 mg/g PS, comparable to that obtained in samples
pretreated with 3% H2SO4 and 4.8% FeCl3. DALP with higher NaOH concentrations (0.6~1.2%) resulted
in a significant improvement in hydrolysis performance. Compared to all tested samples, the highest
reducing sugar yield was 744.4 mg/g PS using 1.2% NaOH. It should be also noted that some undesirable
enzyme-inhibiting byproducts (mainly phenolic compounds, furans and organic acids) might be formed
under certain pretreatment processes, especially those conducted at severe conditions (e.g., steam
explosion, LHW, chemical treatments, 160~240 ◦C, 5~45 min, pretreatment severity factor (log R0) of
2.8~4.8) [11,38–40]. However, tested pretreatment strategies were still effective because cellulase was
not inhibited in the subsequent enzymatic hydrolysis of the pretreated biomass, as illustrated by high
reducing sugar yields of the pretreated samples (Figure 3). These results also confirmed the potential
of these chemical pretreatment methods. The low inhibiting effect could be mainly attributed to the
milder operation conditions (low acid/alkaline/FeCl3 concentrations, 120 ◦C, 30 min, pretreatment
severity factor (log R0) of 2.1), which can lead to lower levels of byproducts [11,20,41–43]. In addition,
most byproducts, such as the phenolics formed by the NaOH pretreatment, were retained in the
pretreated liquors, resulting in a substantially lower level of phenolics in the enzyme-saccharified
hydrolysates [44].

The effects of different pretreatment strategies on removing the physical barrier of lignin, reducing
the dense crystalline structure and coating effect of hemicellulose and enhancing the accessibility of
the pretreated biomass to hydrolytic enzymes were relatively complicated [11,12,45,46]. Results clearly
indicate that both DAP and FCP were effective at removing hemicellulose components and destroying
cell wall structure. The hemicellulose removal in DAP and FCP exhibited a positive relationship
with the reducing sugar yields during the subsequent enzymatic hydrolysis (Table 2 and Figure 3).
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These results further support the observation that under acid/Lewis acid pretreatments, cellulose
saccharification is linearly proportional to the amount of hemicellulose (mainly xylan) removed,
since hemicellulose removal helps increase cellulose accessibility [27,45]. The reducing sugar yields
(279.3~336.4 mg/g PS) and conversion ratios (34.6~44.5%) by DAP and FCP were comparable to
those observed in the pretreated bamboo (77 mg/g PS), rice grass (457 mg/g PS) and pine foliage
(588 mg/g PS) pretreated with 1~2% H2SO4 at 121 ◦C for 60 min [19–21]. Notably, the simultaneous
removals of lignin and hemicellulose were also positively related with the reducing sugar yields of
the DALP samples (Table 2 and Figure 3). Despite lower hemicellulose removal, DALP provided
a much higher delignification (Table 2) and reducing sugar recovery as compared with DAP and
FCP (744.4 mg/g PS vs 279.3~336.4 mg/g PS, respectively). In addition to the obvious impact on
delignification, significant enhancements on fermentable sugar releases were also observed in different
biomass samples pretreated with NaOH under similar conditions, including bamboo, pine foliage,
Pennisetum purpureum, wheat straw and Eucalyptus (324~629 mg/g PS) [17,20,34,44]. These results
indicate that effective lignin removal, as well as cellulose swelling induced by DALP, appeared to be
more important factors in decreasing biomass recalcitrance and increasing enzymatic digestibility as
compared with hemicellulose removal in DAP and FCP.

2.6. Analysis of Mass Balance and Prospects for P. alopecuroides

A promising pretreatment method not only enables the ability to obtain readily digestible
substrates, but also maximizes the total yield of fermentable sugars. Table 3 shows the mass balance
of stalk samples under different pretreatments and subsequent enzymatic hydrolysis. The highest
reducing sugar yields in the aqueous phases under the optimal DAP, DALP and FCP conditions were
119.3 mg/g RS (DAP-4% H2SO4), 107.3 mg/g RS (DALP-1.2% NaOH) and 200.2 mg/g RS (FCP-4.8%
FeCl3). The solid yields under the above conditions were 52.6%, 53.9% and 53.1%, respectively.
The corresponding reducing sugar yields of enzymatic hydrolysis of the DAP, DALP and FCP samples
were 336.4, 744.4 and 279.3 mg/g PS, respectively. Based the above data, the total soluble sugar yields
from both pretreatment and enzymatic hydrolysis processes were 296.2, 508.5 and 348.6 mg/g RS,
respectively. DAP had the lowest sugar recovery, partly because of its low enzymatic hydrolysis
efficiency. Another reason was that cellulosic components, once removed, may be further converted
into other byproducts, and thus the sugar yield from the aqueous phase during DAP was not high
despite of its high weight loss. Among experimental conditions tested, DALP yielded the highest
total sugar recovery through the whole process from pretreatment to enzymatic hydrolysis, while FCP
indicated the most efficient method to recover soluble sugars only at pretreatment stage.

Table 3. Mass balance of the untreated and pretreated stalks.

Different
Methods

Solid
Yield (%)

Soluble Sugar
from Pretreatment

(mg/g RS)

Soluble Sugar
from Enzymatic

Hydrolysis (mg/g PS)

Soluble Sugar
from Enzymatic

Hydrolysis (mg/g RS)

Total Soluble
Sugar Yield
(mg/g RS) 1

Control – – – 134.8 134.8
DAP 52.6 119.3 336.4 176.9 296.2

DALP 53.9 107.3 744.4 401.2 508.5
FCP 53.1 200.2 279.3 148.4 348.6

1 The total soluble sugar yield through the whole process from pretreatment to enzymatic hydrolysis was calculated based
on per g raw stalk. RS: raw stalk; PS: pretreated stalk.

The fermentable sugar recovery from the P. alopecuroides sample pretreated by DALP was
comparable to those obtained in the enzymatic hydrolysis of different lignocellulosic biomasses,
as well as Pennisetum grass species [9,17,19,20,34,46,47]. As shown in Table 4, the maximum released
sugar yields of 362.3~629 mg/g PS were obtained by acid or alkaline pretreatments of various biomass
wastes such as wild rice grass, pine foliage, Eucalyptus and bamboo [19,20,34,46]. The optimal reducing
sugar yield was only 146.9 mg/g pretreated elephant grass (P. purpureum) pretreated with 1.5% NaOH at
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121 ◦C for 60 min [17]. Total fermentable sugar yields of 324~537 mg/g Napier grass (P. purpureum) were
reported for samples pretreated with 2% Ca(OH)2 or 2% NaOH at 121 ◦C for 60 min [47]. In this study,
the yield obtained so far on P. alopecuroides (pretreated with 1.2% NaOH at 121 ◦C for 30 min) was
744.4 mg/g PS (508.5 mg/g RS, conversion ratio of 85.4%), opening a potential avenue for efficient
biofuel production from Pennisetum grass.

Table 4. Comparison of fermentable sugar recovery from different biomass.

Biomass Pretreatment Conditions Sugar Yield
(mg/g PS) 1

Conversion
Ratio (%) Ref.

P. alopecuroides 1.2% NaOH, 121 ◦C, 30 min 744.4 85.4 This study
Wild rice grass 2% H2SO4, 121 ◦C, 60 min 457 93.2 [19]

Bamboo 1% NaOH, 3% Tween 80,121 ◦C, 60 min 629 75.4 [46]
Bamboo 1% H2SO4, 3% Tween 80,121 ◦C, 60 min 153 24.7 [46]

Pine foliage 1% C-TAB, 1% H2SO4, 121 ◦C, 60 min 588 98.1 [20]
Pine foliage 1% PEG-6000, 1% NaOH, 121 ◦C, 60 min 477 88.4 [20]

Eucalyptus 12.5% [TBA][OH], ultrasound irradiation
(at a power of 360 W for 60 min) 426.6 51.5 [34]

Eucalyptus 2% NaOH, ultrasound irradiation
(at a power of 360 W for 60 min) 362.3 56.6 [34]

P. purpureum Schum 0.5% NaOH, 90 ◦C, 60 min (glucose yield:
245 mg/g RS) NA [9]

P. purpureum 1.5% NaOH, 121 ◦C, 60 min 146.9 24.7 [17]
P. purpureum 2% Ca(OH)2 or NaOH, 121 ◦C, 60 min 324~5372 65.5~88.7 [47]

1 Soluble sugar yields were calculated based on per g pretreated stalk. 2 Sugar yields and conversion ratios were calculated
on the basis of the reported data of the cellulose/hemecellulose contents and glucose/xylose/reducing sugar yields in the
corresponding references. RS: raw stalk; PS: pretreated stalk; Ref.: references; NA: not available.

Results obtained in this study clearly illustrated that digestibility of P. alopecuroides biomass were
significantly improved by DALP, hence this pretreated biomass could be used in bioethanol or biogas
production [1,12–14]. In fact, the DALP sample could be directly fermented by mixed microorganisms
for biogas production, hence omitting the enzymatic hydrolysis step using expensive cellulase [1,3–5].
The techno-economic feasibility of the DALP sample integrated with biogas production, in which
energy recovery ranges from 50% to 85%, has already been proven in several industrial biogas plants
in China [1,48,49].

The current pretreatment strategies can also be integrated with ethanol fermentation. An energy
recovery of 37% was observed in full-scale ethanol production using starch substrates [49]. Lignocellulosic
bioethanol production is also energetically sustainable based on heat/electricity production from
fermentation residues, while greenhouse gas (GHG) emissions are decreased by 50~93% in this process [50].
It should be noted that the industrial application of lignocellulosic bioethanol production was still limited
to some extent due to the high cost of cellulase (about USD 0.50 per gallon ethanol, accounting for
20%–30% of total costs [51]). However, recent techno-economic analysis indicated that the evaluated
minimum ethanol selling price (MESP) decreased from USD 4.58 per gallon to USD 1.91~2.46 per gallon,
which comes close to the market price of ethanol (USD 2.50~3.10 per gallon) [52–55]. Additionally,
many studies have also been conducted to further resolve the bottleneck of enzymatic hydrolysis in
lignocellulosic bioethanol production as follows: 1) improving production/activity of cellulase using
mutagenesis, co-culturing and heterologous gene expression of cellulases; 2) reusing enzymes by
immobilization; and 3) process optimization and integration (e.g., simultaneous saccharification and
fermentation processes, cost-effective pretreatment, etc.) for reducing the cost [12–14]. These research
avenues are undoubtedly making lignocellulosic bioethanol more economically viable.

It should be noted that due to limited farmland resources in China, planting energy crops on
available marginal land, which is estimated to be about 5.5 million ha, is regarded as one of the most
promising choices for the production of biofuel feedstocks [56]. If 20% of the marginal land area is
used for planting P. alopecuroides and the dry biomass yield is about 30 t/ha, theoretically about eight
million tons of cellulosic ethanol can be produced annually, assuming a 12% biomass moisture content
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and an ethanol yield of 264 kg/t of dry biomass [52]. This estimated potential yield would almost reach
the 2020 ethanol target (10 million tons per year) in China.

3. Materials and Methods

3.1. Materials

Wild P. alopecuroides was manually collected from Fujian, China, and dried in the sun. After that,
P. alopecuroides samples were dried in an oven at 60 ◦C for at least 24 h to a constant weight and then
milled to pass through a 20-mesh sieve using a plant miller. The main composition of stalks (on a dry
weight basis) was as follows: cellulose 41.8%, hemicellulose 28.7% and lignin 17.5%.

3.2. Pretreatment Process

Dried samples were added to glass bottles containing 1.0~4.0% (w/v) sulfuric acid (DAP), 0.4~1.2%
(w/v) NaOH (DALP) and 0.8~4.8% (w/v) FeCl3 solutions (FCP), respectively, based on a solid loading
rate of 10% [7,22,23,27]. The above samples for all three pretreatments were then autoclaved at 121
◦C for 30 min [7,22,23,27]. After the pretreated samples were centrifuged, the supernatants were
collected and stored at –20 ◦C for further analysis. The solid residues were washed with deionized
water until the filtrates were neutral. The solids were then dried in an oven at 105 ◦C to a constant
weight. The dried solids were sealed in plastic bags and stored in a desiccator at room temperature
until composition analysis and/or enzymatic hydrolysis.

3.3. Enzymatic Hydrolysis

The cellulase used for enzymatic hydrolysis were donated by Hunan Youtell Biochemical Co.,
Ltd. The protein content of the cellulase was 35 mg/mL. The activities of cellulase, β-glucosidase and
endoglucanase were 30 FPU/mL, 6.8 U/mL and 165 U/mL, respectively. The enzymatic hydrolysis
was performed in a 250-mL conical flask using 50-mM sodium acetate buffer (pH 5) containing 40 µL
tetracycline hydrochloride with 2.5% solid loading at 50 ◦C and a 150-rpm agitation rate for 72 h.
The enzyme was loaded at 15 FPU/g for the untreated and pretreated samples (i.e., 17.5 mg enzyme
protein/g solids). One unit of cellulase activity is defined as the amount of the enzyme that releases
1 µmol of glucose per minute in the reaction mixture at 50 ◦C and pH 5. After solid–liquid separation
via centrifugation, reducing sugars in the hydrolysate were analyzed by the 3, 5-dinitrosalicylic acid
(DNS) assay [57]. All experiments were carried out in triplicate and all values were the means of
triplicate ± SD.

The biomass conversion to fermentable sugar was calculated using the equation [19,47]:

Conversion ratio (%) = 100 × YTRS/(1.111 × CC +1.136 × CHC) (1)

where YTRS (g/g pretreated sample) is the total reducing sugar yield per gram of pretreated
sample in the enzymatic hydrolysate; the constants 1.111 and 1.136 are the conversion factors
for cellulose/hemicellulose to the equivalent reducing sugars; and CC and CHC (g/g pretreated sample)
are the cellulose and hemicellulose contents per gram of pretreated sample.

3.4. Scanning Electron Microscopy (SEM) Observation

The stalk samples were used to observe cell destruction before and after different pretreatments
via scanning electron microscopy (SEM). The dried samples were fixed on a specimen holder
with aluminium tape, then sputtered with gold in a JEOL JEC-1200 sputter-coater (Tokyo, Japan).
All specimens were examined with a JEOL JSM-5600 LV scanning electron microscope (Tokyo, Japan)
under high vacuum and at an accelerating voltage of 5.0 kV (10 µm, 500×magnification).

208



Molecules 2019, 24, 1715

3.5. Analytical Methods

The sample mixtures were centrifuged and separated after pretreatments. The supernatants were
collected to analyze total soluble sugar content. The solid residues were dried, and solid yields were
recorded. Total solid and total soluble sugars were analyzed according to the standard methods [57–59].
The cellulose, hemicellulose and lignin contents were determined according to the standard method of
Goering and Van-Soest [60], and calculated on the basis of residual total solids after pretreatments.
All experiments were performed in triplicate, and all values were the means of triplicate ± SD.

Pretreatment severity factor (log R0) was calculated with the following equation [61,62]:

R0 = t*exp[(Tr-100)/14.75] (2)

where Tr is the reaction temperature (◦C), 100 is the reference temperature (◦C) and t is the reaction
time (min). The fitted value (14.75) is the arbitrary constant ω.

4. Conclusions

Results in this study show that DAP, DALP and FCP resulted in the obvious structural changes
and a high degree of hemicellulose and/or lignin removal from P. alopecuroides samples. Among
all pretreatment methods tested, FCP produced the highest soluble sugar recovery (200.2 mg/g
raw stalk) at the pretreatment stage. In comparison with FCP and DAP, DALP offered a much higher
delignification and stronger morphological changes, which could significantly enhance the accessibility
of the pretreated stalks to the enzymes, and thereby improve the performance of enzymatic hydrolysis.
DALP gave the highest total soluble sugar yield of the pretreatment enzymatic-hydrolysis process
(508.5 mg/g raw stalk). These results indicate that P. alopecuroides, a popular grass in huge quantities in
China, could be used as a promising feedstock for biofuel production.
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Abstract: This study compares the effects of pre- and post-hydrothermal treatment of source- separated
organics (SSO) on solubilization of particulate organics and acidogenic fermentation for volatile fatty
acids (VFAs) production. The overall COD solubilization and solids removal efficiencies from both
schemes were comparable. However, the pre-hydrolysis of SSO followed by acidogenic fermentation
resulted in a relatively higher VFA yield of 433 mg/g VSS, which was 18% higher than that of a process
scheme with a post-hydrolysis of dewatered solids from the fermentation process. Regarding the
composition of VFA, the dominance of acetate and butyrate was comparable in both process schemes,
while propionate concentration considerably increased in the process with pre-hydrolysis of SSO. The
microbial community results showed that the relative abundance of Firmicutes increased substantially
in the fermentation of pretreated SSO, indicating that there might be different metabolic pathways for
production of VFAs in fermentation process operated with pre-treated SSO. The possible reason might
be that the abundance of soluble organic matters due to pre-hydrolysis might stimulate the growth of
more kinetically efficient fermentative bacteria as indicated by the increase in Firmicutes percentage.

Keywords: acidogenic fermentation; hydrothermal treatment; source separated organics; volatile
fatty acids; particulate organics solubilization; microbial community analysis

1. Introduction

In the world, about 1.2 billion tonnes of food are wasted every year through the food supply chain,
accounting for one-third of the food production [1]. In Canada, more than 27 million tonnes of food
waste are disposed of annually [2]. If not adequately managed, the large amount of organic waste may
cause significant social, environmental, and economic challenges. Source separated collection has been
an effective management strategy to separate organic waste from other waste streams at the source,
thereby minimizing the contamination of organic waste for the downstream process. Source-separated
organics (SSO) is the term used to describe the organic waste stream collected at the source [3]. Besides
food waste, SSO also contains other organic components, including yard trimmings (grass, leaves, etc.),
fibres (paper towels, napkins, tea bags, etc.) and wood waste [4].

The bioconversion of SSO to various value-added products (e.g., CH4, H2, volatile fatty acids), and
thereby reduce waste for ultimate disposal has attracted increasing attention. Specifically, waste-derived
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volatile fatty acids (VFA) production has been emerging due to the diverse application of VFAs [5].
The biological steps involved in VFA production are hydrolysis and acidogenesis. Hydrolysis, in which
bacteria use enzymes to break down particulate matters or macromolecule into soluble compounds
or monomers, is usually considered as the rate-limiting step. Pre-treatment of organic waste can be
used to enhance the hydrolysis of particulate matters [6]. Among various pre-treatment methods,
hydrothermal pre-treatment is considered environmentally friendly because no chemical addition is
needed. The hydrothermal pre-treatment uses high temperature and pressure to increase the ionized
products of water, which facilitate the hydrolysis of particulate matters into the soluble phase [7]. Also,
the associated thermal energy can potentially be recovered at the end of the process, thereby reducing
energy demand [8]. Moreover, various types of waste heat from boiler steam or flue gas can be utilized
for the hydrothermal process at no additional cost [9].

Previous studies have reported positive impacts of hydrothermal pre-treatment of food waste on
fermentative VFA production. For instance, a study showed hydrothermal pre-treatment of food waste
at 160 ◦C for 30 min, and achieved 43% increase in SCOD and 55% increase in VFA after fermentation
for 15 days [10]. Yin et al. [10] also reported that hydrothermal temperature higher than 170 ◦C led
to the formation of some toxic and non-biodegradable products despite higher COD dissolution.
Similarly, another study also examined the effect of hydrothermal pre-treatment of kitchen waste and
obtained 1.3 times higher VFA production after fermentation for 21 days [11]. The compositions of SSO
vary considerably from food waste, which could profoundly affect the hydrothermal pre-treatment
and subsequent fermentation performance. However, most of these studies focused on food waste and
did not identify detailed information on microbial composition during fermentation of pre-treated
substrates. The differences between microbial communities involved in fermentation of SSO and
pretreated SSO remained to be determined. Furthermore, as the hydrothermal process mainly enhances
the solubilization of particulates, it may instead be used as post-treatment after fermentation to target
only the solid fraction of fermented effluent, which has rarely been investigated. Thus, it is still
unknown whether the order of applying the hydrothermal process affects solubilization of particulate
organics and VFA production when combining with acidogenic fermentation.

Therefore, the objective of this study was to compare the performance of the hydrothermal process
used as pre-treatment and post-treatment on solubilization of particulate organics as well as VFA
production from SSO. The main parameters evaluated were solubilization of particulate matters, solids
reduction, and VFAs production and composition. The microbial communities were also examined
in the fermented effluent with/without hydrothermal pre-treatment to elucidate the possible VFA
production pathways. Lastly, the implications of this study were also discussed comparing to literature.
This study first compared the two process schemes combining hydrothermal treatment and acidogenic
fermentation of SSO and provided new information into microbiome that drives fermentation with
pretreated SSO. The findings may help advance understanding of fermentation process and operation
integrating with hydrothermal treatment.

2. Results and Discussion

2.1. Solubilization of Particulate Matters

Figure 1 shows the concentrations and reduction efficiencies of suspended solids in raw, treated,
and fermented SSO samples. The initial TSS and VSS concentrations in raw SSO were 62,000 mg/L
and 45,400 mg/L, respectively. In system-1, raw SSO was fermented followed by post-hydrolysis of
dewatered solids from the fermentation process. Conversely, in system-2, raw SSO was subjected to
hydrothermal pre-treatment followed by fermentation. Both systems showed a step-wise decrease in TSS
and VSS concentrations after each step of treatment. Moreover, each step in system-2 showed a superior
performance in suspended solids reduction than the corresponding step in system-1. After fermentation
(system-1), the TSS and VSS concentrations decreased to 52,500 mg/L and 35,700 mg/L respectively.
The subsequent hydrothermal post-treatment further decreased the TSS and VSS concentrations
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to 39,000 mg/L and 27,000 mg/L, respectively. In system-2, the TSS and VSS concentrations first
substantially reduced to 43,000 mg/L and 31,000 mg/L after thermal pre-hydrolysis; then, further
reduced to 36,700 mg/L and 25,500 mg/L after fermentation, respectively. These results indicated
that both pre- and post- thermal hydrolysis processes efficiently hydrolyzed particulate organics.
The thermal hydrolysis process alone (31–32%) had a superior effect on the reduction of suspended
solids of SSO than fermentation alone (16–21%). Notably, a major portion of the solid reduction in
system-2 was contributed by the pre-hydrolysis step. Nonetheless, overall solids removal efficiencies
from both schemes were comparable despite the slight advantage showed in system-2 (41–44% vs.
37–41%).

Molecules 2019, 23, x FOR PEER REVIEW  3 of 14 

respectively. The subsequent hydrothermal post-treatment further decreased the TSS and VSS 
concentrations to 39,000 mg/L and 27,000 mg/L, respectively. In system-2, the TSS and VSS 
concentrations first substantially reduced to 43,000 mg/L and 31,000 mg/L after thermal pre-
hydrolysis; then, further reduced to 36,700 mg/L and 25,500 mg/L after fermentation, respectively. 
These results indicated that both pre- and post- thermal hydrolysis processes efficiently hydrolyzed 
particulate organics. The thermal hydrolysis process alone (31–32%) had a superior effect on the 
reduction of suspended solids of SSO than fermentation alone (16–21%). Notably, a major portion of 
the solid reduction in system-2 was contributed by the pre-hydrolysis step. Nonetheless, overall 
solids removal efficiencies from both schemes were comparable despite the slight advantage showed 
in system-2 (41–44% vs 37–41%). 

 
(a) 

 
(b) 

Figure 1. (a) The concentrations of suspended solids and (b) suspended solid reduction efficiency in 
raw, treated, and fermented SSO. (TSS: Total Suspended Solids, VSS: Volatile Suspended Solids) 

0

10,000

20,000

30,000

40,000

50,000

60,000

70,000

Ra
w

Fe
rm

en
ta

t
io

n

H
yd

ro
th

er
m

al
 p

os
t-

tre
at

m
en

t

H
yd

ro
th

er
m

al
 p

re
-

tre
at

m
en

t

Fe
rm

en
ta

t
io

n

Su
sp

en
de

d 
so

lid
 c

on
ce

nt
ra

tio
n 

(m
g/

L)

TSS VSS

16

37

31

41

21

41

32

44

0
5

10
15
20
25
30
35
40
45
50

Fermentation Hydrothermal
post-treatment

Hydrothermal
pre-treatment

Fermentation

System-1 System-2

Pe
rc

en
ta

ge
 o

f s
us

pe
nd

ed
 so

lid
s 

re
du

ct
io

n 
(%

)

TSS
VSS

Figure 1. (a) The concentrations of suspended solids and (b) suspended solid reduction efficiency in
raw, treated, and fermented SSO. (TSS: Total Suspended Solids, VSS: Volatile Suspended Solids)
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Figure 2 shows concentrations of TCOD and SCOD, total and soluble carbohydrate, and total and
soluble protein. The degrees of COD, carbohydrate, and protein solubilization are provided in the
Supplementary Information (Figure S1). The initial concentrations of SCOD (32,500 mg/L), soluble
carbohydrate (442 mg/L), and soluble protein (100 mg/L) in the raw SSO accounted for 32.8%, 3.5%,
6.3% of the TCOD, total carbohydrate, and total protein, respectively. Similar to solids reduction,
both systems showed a step-wise increase in SCOD after each step of treatment, and each step in
system-2 showed a better performance in terms of COD solubilization than the corresponding step
in system-1. The fermentation in system-1 first increased the SCOD concentration from 32,500 mg/L
to 45,600 mg/L, resulting in a 20% degree of solubilization. The subsequent post-hydrolysis further
increased the SCOD to 54,200 mg/L, leading to an overall degree of solubilization of 33%. In comparison,
the pre-hydrolysis in system-2 first increased the SCOD concentration to 49,000 mg/L, resulting in a
25% degree of solubilization. The subsequent fermentation process further increased the SCOD to
56,200 mg/L, corresponding to an overall degree of solubilization of 35%. Thus, the COD solubilization
results were consistent with the trend observed for solids reduction. Furthermore, it is worth noting
that the TCOD remained almost constant in both systems, indicating that negligible COD (<2%) were
released as gaseous by-products (e.g., H2, CO2) from the fermentation or hydrolysis process, which
was in line with the observation of negligible H2 production in this study. As shown in Figure 2b,c,
fermentation reduced the concentration of soluble carbohydrate and soluble protein in both process
schemes, mainly due to the fermentation of these compounds to lower molecular organics, including
various volatile organic acids.
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Figure 2. Concentrations of (a) TCOD and SCOD, (b) total and soluble carbohydrates, and (c) total and
soluble protein in raw, treated, and fermented SSO. (TCOD: Total Chemical Oxygen Demand, SCOD:
Soluble Chemical Oxygen Demand, SSO: Source Separated Organics)

The post-hydrolysis of dewatered solids from the fermentation process slightly increased
the soluble carbohydrate and protein in system-1, while the pre-hydrolysis of SSO in system-2
considerably increased the concentrations of soluble carbohydrate and protein. According to the
literature, the high temperature in the hydrothermal pre-treatment process hydrolyzed macromolecules
(e.g., starch, cellulose, and hemicellulose, protein) into small molecular matter like oligosaccharide
and monosaccharide (e.g., glucose and xylose), leading to the increase of soluble carbohydrates and
protein [5,9]. Meanwhile, some soluble sugars and amino acids were further degraded into short-chain
VFAs, such as acetic acid, thus decreasing the total carbohydrates/proteins. Lipids have been reported
to be relatively stable under the hydrothermal process and fermentation [12]. Organic matters present
in SSO are mostly carbohydrates, proteins, and lipids [13]. Therefore, the increase in the SCOD
concentration of SSO during hydrothermal pre-treatment was most likely due to the solubilization of
macromolecular organic compounds like carbohydrates and proteins. After fermentation, SCOD was
increased while soluble carbohydrate and protein concentrations were decreased, which suggest that
other intermediates (e.g., VFA) rather than soluble carbohydrate or protein were the main contributors
of SCOD after fermentation.

2.2. Yields and Distribution of VFAs

Figure 3a shows the total VFA concentrations in raw, hydrolyzed, and fermented SSO samples.
The corresponding VFA yields and SCOD yields (mg/g VSS) are provided in the Supplementary
Information (Table S1). The initial VFA in raw SSO was 8400 mg/L. In system-1, the VFA was
significantly increased to 15,000 mg/L after fermentation, which was 80% higher compared to raw
SSO. The subsequent hydrothermal process only further increased the VFA concentration slightly to
16,700 mg/L. In contrast, pre-hydrolysis in system-2 only slightly increased the VFA concentration (18%)
in SSO. The subsequent fermentation substantially increased the VFA concentration to 19,700 mg/L with
an overall increase of 135% compared to the raw sample. Nonetheless, the VFA production primarily
credited to the fermentation process in both systems. Accordingly, the highest VFA yields (433 mg/g VSS)
and SCOD yields (1240 mg/g VSS) were obtained from fermentation of pre-treated SSO in system-2,
which were 135% and 73% higher than those in raw SSO samples, respectively (Supplementary
Information, Table S1). This result indicated that the order of applying the hydrothermal process
affected the VFA production. While combining hydrothermal process and fermentation, applying
hydrothermal process as pre-treatment showed a slight advantage over as post-treatment, resulting
in 18% higher VFA production. Because the hydrothermal process solubilized particulate to soluble
phase, providing soluble organics for fermentation, thereby enhancing the VFA production during the
fermentation process. Similar to VFA production, ammonia concentration (Supplementary Information,
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Figure S2) was substantially increased after fermentation, indicating the effective degradation of
organic nitrogen (protein) during fermentation.
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The highest VFA yield (433 mg/g VSS) attained in this study was further compared to those
obtained in other studies. As shown in Table 1, VFA yields varied with operating conditions, such
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as hydrothermal temperature and holding time, and fermentation temperature and retention time.
The substrate sources also had large impacts on VFA yields. Nonetheless, the VFA yield in this study
is comparable to that reported by Ding et al., [12], but higher than that achieved by Li and Jin [14]
and lower than those obtained by Yin et al., [10] and Yu et al., [11]. However, the VFA yield of SSO
could be further improved by optimising other factors, such as HRT of fermentation, which should be
investigated in future research.

Figure 3b shows the distribution of SCOD component in the raw, hydrolyzed, and fermented SSO
samples based on the organic compounds, including VFA, soluble carbohydrate, and soluble protein.
Among the soluble end products, VFA was the major contributor (56%) of SCOD after fermentation in
both process schemes. In contrast, other SCOD rather than VFA was the main contributor (67%) of
SCOD after pre-hydrolysis in system-2. In addition to soluble carbohydrates and soluble protein, other
soluble SCOD may include alcohols, other organic acids, poly-phenols, furfural, etc. [9,15].

Figure 3c shows the composition of VFA in the fermented SSO samples from system-1 and system-2.
In system-1, acetate (35%) and butyrate (30%) were the main products with a small production of
propionate (12%). In system-2, besides the dominance of acetate (26%) and butyrate (22%), propionate
(30%) was substantially increased compared to that in system-1. The difference in VFA compositions
indicated that there might be different metabolic pathways for VFA production after pre-hydrolysis
in system-2. According to the literature, acetate and butyrate were mainly produced from glucose
fermentation [16]. Each glucose unit could be converted into either two acetate units and four
hydrogen units via the acetate pathway or into one butyrate unit and two hydrogen via the butyrate
pathway [17]. In contrast, propionate was mainly produced from the fermentation of amino acids [18]
or various H2-consumption pathways [19]. Thus, the higher propionate fraction in system-2 might be
produced by amino acid fermentation bacteria or by H2-consumption propionate producing bacteria.
The dominance of propionate in VFAs has also been previously reported after the fermentation of
thermally pretreated kitchen waste [14]. Meanwhile, previous studies have also shown that VFA
composition in fermentation was highly dependent on the type of waste [12]. SSO characteristics
markedly varied given the differences in origin, dietary customs, and collecting sites and seasons [20].
Therefore, the composition of VFAs in this study could be influenced by SSO characteristics.

Table 1. Comparison of VFA yield in this study to literature.

Substrate
Hydrothermal

Process
Condition

Hydrothermal
Process

Severity Index

Fermentation
Condition VFA Yield Increase in

VFA Reference

Food waste
from canteen 160 ◦C, 30 min 3.2 Batch, 30 ◦C,

15 days 910 mg/g VSremoved 55% [10]

Restaurant,
canteen, dining
hall food waste

160 ◦C, 20 min 3.1 Batch, Fermentation:
35 ◦C, 48 h 450 mg/g vs. 240% [12]

Food waste
from canteen 160 ◦C, 30 min 3.2 Batch, 30 ◦C,

21 days
740 mg/g

VSSremoved
130% [11]

Kitchen waste
from canteen 120 ◦C, 50 min 2.3 Batch, 35 ◦C,

21 days 32 mg/g vs. No increase [14]

Kitchen waste
from canteen

160 ◦C, 120 min 3.8 -
280 mmol/L

120% [21]
1.6 mmol/gVSS

SSO 170 ◦C, 30 min 3.5
Semi-continuous,

fed once a day,
38 ◦C, HRT = 3 days

433 mg/gVSS
135% This study

570 mg/gVSSremoved

Note: Severity Index = log {exp[(T − 100)/14.75] × t }, where T is the pretreatment temperature (◦C), and t is the
holding time (min) [13].

2.3. Microbial Community

Bacterial community at the phylum level and genus level is shown in Figure 4. At the phylum
level, Firmicutes was the most dominant one in both samples, but was considerably higher in relative
abundance in the sample from system-2 (54% vs. 70%) (Figure 4a). Firmicutes contains various
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fermentative bacteria. Bacteroidetes was the second most dominant one in both samples (~30%).
In system-2, Actinobacteria was also slightly higher in relative abundance (1% vs. 3%), while the relative
abundance of Proteobacteria dramatically decreased (12% vs. 1%).
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lowest taxonomic level assigned, such as family (f_) or order (o_) level.

At the genus level, Prevotella (Bacteriodetes) was dominant in both systems, and was relatively
higher in relative abundance in system-1 (28% vs. 20%) (Figure 4b). Also, the percentage of Streptococcus
(Firmicutes) was remarkably higher in system-1 (26% vs. 0.3%), which is well-known for lactic acid
fermentation [22]. In contrast, Butyrivibrio (8% vs. 28%) and Acidaminococcus (2.5% vs. 5.4%) were
higher in relative abundance in system-2. Butyrivibrio spp. contain butyric-acid-producing bacteria [23]
and Acidaminococcus spp. contain amino-acids-degrading bacteria [24], both of which belong to the
phylum Firmicutes. Previous studies have also reported the fermentation of model hemicelluloses by
Prevotella strains and Butyrivibrio fibrisolvens [23]. Additionally, those unidentified genera sorted to
the family Ruminococcaceae and the order Clostridiales (Firmicutes) were substantially higher in relative
abundance in system-2, which contain a variety of fermentative bacteria [2,25]. These results indicated
that there might be different metabolic pathways for VFA production in the fermentation process
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with pretreated SSO. One possible reason might be that the hydrothermal pre-treatment enhanced the
soluble organic matters, thereby inducing the growth of various fermentative bacteria as indicated by
the increased relative abundance in Firmicutes. Interestingly, the genus Clostridium, known as the main
H2-producer in the fermentation process [22], was not detected with high relative abundance in either
system, which was in line with the observation of negligible H2 production in this study.

3. Materials and Methods

3.1. SSO and Inoculum

In this study, the SSO was provided by the Disco Road Organics Processing Facility (Toronto,
ON, Canada). This facility process SSO that consists of food waste, pet waste, houseplants, paper
food packaging, diapers, and biodegradable plastics. At Disco facility, the raw materials first undergo
visual inspection to remove the large items from the waste stream. After visual inspection, the waste
streams enter a BTA® hydro-mechanical system (BTA International GmbH, Pfaffenhofen, Germany)
that transforms the non-homogeneous mixture of the waste into a semi-homogeneous pulp. The BTA
process starts with a screening followed by hydropulpers to remove the unwanted materials (e.g., plastic
bags, sand, metals, and glass shards) from the produced pulp. It is worth noting that the SSO utilized
in this study was collected from the pulp stream after the BTA process. The fermentation inoculum
was collected from a full-scale mesophilic anaerobic digester located in Ashbridge Bay wastewater
treatment plant (Toronto, ON, Canada). The digester was operated at a temperature of 35–37 ◦C and
fed with a mixture of primary and secondary municipal sludge. Table 2 summarizes the characteristics
of the SSO and inoculum used in this study.

Table 2. The characteristics of SSO and inoculum.

Parameters SSO Inoculum

pH 5.55 ± 0.1 7.9 ± 0.1
TS mg/L 65,300 ± 1900 15,700 ± 100
VS mg/L 47,900 ± 1304 9250 ± 150
VS/TS (%) 72 ± 0.3 59 ± 1
TSS mg/L 62,000 ± 3500 15,400 ± 300
VSS mg/L 45,400 ± 2000 10,000 ± 200
VSS/TSS (%) 72.9 ± 1.9 65.2 ± 0.3
TCOD mg/L 99,200 ± 3200 18,000 ± 200
SCOD mg/L 32,500 ± 900 500 ± 70
Total carbohydrates (mg/L glucose) 12,500 ± 450 NA
Soluble carbohydrates (mg/L glucose) 450 ± 30 NA
Total protein mg/L 1600 ± 150 NA
Soluble protein mg/L 100 ± 15 NA
Total nitrogen (mg/L N) 3100 ± 607 1300 ± 40
Total phosphate (mg/L PO4

−) 1250 ± 354 1350 ± 30
Alkalinity (mg/L CaCO3) 5600 ± 300 4700 ± 15
Ammonia (NH3-N) 900 ± 300 700 ± 50
VFA (mg/L HoAc) 8400 ± 680 680 ± 20

Total solids (TS), volatile solids (VS), total suspended solids (TSS), volatile suspended solids (VSS), total
chemical oxygen demand (TCOD), soluble chemical oxygen demand (SCOD), volatile fatty acids (VFA), source
separated organics (SSO).

3.2. Experimental Design and Set-Up

The hydrothermal treatment of SSO was carried out using a high temperature (up to 330 ◦C),
and high pressure (up to 1900 psi) stirred reactor with a maximum sample volume of 2 L (Parr 4848,
Parr Instrument Company, Moline, IL, USA). The Parr hydrothermal reactor was equipped with an
automated controller with auto-tuning capabilities that allows for accurate monitoring of both the
heating and cooling parameters including target temperature, holding time (soak) as well as the
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heating/cooling rate. The reactor content (SSO) was continuously mixed with the aid of a mechanical
mixer connected to a speed controller. The hydrothermal treatment parameters such as temperature
and pressure were monitored on a real-time basis via the SpecView software version 3.1.144 (SpecView
Corporation, Gig Harbor, WA, USA). In this study, for each round of treatment, 2 L of SSO was
delivered into the reactor vessel. After sealing the vessel, the mechanical mixer was set to the rotational
speed of 150 rpm. The mixer was kept running until the end of the cooling cycle. The hydrothermal
temperature of 170 ◦C with a holding time of 30 min was used in this study, which was the favorable
condition obtained from the previous study [13]. For this purpose, the temperature of SSO increased
gradually at a rate of 3 ◦C/min until it reached the target temperature of 170 ◦C (Cycle 1). Next,
the temperature was kept constant at 170 ◦C for 30 min (Cycle 2). Afterwards, the cooling cycle
was started and continued until the temperature reached below 50 ◦C (Cycle 3). The hydrothermal
treatment condition (temperature, pressure, and retention time) was selected considering the optimum
hydrothermal treatment condition obtained among 15 different tested scenarios in an earlier study
performed by the same research group [13].

The experimental scheme of this study is shown in Figure 5. In system-1, the raw SSO was first
fermented in a semi-continuous process. The fermenter effluent was then centrifuged for 30 min at
5000 rpm using a centrifuge (Sorvall Legend XT centrifuge, Fisher Scientific, Hampton, NH, USA)
to separate the liquid and solid fraction of the fermented effluent. Then, the solid fraction of the
fermented effluent was subjected to hydrothermal post-treatment. Afterwards, the liquid fraction
(that was already separated through centrifugation) was mixed with the hydrothermally post-treated
solid fraction to produce the final sample for analysis. In system-2, the raw SSO was first subjected to
hydrothermal pre-treatment. Then, the pretreated SSO was used as the feedstock for a semi-continuous
fermentation to produce a final sample for analysis.Molecules 2019, 23, x FOR PEER REVIEW  11 of 14 
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Figure 5. Schematic diagram showing the experimental set-up.

Feeding of the fermenters was done semi-continuously (once every 24 h). Before starting the
fermentation process, the content of the fermenters was purged for a duration of 5 min with nitrogen
gas to achieve a completely anaerobic condition. The pH of the fermenters was kept in the range
of 5.4–5.6 by controlling the pH of the feed (raw and pre-treated SSO) throughout the operation
period using sodium hydroxide (NaOH) and hydrochloric acid (HCl). The fermentation process was
conducted in a water bath set at a temperature of 38 ± 1 ◦C. The fermenter content was continuously
mixed throughout the operation period at a rate of 150 rpm using a sealed rotating plastic shaft. Every
24 h, 500 mL of the fermentation effluent was taken out, and the fermenters were fed again with
500 mL of either raw or thermally pretreated SSO, resulting in hydraulic retention time (HRT) of 3 d.
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The feeding and decanting of the fermenters were done manually using a 500 mL aluminum syringe.
Both the raw and thermally pretreated fermenters were operated for an initial period of 20 days to
reach a steady-state condition and then the operation was continued for an additional 30 days. Eight
samples (twice a week) were taken for analyses during the steady-state period.

3.3. Analytical Methods

The measurement of the samples solid content in terms of total solids (TS), volatile solids (VS),
total suspended solids (TSS), and volatile suspended solids (VSS) was performed according to the
Standard Methods [26]. The analysis of chemical oxygen demand (COD) was done through the
closed reflux colorimetric method outlined by the Standard Methods. The carbohydrates and protein
determination was conducted according to the colorimetric methods developed by Dubios et al. [27] and
Frolund et al. [28]. The absorbance measurement of the samples was done using a spectrophotometer
(DR 3900, HACH, Loveland, CO, USA) with the wavelengths of 600, 595, 490, 560, 650, 394, and
542 nm for the analysis of COD, protein, carbohydrates, ammonia, alkalinity, total nitrogen, and
total phosphate, respectively. The COD, protein, and carbohydrate analyses were performed on both
the total and soluble phases of the samples. To collect the soluble fraction for analysis, the samples
were first centrifuged at 9000 rpm for 30 min using a Sorvall Legend XT centrifuge. Next, the liquid
fraction (supernatant) of the centrifuged samples were filtered through 0.45 µm microfiber filters.
The concentration of the total VFAs was determined calorimetrically using the TNT 872 kit (HACH).
The VFAs composition was determined using a gas chromatograph (Varian 8500, Varian Inc., Toronto,
ON, Canada) equipped with a fused silica column (30 m × 0.32 mm) and a flame ionization detector.
Helium was used at a constant flow rate of 5 mL/min as the carrier gas. The temperatures of the
detector and column were set at 250 and 110 ◦C, respectively.

3.4. Microbial Community Analysis

Microbial communities of the fermented effluent from both schemes were analyzed with high
throughput 16S rDNA sequencing. The genomic DNA of the biomass samples were extracted using
the PowerSoil® DNA Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA). The extracted DNA
concentrations were quantified using a spectrophotometer (NanoDrop 2000C, Thermo Fisher Scientific,
Waltham, MA, USA). The extracted DNA samples were stored immediately at−70 ◦C prior to performing
Illumina Miseq sequencing at the Research and Testing Laboratory (Lubbock, TX, USA) using the
bacterial primer set 357Wf: CCTACGGGNGGCWGCAG and 785R: GACTACHVGGGTATCTAATCC
to target the 16S rDNA. The demultiplexed sequencing data were processed and analyzed using the
Quantitative Insights Into Microbial Ecology (QIIME v2) software [29]. The sequences were denoised
(dada2 method) to remove and/or correct noisy reads, remove chimeric sequences and singletons, and
join denoised paired-end reads [30]. The denoised sequences were assigned to species-equivalent
operational taxonomic units (OTUs) at a 97% sequence similarity level using the open-reference OTU
picking method (vsearch method against 2013-08 Greengenes database) [31].

3.5. Calculations

The degree of solubilization of carbohydrate, protein, and COD were calculated to assess the
hydrolysis efficiency (Equation (1)):

Degree of solubilization = (St − S0)/(T0 − S0) × 100% (1)

where, St is the concentration of soluble organic materials (carbohydrate, protein, or COD) in the
treated SSO (mg/L), S0 is the initial concentration of soluble organic materials in the raw SSO (mg/L),
and T0 is the initial concentration of total organic materials in the raw SSO (mg/L).
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The yields of SCOD and VFA were calculated (Equation (2)):

Yield = St/VSS0, expressed as mg/g − VSS (2)

where, St is the final concentration of SCOD or VFA in the treated SSO (mg/L), and VSS0 is the initial
concentration of volatile suspended solids in the raw SSO (mg/L).

The conversion factors used for the calculation of COD of the carbohydrate (1.19 gCOD/g), protein
(1.42 gCOD/g), acetate (1.07 gCOD/g), propionate (1.51 gCOD/g), butyrate (1.82 gCOD/g), and valerate
(2.04 gCOD/g) were determined as previously described in the literature [32].

3.6. Statistical Analysis

The statistically significant effects of the independent variables (i.e., pretreatment temperature,
pressure, and retention time) were tested by multi-factor analysis of variance (ANOVA) at a 95%
confidence level (α = 0.05) using Minitab Software 17 (Minitab, LLC, State College, PA, USA).
The ANOVA analysis was conducted by considering 2-level interaction effects of the independent
variables. The Fisher’s least significant difference analysis was used to compare all pairs of means.

4. Conclusions

The process schemes of pre- and post-hydrothermal treatment of SSO were successfully performed
and compared for solids removal and VFA yields. Results showed that solubilization of organic matters
through pre-hydrolysis could boost subsequent acidogenic fermentation, resulting in an 18% increase
in overall VFA yield over post-hydrolysis of fermented SSO. Both acetate and butyrate were dominant
in both process schemes, while propionate was higher in the process with pre-hydrolysis. Meanwhile,
various fermentative bacteria belonging to Firmicutes were higher in relative abundance in the process
with pre-hydrolysis of SSO, suggesting different metabolic pathways for VFA productions in both
process schemes.

Supplementary Materials: The following are available online. Table S1. Soluble chemical oxygen demand
(SCOD) and volatile fatty acid (VFA) yields. Figure S1. (a) Suspended solid reduction efficiency and (b) degree of
solubilization of COD, carbohydrate, and protein in system-1 and system-2. (TSS: Total Suspended Solids, VSS:
Volatile Suspended Solids, COD: Chemical Oxygen Demand). Figure S2. Ammonia concentration of raw, treated,
and fermented source separated organics (SSO) samples.
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Abstract: Ionic liquids have been recognised as interesting solvents applicable in efficient lignocellulosic
biomass valorisation, especially in biomass fractionation into individual polymeric components or
direct hydrolysis of some biomass fractions. Considering the chemical character of ionic liquids, two
different approaches paved the way for the fractionation of biomass. The first strategy integrated
a pre-treatment, hydrolysis and conversion of biomass through the employment of hydrogen-bond
acidic 1-ethyl-3-methyimidazolim hydrogen sulphate ionic liquid. The second strategy relied on
the use of a three-step fractionation process with hydrogen-bond basic 1-ethyl-3-methylimidazolium
acetate to produce high purity cellulose, hemicellulose and lignin fractions. The proposed approaches
were scrutinised for wheat straw and eucalyptus residues. These different biomasses enabled an
understanding that enzymatic hydrolysis yields are dependent on the crystallinity of the pre-treated
biomass. The use of acetate based ionic liquid allowed crystalline cellulose I to change to cellulose II and
consequently enhanced the glucan to glucose yield to 93.1 ± 4.1 mol% and 82.9 ± 1.2 mol% for wheat
straw and eucalyptus, respectively. However, for hydrogen sulphate ionic liquid, the same enzymatic
hydrolysis yields were 61.6 ± 0.2 mol% for wheat straw and only 7.9 ± 0.3 mol% for eucalyptus residues.
These results demonstrate the importance of both ionic liquid character and biomass type for efficient
biomass processing.

Keywords: biomass; valorisation; ionic liquid; crystallinity; enzymatic hydrolysis; pre-treatment

1. Introduction

Lignocellulosic biomass is a renewable, sustainable, abundant, and CO2 neutral alternative to
fossil feedstock for a portfolio of fuels, chemicals and materials. Composed of crystalline cellulose
nanofibrils embedded in an amorphous matrix of cross-linked lignin and hemicelluloses, lignocellulose
shows a natural recalcitrance that impedes enzyme and microbial accessibility, resulting in the relatively
low digestibility of raw lignocellulosic materials [1]. Thus, an efficient pre-treatment, and consequently
a deconstruction of the lignocellulosic biomass, makes these fractions susceptible for more favourable
transformation to value-added products [2,3]. However, many pre-treatment methods require harsh
conditions, especially temperature and/or pressure that often result in undesired by-products, which
decrease the sugar yields and inhibit enzymatic hydrolysis and further bioconversion [2].

In recent years, ionic liquids (ILs) have gained increasing interest for biomass processing due to
their capacity to dissolve lignocellulosic biomass by an effective disruption of the complex network
of noncovalent interactions between carbohydrates and lignin [4–6]. A main function of IL in
lignocellulosic biomass pre-treatment is the modification the fibrillary structure of cell walls in order
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to: (i) decrease cellulose crystallinity, (ii) increase cellulose surface accessibility by the removal of lignin
and/or hemicellulose, and (iii) promotion of a swelling effect of the biomass [7]. Imidazolium-based
ILs are among the most extensively studied ILs and have demonstrated that either a cation or an
anion is of considerable importance in biomass processing [8,9]. Swatloski et al. showed that a
high concentration of chloride anions is effective in breaking down the hydrogen-bond network of
cellulose [10]. A similar effect was reported for the acetate ([OAc]) anion, which was demonstrated to
be efficient in the dissolution of lignocellulosic biomass [11]. It was reported that a key reason for this
was the high hydrogen bond acceptor capacity (β) of the [OAc] anion (β = 1.201) in comparison to
previously mentioned chloride anion (β = 0.83) [12]. Due to this, 1-ethyl-3-methylimidazolium acetate
IL is confirmed to be one of the best and is one of the most commonly used [13] ILs, able to dissolve
a large variety of lignocellulosic biomass and to fractionate it into cellulose- and hemicellulose-rich
fractions, as well as to produce high pure lignin [9,14,15].

An alternative approach to biomass processing with ILs is the employment of ILs as both solvent
and catalyst. In these processes, ILs hydrolyse mainly polysaccharide fractions without the presence
of other catalysts [5,16,17]. Therefore, ILs with an acidic character have demonstrated an ability to
selectively hydrolyse hemicellulose [18,19], both cellulose and hemicellulose [20], or lignin [21]. Some
of the most commonly used ILs in such approaches are those based on hydrogen sulphate ([HSO4]).
They are able to catalyse a selective hemicellulose hydrolysis [17–19]. Furthermore, [HSO4]-based
ILs have been increasingly used because of their acidic properties and due to their low cost when
compared to other ILs [22]. The use of acidic IL, e.g., 1-butyl-3-methylimidazolium hydrogen sulphate,
[bmim][HSO4], allowed achievement of up to 90% fermentable glucose after enzymatic saccharification
of the cellulose-rich Miscanthus pulp [18]. The same IL was also reported as being able to hydrolyse
and to convert the hemicellulose fraction of wheat straw with no additional catalyst used [17].
The pre-treatment with this IL produced a liquor enriched in hemicellulosic sugars, furans and
organic acids, and a solid fraction constituted mainly of cellulose and lignin. Furthermore, water was
confirmed to have an influence on the equilibrium of the hemicellulose hydrolysis. The increase of the
water content close to 10% (w/w) in the reaction system disfavoured xylose dehydration, and thus
allowed the production of hemicellulose-derived monosaccharides to increase significantly [19].

Building on previous works about the processing of biomass with hydrogen-bond basic
([emim][OAc]) [11] and hydrogen-bond acidic ([emim][HSO4]) [17,19] ILs, this work aimed to
demonstrate the importance of biomass type on the efficiency of the biomass pre-treatment, as well
as on the efficiency of subsequent enzymatic hydrolysis. This was examined using two very distinct
types of biomasses, namely, herbaceous (wheat straw) and hardwood Eucalyptus globulus, allowing the
elucidation of changes observed in the chemical structure of the biomass, cellulose crystallinity and
consequently the effects of these on the cellulose-rich pulp hydrolysability.

2. Results and Discussion

2.1. Hydrogen-Bond Acidic IL

2.1.1. Biomass Pre-Treatment with [emim][HSO4]

The first methodology used focused on the biomass pre-treatment with [emim][HSO4]. As stated
above, this approach allowed the integration of biomass pre-treatment, hydrolysis and conversion in a
single-step process. The acidic character of the [HSO4] anion of IL, promoted a selective hydrolysis of
the hemicellulose fraction, and the resulting products (mainly pentoses and furfural) were kept in the
liquid phase. Both biomasses, wheat straw and eucalyptus residues, were subject to processing with
[emim][HSO4] IL at 140 ◦C for 90 min at varied [emim][HSO4]/H2O mass ratio and with fixed 10 wt.%
of dry biomass in the reaction mixture.

The pentose and furfural yields obtained in these trials are depicted in Figure 1.
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furfural. These results are not surprising since a high performance of acidic ILs towards furfural is 
often reported in the literature [23–25]. One of the reasons for this is that pentose conversion to 
furfural is a dehydration reaction; therefore, a higher concentration of IL, or in other words a lower 
concentration of water, may disturb the equilibrium existing in the system promoting the 
dehydration of pentoses towards furfural production. On the other hand, the presence of water in 
the system allowed protection of pentoses from dehydration, and consequently, it was possible to 
obtain a high pentose yield for IL concentration below 30 wt.%. Although this observation is valid 
for either wheat straw or eucalyptus residues, the yield of hemicellulose hydrolysis, as well as 
pentose and furfural yields, seems to be strongly dependent on the nature of the biomass. As can be 
seen in Figure 1, in the best conditions, i.e., 30 wt.% IL, pre-treatment of the eucalyptus residues with 
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maximum pentose concentration was almost double, i.e., 70.1 ± 0.5 mol%. This difference is also 
reflected in the composition of pre-treated solids and the solid yields. The latter was very high for 
eucalyptus residues and varied between 81 and 85 wt.%, while for pre-treated wheat straw it 
oscillated between 68 and 75 wt.%. For both biomasses, the lowest solid yields were observed for 
solids obtained following pre-treatment with an IL concentration of 30 wt.%. This is a direct 
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concentration increased the solid yield for wheat straw up to 74.9 ± 3.0 wt.%. This unexpected increase 
of the solid yield with an increase in the pre-treatment intensity might be justified by the formation 
of pseudo-lignins, also called humins [26]. As pseudo-lignins are quantified gravimetrically [27], they 
contribute to an increase in the lignin content detected, which is clearly visible in Figure 2. For two 
the highest IL concentrations tested, the lignins recovered exceeded 100 wt.% of the lignin present in 
the native biomass. This, in turn may confirm this hypothesis. 
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Figure 1. The yields of (•#) pentose (sum of arabinose and xylose) or (��) furfural as a function of
ionic liquid (IL) concentration (wt.%) obtained from pre-treatment of wheat straw (filled symbols) and
eucalyptus residues (open symbols) performed at 140 ◦C for 90 min.

As can be seen, at IL concentration of 30 wt.%, the pentose yields peaked for both biomasses.
For eucalyptus residues or wheat straw, a further increase in the IL concentration was demonstrated
to have a negative effect on the pentose yield as it was counterbalanced by predominant production
of furfural. These results are not surprising since a high performance of acidic ILs towards furfural
is often reported in the literature [23–25]. One of the reasons for this is that pentose conversion
to furfural is a dehydration reaction; therefore, a higher concentration of IL, or in other words a
lower concentration of water, may disturb the equilibrium existing in the system promoting the
dehydration of pentoses towards furfural production. On the other hand, the presence of water in
the system allowed protection of pentoses from dehydration, and consequently, it was possible to
obtain a high pentose yield for IL concentration below 30 wt.%. Although this observation is valid for
either wheat straw or eucalyptus residues, the yield of hemicellulose hydrolysis, as well as pentose
and furfural yields, seems to be strongly dependent on the nature of the biomass. As can be seen
in Figure 1, in the best conditions, i.e., 30 wt.% IL, pre-treatment of the eucalyptus residues with
[emim][HSO4] allowed achievement of only 37.9 ± 1.7 mol% pentoses, while for wheat straw the
maximum pentose concentration was almost double, i.e., 70.1 ± 0.5 mol%. This difference is also
reflected in the composition of pre-treated solids and the solid yields. The latter was very high for
eucalyptus residues and varied between 81 and 85 wt.%, while for pre-treated wheat straw it oscillated
between 68 and 75 wt.%. For both biomasses, the lowest solid yields were observed for solids obtained
following pre-treatment with an IL concentration of 30 wt.%. This is a direct consequence of the most
pronounced hydrolysis of hemicellulose. Further increase in the IL concentration increased the solid
yield for wheat straw up to 74.9 ± 3.0 wt.%. This unexpected increase of the solid yield with an
increase in the pre-treatment intensity might be justified by the formation of pseudo-lignins, also called
humins [26]. As pseudo-lignins are quantified gravimetrically [27], they contribute to an increase in
the lignin content detected, which is clearly visible in Figure 2. For two the highest IL concentrations
tested, the lignins recovered exceeded 100 wt.% of the lignin present in the native biomass. This,
in turn may confirm this hypothesis.

Similar effects were not observed for eucalyptus residues, for which either solid yield appeared to
be constant or the lignin content in the solids pre-treated at various IL concentrations did not change,
as demonstrated in Figure 3.
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hemicellulose, a cellulose hydrolysis in this catalytic system seems to be very inefficient. For IL 
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Figure 2. The solid phase composition (white bar–cellulose; light grey bar–hemicellulose; dark
grey bar–Klason lignin; black bar–others) of wheat straw pre-treatment at 140 ◦C and 90 min with
[emim][HSO4] at various % IL. The solid line represents the solid yield (wt.%) of pre-treated solids
recovered after pre-treatment.
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Figure 3. The solid phase composition (white bar–cellulose; light grey bar–hemicellulose; dark grey
bar–Klason lignin; black bar–others) of eucalyptus residues pre-treatment at 140 ◦C and 90 min with
[emim][HSO4] at various % IL. The solid line represents the solid yield (wt.%) of pre-treated solids
recovered after pre-treatment.

The aforementioned analysis of the hemicellulose hydrolysis also reflects the macromolecular
composition of the pre-treated leftovers of both biomasses. It is clear that the IL pre-treatment induced
the reduction of the hemicellulose fraction in comparison to native biomasses, as xylan was found in
amounts not exceeding 15 wt.% of the pre-treated biomasses. Consequently, the major components
of the solids produced were glucan, followed by lignin, as already discussed. This indicates that
contrary to a great performance by aqueous [emim][HSO4] solution in processing hemicellulose,
a cellulose hydrolysis in this catalytic system seems to be very inefficient. For IL concentrations up
to the studied 41.3 wt.%, the cellulose yield was kept constant, but in case of wheat straw, for higher
IL concentrations (>50 wt.%), the cellulose content started to diminish. This demonstrates that, only
under these conditions, the cellulose fraction of wheat straw was also susceptible to hydrolysis, and for
pre-treatment with IL concentration of 60 wt.% as much as 20 wt.% of cellulose, in comparison to native
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biomass, was removed. In the case of eucalyptus residues, in the range of IL concentrations studied,
20 wt.% of IL already allowed the removal of about 1/3 of hemicellulose and further increases in the
IL concentration in the reaction mixture resulted in no further significant changes in the composition
of the pre-treated solids, as can be seen in Figure 3. These results confirm again that although ILs
are capable of processing various types of herbaceous and woody biomass as a single feedstock,
the conditions for efficient pre-treatment are dependent upon the biomass type, with softwoods or
hardwoods recognised as the most difficult to process when compared to herbaceous biomass [6].
Indeed, Xu et al. found that the eucalyptus residues treatment catalysed by 0.5% (v·v−1) [bmim][HSO4]
yielded only ≈ 25 mol% of pentose at 190 ◦C [28]. Other reports in the literature depict the use of
the acidic ILs in the pre-treatment of biomass as well. For example, Li et al. demonstrated acidic IL
to be an efficient system for the hydrolysis of lignocellulosic materials. They obtained total reducing
sugars (TRS) yields of 23% and 15% from corn stalk after only 5 min of the reaction at 100 ◦C in
[bmim][HSO4] and [C4SO3Hmim][HSO4], respectively. On the other hand, longer reaction times
provided lower TRS yields, suggesting that these strongly acidic ILs resulted in the promotion of
more advanced degradation of polysaccharide fraction at the pre-treatment step [20]. Other work
showed that in case of Miscanthus, pre-treatment at a higher temperature (120 ◦C) and for 4 h with
[bmim][HSO4] and 20 vol.% (17 wt.%) of H2O content, close to 16% of hemicellulose sugar monomers
were obtained [18]. In a different study, Carvalho et al. showed that the same IL with 9.22 wt.% H2O
content in the pre-treatment of wheat straw (125 ◦C and 82.1 min) allowed a 40.1 mol% pentose yield
to be obtained [19]. Thus, comparing the data in the literature to the data presented in this work, it
can be stated that a higher yield of pentoses was selectively achieved without excessive amounts of IL
being present in the system.

2.1.2. Enzymatic Hydrolysis of Pre-Treated Solids

The efficiency of pre-treatment of wheat straw and eucalyptus residues by [emim][HSO4] was
evaluated by enzymatic hydrolysis. The enzymatic hydrolysis yield of pre-treated wheat straw is
presented in Figure 4.
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Figure 4. The enzymatic hydrolysis yield (glucan to glucose–light grey bar; and xylan to xylose–dark
grey bar) of wheat straw pre-treated solids as a function of IL concentration used in the pre-treatment.
The enzymatic hydrolysis yield for native wheat straw is presented for comparison.

As can be observed in Figure 4, the pre-treatment of wheat straw with [emim][HSO4] allowed
the enzymatic hydrolysis of cellulose to glucose to increase by 3-fold in comparison to native biomass.
Interestingly, the enzymatic hydrolysis yield of cellulose (light grey bars) changed only slightly with
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the IL concentration used in pre-treatment and varied from 53.0 ± 0.7 mol.% to 61.6 ± 0.2 mol% for
60 and 30 wt.% of IL, respectively. On the other hand, the xylan hydrolysis yield decrease was more
pronounced, with an increase of IL concentration from 71.7 ± 0.4 mol% to 47.3 ± 1.5 mol% for 20
and 60 wt.% of IL concentration, respectively. The reason for this might be that with an increase
in the reaction intensity, more hemicellulose was extracted from the biomass, and consequently
less hemicellulose accessible for enzymatic attack was present in the pre-treated solid. In addition,
the formation of pseudo-humins may interfere with the accessibility of enzymes to hemicellulose,
and lignin presence affects an enzymatic hydrolysis because of unproductive and irreversible cellulase
enzyme adsorption on lignin [29].

Analogous to wheat straw, pre-treatment of eucalyptus residues with [emim][HSO4] improved
the enzymatic hydrolysability in comparison to native biomass as can be seen in Figure 5.
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Figure 5. The enzymatic hydrolysis yield (glucan to glucose–light grey bar; and xylan to xylose–dark
grey bar) of eucalyptus residues pre-treated solids as a function of IL concentration used in
the pre-treatment. The enzymatic hydrolysis yield for native eucalyptus residues is presented
for comparison.

Furthermore, for eucalyptus residues pre-treated solids, an increase of IL concentration had
a generally positive effect on the yield of enzymatic hydrolysis. For example, an enhancement of
glucan to glucose yield was found with an increase of IL concentration; however, the hydrolysis yields
detected were very low and did not exceed 14 mol%, i.e., 4.5-fold lower than observed for wheat
straw. In previous work, Xu et al. verified that the cellulose-rich solids from eucalyptus residues
after [bmim][HSO4]-catalysed hydrothermal microwave pre-treatment, allowed the achievement of
greater glucose conversion yield (89.2%). However, this was only possible when temperatures as
high as 200 ◦C were used in pre-treatment and enzymatic hydrolysis was performed at 2 w/v% of
substrate concentrations and 20 FPU/g substrate after 72 h [28]. Brand et al. demonstrated that the
pre-treatment time has a significant effect on the enzymatic saccharification [18]. The pre-treatment of
Miscanthus with [bmim][HSO4] at 120 ◦C for 8 h resulted in a solid which produced ~80% glucose and
~30% hemicellulose release. It is noteworthy that enzymatic saccharification was performed according
to very favourable NREL conditions for enzymatic hydrolysis [30].

These very different results for wheat straw and eucalyptus residues drove us to employ the
approach with hydrogen-bond basic IL, namely [emim][OAc].
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2.2. Hydrogen-Bond Basic IL

2.2.1. Biomass Pre-Treatment with [emim][OAc]

The biomass pre-treatment with hydrogen-bond basic [emim][OAc] IL allowed biomass
dissolution and fractionation into cellulose-, hemicellulose- and lignin-rich fractions. For this purpose,
pre-treatment of wheat straw or eucalyptus residues in [emim][OAc] at 120 and 140 ◦C, for 2 h at
a biomass/IL ratio of 1/20 (w/w) was examined on the basis of the methodology presented in the
literature [11]. The composition of the obtained solids is given in Figures 6 and 7.
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Figure 6. The cellulose- (white bar), hemicellulose- (light grey bar), and Klason lignin-rich (dark grey
bar) fractions obtained from wheat straw pre-treated with [emim][OAc] at 120 ◦C and 140 ◦C and
2 h. Inserts present the composition of cellulose- and hemicellulose-rich fractions (the same colours
were used to differentiate each individual component). Numbers presented in the figure indicate the
composition (expressed in wt.%). For exact values, refer to Table S1 in the Electronic Supplementary
Information (ESI). Black bars correspond to other non-identified components and were calculated as the
difference between biomass used for process or characterised fraction and the cellulose, hemicellulose
and lignin determined.

The results obtained demonstrate that temperature has an effect on the selectivity of the
fractionation because, although a significantly lower amount of cellulose-rich fraction was obtained at
140 ◦C in comparison to 120 ◦C (48.0 wt.% vs. 65.8 wt.% for 140 and 120 ◦C, respectively), it contained
more cellulose, i.e., 57.6 ± 0.3 wt.% vs. 71.4 ± 0.6 wt.% for 120 and 140 ◦C, respectively. However, as
can be seen in Figure 6, a major reason for this was insufficient fractionation of hemicellulose and lignin
because the cellulose-rich sample obtained at 120 ◦C still contained 17.1 ± 3.4 and 17.2 ± 1.0 wt.%
of hemicellulose and lignin, respectively. The same sample obtained at 140 ◦C had much lower
hemicellulose and lignin content with only 10.3 ± 1.8 wt.% of each. These relevant differences in
more selective fractionation of biomass achieved at higher temperatures also found confirmation in
the hemicellulose-rich sample. Contrary to the cellulose-rich sample, the hemicellulose-rich fraction
obtained at 140 ◦C contained more solid, i.e., 25.8 wt.% in comparison to 20.0 wt.% for 120 ◦C, and
this solid was enriched in hemicellulose as it encompassed 67.8 ± 1.6 wt.% of hemicellulose, while
at 120 ◦C it was only 61.9 ± 1.5 wt.%. Consequently, it was predominantly counterbalanced by a
difference in lignin and other component contents found in both hemicellulose-rich solids. Interestingly,
the lignin-rich fraction obtained at 120 ◦C was negligible (2.4 wt.%), while that produced at 140 ◦C
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was more than three times higher and was equal to 8.3 wt.%. This again clearly indicates that a higher
temperature was more effective in the fractionation of wheat straw and allowed the production of
cellulose-, hemicellulose- and lignin-rich fractions characterised by higher purity.

Labbé et al. also concluded that at high temperatures, [emim][OAc] is able to cleave the acetyl
groups covalently attached, mostly to the hemicellulose component of yellow poplar [31]. Therefore,
at a higher temperature this IL can effectively disrupt the carbohydrate–lignin linkages favouring
hemicellulose release.
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Figure 7. The cellulose- (white bar), hemicellulose- (light grey bar), and Klason lignin-rich (dark grey
bar) fractions obtained from eucalyptus residues pre-treated with [emim][OAc] at 120 ◦C and 140 ◦C
and 2 h. Inserts present the composition of cellulose- and hemicellulose-rich fractions (the same colours
were used to differentiate each individual component). Numbers presented in the figure indicate the
composition (expressed in wt.%). For exact values, refer to Table S2 in the ESI. Black bars correspond
to other non-identified components and were calculated as the difference between biomass used for
process or characterised fraction and cellulose, hemicellulose and lignin.

As demonstrated in Figure 7, eucalyptus residues processing with [emim][OAc] at different
temperature has almost no effect on the selectivity of biomass fractionation. An increase of temperature
by 20 ◦C from 120 to 140 ◦C, similar to wheat straw, reduced the amount of cellulose-rich sample
recovered from 66.7 wt.% to 63.5 wt.% and enhanced its purity by less than 1 wt.%. Although the trends
are the same as those observed for wheat straw, the changes are negligible when compared to those
presented in Figure 6. Hemicellulose-rich fractions were recovered in very small quantities, which
made their characterisation impossible. Consequently, it can be concluded that although biomass
fractionation to cellulose-, hemicellulose- and lignin-rich fraction occurred the eucalyptus residues
make the process with hydrogen-bond basic IL less efficient than is the case for herbaceous biomass
and others presented in the literature [9,11,32,33].

2.2.2. Enzymatic Hydrolysis of Pre-Treated Solids

Regardless the efficiency of both biomass fractionation processes, cellulose-rich samples were
subject to the enzymatic hydrolysis according to the method presented in the experimental section.
The obtained results are presented in Figure 8 and are compared to those achieved for hydrogen-bond
acidic IL.
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Figure 8. The enzymatic hydrolysis yield (glucan to glucose–light grey bar; and xylan to xylose–dark
grey bar) of pre-treated wheat straw and eucalyptus residues solids produced in processes at 140 ◦C
with aqueous [emim][HSO4] (30 wt.%, 90 min) and [emim][OAc] (2 h). The enzymatic hydrolysis yield
for native biomasses is presented for comparison.

The results obtained demonstrate clearly that pre-treatment of either wheat straw or eucalyptus
residues with [emim][OAc] dramatically enhanced the enzymatic hydrolysis yields. For example, for
the cellulose-rich sample of wheat straw obtained from pre-treatment with [emim][OAc], the glucan
to glucose yield was as high as 93.1 ± 4.1 mol%, while for the same biomass pre-treated with
[emim][HSO4] a maximum hydrolysis yield of 61.6 ± 0.2 mol% was achieved. Although this 50%
enhancement is remarkable, the same process for eucalyptus residues demonstrated an even more
astonishing improvement of glucan to glucose hydrolysis yield. As was shown above, the pre-treated
solids obtained after reaction with [emim][HSO4] allowed achievement of a very modest enzymatic
hydrolysis yield of 7.9 ± 0.3 mol%, but the enzymatic hydrolysis yield of cellulose-rich solid obtained
from the pre-treatment of eucalyptus residues with [emim][OAc] was as high as 82.9 ± 1.2 mol%.
In terms of potential valorisation of cellulose present in the native biomass, a switch from [emim][HSO4]
to [emim][OAc] was also demonstrated to be a better choice for both biomasses. The yield of glucose
released after both steps (pre-treatment with [emim][OAc] and posterior enzymatic hydrolysis) was as
high as 91.4 mol% and 74.9 mol% for wheat straw and eucalyptus residues, respectively. The same
yield for both biomasses pre-treated with [emim][HSO4] with 30 wt.% of IL was only 62.3 mol% and
7.9 mol% for wheat straw and eucalyptus, respectively.

These results indicate that a change of the IL used, from hydrogen-bond acidic to hydrogen-bond
basic IL, promoted a significant change in the pre-treated solids, as the enzymatic hydrolysis yield
increased by more than 1000%. The results in the literature also confirm similar, although not such
pronounced, differences. For example, Bian et al. studied the effect of IL pre-treatment on enzymatic
hydrolysis of cellulose as a function of chemical and physical structure changes [34]. In a case
of cellulose isolated from sugarcane bagasse subjected to IL ([emim][OAc]), dissolution at a mild
temperature (90 ◦C) followed by a solid regeneration in water, resulted in an increase in glucose
content from 80.0–83.3 wt.% to 91.6–92.8 wt.%, a decrease in the degree of polymerisation from
974–1039 units to 511–521 units, a transformation from cellulose I to cellulose II, and an increase of
surface area during the pre-treatment. Such cellulose was subsequently hydrolysed by commercial
cellulases with 2 w/v% cellulose substrate and enzyme loadings of 35 FPU/g (cellulase) and 40 CbU
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(β-glucosidase) in relation to the dry weight of cellulose substrates, and allowed achievement of a high
glucose conversion yield of 95.2 mol%. These results suggest that pre-treatment led to an effective
disruption of cellulose favouring enzyme hydrolysis. Torr et al. also observed an improvement of
the glucan to glucose yield after saccharification for 72 h performed at biomass loading of 1.5% (w/v)
and Celluclast 1.5 L and Novozymes 188 with 40 FPUs/g glucan and β-glucosidades of 50 IU/g
glucan, from 5 mol% in the untreated pine wood to 84 mol% in wood pre-treated with [emim][OAc].
The analysis of the substrates revealed that the most important change brought by the pre-treatment
was an increase in the accessible surface area. In this case, the delignification was not observed, and loss
of cellulose crystallinity only occurred for the highest intensity pre-treatments [35]. Therefore, to verify
this, changes in the morphology of pre-treated solid materials were studied using X-ray diffraction.

2.3. Morphological Analysis of Pre-Treated Solids

Crystalline cellulose is the most organised form of cellulose in the biomass [36]. Also, crystallinity
of cellulose has been reported as one of the most relevant factors influencing the efficiency of enzymatic
hydrolysis [37]. X-ray diffraction permits measurement of the crystallinity of the material as a whole,
because it demonstrates either crystalline (organised) or disordered components of the biomass, namely,
amorphous cellulose, hemicellulose and lignin [38]. ILs have been shown to affect cellulose crystallinity
during pre-treatment and consequently enhancing the enzymatic hydrolysis [39]. Therefore, the effect
of different pre-treatment approaches on crystallinity, which could justify the efficiency of enzymatic
hydrolysis, was also tested in this work. The results obtained for wheat straw and eucalyptus residues
are depicted in Figures 9 and 10, respectively.
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Figure 9. Powder XRD patterns of: (a) native wheat straw, (b) pre-treated with [emim][HSO4], and
(c) pre-treated with [emim][OAc] IL.

Figures 9a and 10a show the diffraction patterns of untreated wheat straw and eucalyptus residues.
The main signal can be observed at 22.3◦ for wheat straw and at 22.5◦ for eucalyptus residue samples.
This signal indicates the distance between hydrogen-bonded sheets in cellulose I and corresponds to
the (200) lattice plane. For both biomasses, the second main band observed is a broad signal registered
at 2θ = 16.7◦ and corresponds to overlapping signals of (101) and (10-1) planes. The “valley” at 18.1◦ is
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associated with an amorphous region in the biomass and includes disordered cellulose, hemicellulose
and lignin. The third, barely noticeable, signal at 34.5◦ corresponds to one-quarter of the length of one
cellobiose unit and arises from ordering along the fibre direction.
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Figure 10. Powder XRD patterns of: (a) native eucalyptus residues, (b) pre-treated with [emim][HSO4]
and (c) pre-treated with [emim][OAc] IL.

The XRD patterns of wheat straw and eucalyptus residues pre-treated with [emim][HSO4]
indicated in Figures 9b and 10b as diffractograms, respectively, mirror the diffractograms observed
for native biomasses (Figures 9a and 10a). This confirms that hydrogen-bond acidic ILs, such as
[emim][HSO4] tested in this work, do not induce any qualitative changes in the pre-treated samples.
The same cannot be said about the cellulose-rich solids produced in the [emim][OAc] pre-treatment.
The most dominant change is a disappearance of signal at 22.5◦, and the presence of a broad asymmetric
signal consisting of a doublet at 20◦ and 21.7◦, as demonstrated in Figure 9c. Similarly, the broad signal
at 16◦ disappeared and was substituted with a new signal that emerged at 12.1◦, as can be seen in the
same figure. These changes are characteristic of a transformation of cellulose I to cellulose II and they
are the most visible for wheat straw pre-treated samples. For the cellulose-rich sample of eucalyptus
residues, similar changes in the diffractogram are visible although they are less notable. For example,
as shown in Figure 10c, a broad signal at 20–22◦ can be found. Additionally, a signal at 16◦ became
very wide and was transformed into the arm of the main signal. These changes in signals confirm the
alteration in the cellulose organisation similar to what was observed for wheat straw. At the same
time, as these signals are still not complete defined, contrary to what was observed for the wheat
straw cellulose-rich sample, it may indicate that in case of eucalyptus residues, the transformation
of crystalline cellulose is less effective and may require longer pre-treatment time. Regardless of
the reasons, the observed changes in the XRD patterns justify the fact that even partial alteration of
biomass crystallinity is sufficient to promote more efficient enzymatic hydrolysis, as demonstrated in
this work. Similar results were presented in the literature, where it was confirmed that cellulose II is
more readily digested than cellulose I. It has been argued that the van der Waals interactions between
hydrogen-bonded sheets in cellulose I are stronger than in cellulose II and that they act as the main
factor in resisting cellulose hydrolysis [40]. Li et al. compared the pre-treatment of switchgrass with
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[emim][OAc] and with a 1.2% (w/w) dilute sulphuric acid [41]. For both untreated and dilute acid
pre-treated switchgrass samples, little or no change in cellulose crystallinity was observed, but for the
sample obtained after pre-treatment with [emim][OAc] the crystallinity was altered significantly, with
a structural transformation from cellulose I to cellulose II observed. This, in turn, promoted better
performance of enzymatic hydrolysis.

3. Materials and Methods

3.1. Materials

The wheat straw sample was delivered by ECN (Energy Research Centre of the Netherlands,),
from Petten, the Netherlands. The eucalyptus residues were kindly provided by The Navigator
Company from their paper mill in Cacia, Portugal. The wheat straw and eucalyptus residues moisture
content was found to be 9.8 and 8.4% (w/w), respectively and was determined using an AMB-50
moisture analyser.

Both feedstocks were ground with a knife mill IKA® WERKE, MF 10 basic (Staufen, Germany) to
particles smaller than 0.5 mm, homogenised in a defined lot, and stored in plastic containers at room
temperature prior to further use.

The [emim][HSO4] IL (99 wt.% of purity) was purchased from Iolitec GmBH—Heilbronn,
Germany and was used in reactions without any previous purification. The water content in IL
was determined by a volumetric Karl-Fischer titration and was 3796 ppm. The [emim][OAc] with
stated purity >95% was purchased from Iolitec GmbH—Heilbronn, Germany. Prior to use in the
pre-treatment, this IL was subject to drying under vacuum (0.1 Pa) at room temperature for at least
24 h. The water content in this IL was 2800 ppm, determined by a volumetric Karl-Fischer titration as
for the other IL.

In pre-treatment experiments, the following reagents were used: 0.1 M and 3% (w/w)
NaOH aqueous solutions prepared from NaOH pellets (99% purity) supplied by Eka chemicals/
Akzonobel–Bohus, Sweden. The aqueous solutions of 1 M and 4 M HCl were prepared from fuming
HCl 37% (w/w) with a purity grade for analysis (Merck—Darmstadt, Germany). Ethanol 96% (v/v) and
acetonitrile of HPLC-gradient purity for analysis (Carlo Erba Group—Arese, Italy) and acetone (98%
purity) were supplied by Valente & Ribeiro, Lda.—Belas, Portugal. For the preparation of NaOH and
HCl solutions, distilled water (17 M Ω cm−1) and ultrapure water (18.2 MΩ cm−1) both produced by
the PURELAB Classic of Elga system were used.

For filtration, paper and glass microfibre filters (Whatman GE Healthcare Bio-Sciences
Corp.—Piscataway, NJ, USA) and nylon filters, 0.45 lm HNPW (Merck Millipore—Billerica, MA,
USA) were used.

Glucose (≥98 wt.%, Merck—Darmstadt, Germany), xylose (≥98 wt.%, Merck, Germany), arabinose
(≥98 wt.%, Merck, Germany), furfural (furan-2-carbaldehyde) (99 wt.%, Sigma-Aldrich—Steinheim,
Germany), 5-hydroxymethylfurfural (5-(hydroxymethyl)-2-furaldehyde) (99 wt.%, Sigma-Aldrich,
Germany) and acetic acid (glacial, 99.8 wt.% Merck—Darmstadt, Germany) were used for the
qualitative and quantitative HPLC analyses of the obtained liquids and solids. Sulphuric acid (96 wt.%,
Panreac—Castellar del Vallès, Spain) was used to prepare mobile phase for HPLC analyses (5 mM
sulphuric acid).

For the enzymatic hydrolysis assays, 0.1 M sodium citrate buffer (pH 4.8) prepared from citric acid
monohydrate (99.7% purity) and tris-sodium citrate (>99% purity) both from VWR International
Ltd.—Leicester, England and a 2 wt.% sodium azide solution were used. Celli®CTec2 enzyme
solution kindly provided by Novozymes A/S Europe—Bagsvaerd, Denmark was employed in the
enzymatic reaction.
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3.2. Biomass and Pre-Treated Solid Characterisation

Both biomasses and pre-treated solids were characterised to determine the total moisture [42],
total lignin and polysaccharide contents [27]. Acid-insoluble lignin was determined gravimetrically,
while acid-soluble lignin was established using UV spectrophotometry. The content of glucan and
hemicelluloses (xylan, arabinan, and acetyl groups) was determined using high performance liquid
chromatography (HPLC) equipment. Furthermore, for native biomasses, total extractives, ash and
protein contents were determined according to standard methods, namely: NREL/TP-510-42619 [43],
NREL/TP-510-42622 [44] and ISO 8968-1:2014 [45], respectively.

The composition of both biomasses is presented in Table 1.

Table 1. Wheat straw and eucalyptus residues macromolecular composition.

Components (Dry Weight %) Wheat Straw Eucalyptus Residues

Glucan 35.9 ± 0.3 44.1 ± 0.9
Hemicellulose 26.7 19.6

Xylan 22.1 ± 0.6 15.7 ± 0.2
Arabinosyl group 2.0 ± 0.7 0.5 ± 0.1

Acetyl group 2.6 ± 0.9 3.4 ± 0.9
Lignin 16.7 33.8

Acid-insoluble 15.5 ± 0.4 26.4 ± 0.1
Acid-soluble 1.2 ± 0.1 7.4 ± 0.1

Ash 11.4 ± 0.1 1.0 ± 0.1
Extractives

Water 9.4 ± 1.3 3.3 ± 0.4
Water (not ash) 5.1 ± 0.5 0.2 ± 0.0

Ethanol 1.4 ± 0.1 1.5 ± 0.1

3.3. Biomass Processing

3.3.1. Pre-Treatment of Biomass with [emim][HSO4]

All reactions were performed with a 10 wt.% of dry biomass in the reaction mixture. For this
purpose, 0.5 g of dry biomass and 4.5 g of aqueous IL solution with different [emim][HSO4]/H2O
ratios, were placed into a 15 mL glass vial (Supelco/Sigma-Aldrich, Bellefonte, PA, USA). Next, a vial
was placed into the oil bath pre-heated to the desired temperature (140 ◦C), and reactions were carried
out for 90 min, under continuous magnetic stirring. The reaction condition was selected on the basis
of previously published work [17]. After reaction, the mixture was cooled to room temperature
and approximately 5.0 mL of ultrapure H2O was added to precipitate non-hydrolysed fractions.
The resulting mixture was filtered under vacuum using 0.45 µm nylon membrane filters. The liquid
phase was collected and stored in a freezer for posterior analysis by HPLC, while recovered solid
biomass was washed with 100 mL of ultrapure H2O (in 10 mL portions) to guarantee removal of IL
from the precipitated solid. Next, the obtained solid was placed in the oven at 60 ◦C for 24 h and
afterwards was stored at room temperature for 1 h to analyse the dry mass content. The composition
of the solid was analysed as presented in Section 2.2.

3.3.2. Pre-Treatment of Biomass with [emim][OAc]

The pre-treatment was performed according to a method presented in the literature [11]. Reactions
were performed at two different temperatures (120 or 140 ◦C) for 2 h with a 5% (w/w) biomass/IL
ratio in a 15 mL vial. Following the aforementioned procedure presented in the literature, three solid
fractions, rich in cellulose, hemicellulose and lignin were obtained. All of them were characterised
according to methods presented in Section 2.2.
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3.4. Enzymatic Hydrolysis of Solids

The digestibility of pre-treated solids obtained with [emim][HSO4] or [emim][OAc] was evaluated
by enzymatic hydrolysis. The assays were performed using 5% (w/v) solids (dry weight basis)
concentration in 50 mL vials with 5 mL of 0.05 M sodium citrate buffer (pH 5), prepared from citric
acid monohydrate and tris-sodium citrate and 100 µL of a 2 wt.% sodium azide solution to prevent
undesired growth of microorganisms. Distilled water was added to reach 5.0 mL taking into account
the volume of enzyme added last. The enzyme dosage used was 10% (w/w cellulose) of Celli®CTec2
(199.9 FPU·mL−1). The enzymatic hydrolyses were performed in a shaking incubator (Optic Ivymen
system—Madrid, Spain) at 180 rpm and 50 ◦C for 72 h. After hydrolysis, enzymes were inactivated
by freezing the samples. To measure monosaccharide content, the hydrolysates were filtered under
vacuum using nylon filters (pore size of 0.45 µm) and analysed by HPLC. The glucose and xylose yields
were calculated considering the glucan and xylan contents and factors of (162/180) and (132/150) for
dehydration, respectively.

3.5. Chemical Analysis

3.5.1. HPLC Analysis

The liquid phases obtained from the pre-treatment of biomass with [emim][HSO4] and enzymatic
hydrolyses, as well as from native or pre-treated biomass characterisation were analysed using Agilent
110 series equipment with a Bio-Rad Aminex HPX-87H column (Hercules, CA, USA). Analyses were
performed at 65 ◦C with 5 mmol·L−1 H2SO4 used as the mobile phase at a flow rate of 0.6 mL·min−1.
The detection was performed using RID (refractive index detector) for monosaccharides (glucose,
xylose and arabinose) and acetic acid and DAD (diode array detector) at 280 nm wavelength for
furans (furfural and 5-HMF ≡ 5-hydroxymethylfurfural). The quantitative analyses were performed
by external calibration using standard solutions.

3.5.2. XRD Measurements

The crystallinity analyses of untreated biomasses and pre-treated materials were performed by
X-ray powder diffraction (XRD). For this purpose, a Rigaku Geigerflex D/MAX-III C X-ray powder
diffractometer with vertical goniometer, Bragg-Brentano geometry and graphite monochromator was
used. The CuKα radiation (λ = 1.5418 Å) at 45 kV and 20 mA was used. The samples were analysed in
the range of 2θ from 5◦ to 50◦ with increments of 0.02◦.

3.6. Experimental Uncertainty

Each weighing was made with a standard uncertainty (u) u(m) of 0.1 mg. All pretreatment
experiments were performed with a u(T) of 2 ◦C. All enzymatic hydrolysis experiments were performed
with a u(T) of 0.1 ◦C. All other experimental errors related to measurements depended on the calibration
technique used to quantify the concentrations of products. All reactions (pre-treatments and enzymatic
hydrolyses) and analyses were performed in duplicate and results are given as mean values with the
corresponding standard deviation.

4. Conclusions

The present work takes a major step towards providing a comparative framework between two
IL-type pre-treatments coupled with enzymatic saccharification, in terms of their performance on
converting wheat straw and eucalyptus residues to fermentable sugars. The first strategy relied
on the processing of biomass with hydrogen-bond acidic IL. This approach allowed integration of
biomass pre-treatment, hydrolysis and conversion of biomass in a single-step process. The acidic
character of the [HSO4] anion of IL promoted a selective processing of hemicellulose fraction and the
resulting products (mainly pentoses and furfural) were kept in a liquid phase. The solids produced
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were mainly constituted of cellulose and lignin. The second approach with hydrogen-bond basic IL,
allowed biomass dissolution and fractionation into cellulose-, hemicellulose- and lignin-rich fractions.
In this case, the recalcitrance of the lignocellulosic matrix was overcome by alteration of the strong
network of intra- and intermolecular bonds existing in the biomass. Consequently, a loss of native
cellulose crystalline I structure was observed, and the cellulose II form was obtained, which was not
observed for solids produced by [emim][HSO4]. This, in turn allowed a significant improvement in
the enzymatic hydrolysis yields to be obtained.

Supplementary Materials: The following are available online: Table S1. Composition of cellulose- and
hemicellulose-rich fractions obtained from wheat straw pre-treated with [emim][OAc] at 120 and 140 ◦C and 2 h;
Table S2. Composition of cellulose-rich fractions obtained from eucalyptus pre-treated with [emim][OAc] at 120
and 140 ◦C and 2 h.
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