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ABSTRACT  12 

The effect of zero-valent iron nanoparticles (nZVI) addition on methane production 13 

during anaerobic digestion of pig slurry was assessed. Experiments were conducted using two 14 

experimental set-ups: batch and long-term continuous operation at a fixed nZVI dosage. Two 15 

different temperature operation ranges (mesophilic and thermophilic) were assessed. Biogas 16 

production and methane content were monitored, and the specific methanogenic activity of 17 

the biomass and nZVI oxidation state were evaluated at different times. The results of batch 18 

experiments at mesophilic temperature operation showed an inhibition of methane production 19 

at all tested dosages (42, 84, 168 and 254 mgnZVI g-1 VSS concentrations), while methane 20 

production was boosted with the lowest dosage in thermophilic temperature operation. In 21 

continuous operation, nZVI addition produced an increase in methane content of biogas, 22 

achieving values between 80-85% in both temperature ranges. The average methane 23 

production rate increased 165% and 94% with respect to the control in thermophilic and 24 

mesophilic temperature range, respectively. The oxidation state of nZVI showed a value of 25 

+3 almost immediately after contact with substrate and a slower progressive oxidation during 26 

the reactors operation. The obtained results indicate that nZVI addition in anerobic digestion 27 

is an interesting straregy for in situ biogas upgrading. 28 
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 32 

1. Introduction 33 

Biogas is a biofuel obtained from anaerobic digestion with multiple uses since it can 34 

be directly burnt for thermal energy production or power generation. Biogas is mainly 35 

composed of methane (50-70%) and CO2 (30-50%), and can be upgraded to natural gas grade 36 

to be suitable for other uses such as transport fuel and injection in natural gas grid [1]. Various 37 

energy demanding physical and chemical methods are used nowadays for biogas upgrading, 38 

based on CO2 and CH4 separation from the biogas stream, such as scrubbing, pressure swing 39 

adsorption (PSA) or membrane separation [2]. Alternatively, other technologies under 40 

development are based on the conversion of CO2 to CH4, such as the electromethanogenesis 41 

process that can take place in bioelectrochemical system (BES) [3].  42 

The enhancement of methane production in anaerobic digestion is subject of constant 43 

research, and several technologies and techniques can be applied, such as bioaugmentation or 44 

co-digestion [4]. The application of nanoparticles (NPs) is receiving increasing attention as 45 

an approach to increase methane production in anaerobic digestion. NPs have been reported 46 

to be useful for wastewater treatment applications [5]. NPs could act as electron donors or 47 

acceptors and cofactor of important enzymes in various bioprocesses, which will enhance 48 

their yields [6]. The effect of different metallic nanoparticles on biogas production in 49 

anaerobic digestion has been studied, such as silver NPs on sewage sludge anaerobic digestion 50 

[7]; iron oxide (Fe2O3) and titanium dioxide (TiO2) NPs on cattle manure anaerobic digestion 51 

[8]; iron oxide (Fe2O3) NP on two-stage anaerobic digestion with waste sludge [9]; TiO2 NPs, 52 

on anaerobic digestion of lignocellulosic substrate [10]; magnetite and iron zero-valent, on 53 

anaerobic digestion of sludge [11]; magnetite on chicken litter anaerobic digestion [12]; or 54 

iron zero-valent, on anaerobic granular sludge [13]. Some studies have reported an inhibitory 55 

effect of NPs, which will produce toxic effects over microorganisms, generally dosage and 56 

specific NPs dependant [14]. A previous study with nano zero-valent iron (nZVI) has reported 57 
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inhibition of methanogenesis due to its disruption of cell integrity [15]. On the contrary, no 58 

ecotoxicity has been detected in other studies [16], or an increase in methane production has 59 

been reported when iron NP were added [13,17,18]. Several comprehensive reviews report 60 

the impacts of different kinds of nanoparticles on anaerobic digestion processes [6,19,20]. 61 

The use of nZVI in anaerobic digestion has been proposed as a biogas upgrading 62 

method, since it may improve the proportion of methane to the detriment of CO2 [2]. This 63 

technique could be applied with a low investment cost and a minimum process complexity 64 

since it will not consist of CO2 removal or adsorption (i.e. zeolites) phases, but direct CO2 65 

conversion into methane. In addition to biogas methane enrichment, it has been reported that 66 

biogas production is also enhanced by nZVI addition [21]. The impact of different nZVI 67 

concentrations on microbial growth has been also assessed, reporting that different conditions 68 

of substrate composition, pH or temperature produced changes in organic matter removal 69 

efficiencies [22]. Although the increasing amount of published research on the impacts of 70 

NPs on anaerobic digestion, most of the nZVI studies focus on batch and short term assays, 71 

and waste activated sludge usage. Only a few studies use high strength wastewater such as 72 

livestock manure as a substrate [21,23–25]. Short term batch investigations have reported an 73 

enhancement in methane production [26–29], while some longer term investigations showed 74 

an increase of methane production in the early stages of experiments, which is followed by 75 

an inhibition phase [30]. A methane production increase depending on NP dosage was 76 

reported in other studies [31,32].  77 

To the extent of our knowledge, this study is the first to examine the effects of nZVI 78 

dosage onto anaerobic digestion of pig slurry on long term and continuously fed assays, and 79 

to compare mesophilic and thermophilic operation temperature conditions. 80 

Additionally, although the effect of iron nanoparticles on anaerobic digestion has been 81 

previously reported, most of the published literature does not include much information about 82 

the behaviour of iron. In this work, the morphological and microstructural study of nZVI is 83 
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presented. Furthermore, a novel study on the evolution of the oxidation state of this material 84 

when added to the anaerobic medium has been performed.  85 

The aim of this study was to evaluate the impact of nZVI on methane production 86 

during anaerobic digestion of pig slurry, both under mesophilic and thermophilic temperature 87 

conditions, and in batch and continuous operation. Methanogenic activity tests have been 88 

applied to assess the change of microbial biomass after NP addition. Furthermore, Scanning 89 

Electron Microscope (SEM) and Electron energy-loss spectroscopy in a transmission electron 90 

microscope (TEM-EELS) have been used to monitor the morphology, microstructure and 91 

oxidation state of the NPs.      92 

 93 

2. Materials and methods  94 

2.1 Nanoparticles and feeding substrate 95 

nZVI NPs were synthesised adding a sodium borohydride (NaBH4, ≥98%, Sigma-96 

Aldrich) aqueous solution to a ferrous chloride (III) (FeCl3, ≥98%, Sigma-Aldrich) aqueous 97 

solution, using milli-Q grade water, based on the methodology described elsewhere [33]. 98 

Briefly, for batch assays, 200 mL of 3.72 M sodium borohydride was added dropwise to 200 99 

mL of 0.93 M ferrous chloride while the solution was vigorously stirred under a N2 stream at 100 

room temperature. The obtained nZVI was rinsed with milli-Q grade water and purged with 101 

nitrogen gas. The final concentration of nZVI in the stock solution was 0.47 M.  102 

For continuous assays, to reduce the volume of stock solution added to the reactors in 103 

each pulse, the concentration of the nZVI solution was increased. A 0.93 M concentrated 104 

nZVI stock solution was prepared, mixing 75 mL of 7.45 M sodium borohydride and 75 mL 105 

of 1.86 M ferrous chloride with the same methodology described for batch nZVI solution. 106 

The pig slurry used as feeding was collected at Puigllong farm (Gurb, Barcelona, 107 

Spain), sieved (500 µm) and frozen (-20 ºC) up to its use, to assure stable composition during 108 

all the experiment.  109 
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 110 

2.2 Batch assays at different nZVI dosage 111 

Batch experiments (biochemical methane potential tests) were conducted to 112 

investigate the effect of different concentrations of nZVI on the production of methane in pig 113 

slurry anaerobic digestion. 120 mL serum bottles were used for this purpose, and each 114 

condition was prepared in triplicate. These serum bottles were filled with a 50 g solution 115 

composed of the inoculum (4 gVSS L-1), pig slurry as substrate (4 gCOD L-1) and the different 116 

concentrations of NP (0, 42, 84, 168 and 254 mgNP g-1 VSS). These doses were based on 117 

previous assays performed by the authors in semi-continuous AD tests of sewage sludge, 118 

which had proven to be effective for methane production increase [34]. The digested sludge 119 

from a mesophilic and a thermophilic lab-scale anaerobic digesters were used as inoculums 120 

to test both operational temperature ranges. A control in triplicate, without pig slurry 121 

substrate, was included in the setup. The bottles were sealed with rubber stoppers and capped 122 

with aluminium crimp caps. The headspace was purged with N2 for 5 min in order to remove 123 

O2 and assure anaerobic conditions. The bottles were incubated for 40 days at 37±2 ºC and 124 

55±2 ºC for mesophilic and thermophilic temperature ranges, respectively. Methane 125 

production was monitored periodically by taking a gas sample (0.2 mL) from the headspace 126 

with a syringe and analysing the gas composition by gas chromatography.  127 

Biogas was accumulated in the serum bottles headspace until the end of the assay. 128 

Pressure monitoring indicated that there was no high overpressure, so microorganisms were 129 

not affected, and it was not necessary to empty the headspace. The cumulative methane yield 130 

(VCH4, mL) of each serum bottle was calculated using the N2 concentration, which should be 131 

constant throughout the assay, to correct the molar fractions as follows (Equation 1): 132 

𝑉𝐶𝐻4
= 𝑉ℎ

𝑋𝑁2
0 · 𝑋𝐶𝐻4

1−𝑋𝐶𝐻4−𝑋𝐶𝑂2

     (1) 133 
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Where Vh is the headspace volume (mL) of the serum bottle, XºN2 is the molar fraction of 134 

nitrogen measured at the beginning of the assay, and XCH4 and XCO2 are the molar fractions of 135 

CH4 and CO2, respectively, present in biogas determined by gas chromatography. 136 

Pressure build-up along the assay was calculated by the increase in the number of 137 

moles determined by gas chromatography and the ideal gas equation (Equation 2).  138 

PV=nRT       (2) 139 

where P is pressure (atm), V is the serum bottle headspace volume (L), n is the number of 140 

mole of gas determined by gas chromatography (N2, CH4 and CO2), R is ideal gas constant 141 

(0.082 atm L mol-1 K-1), and T is temperature (K). 142 

 143 

2.3 Continuous experimental set-up 144 

Three lab-scale continuous stirred tank reactors (CSTR) were used for the 145 

experiments. Two of them were operated in mesophilic temperature range (36 ºC), and the 146 

third one was operated at thermophilic temperature range (55 ºC). The anaerobic digesters 147 

(AD) consisted of a cylindrical glass reactor (25 cm diameter, volume of 5 L) fitted with a 148 

heat jacket with hot water circulating to keep the temperature at the desired value. A 149 

temperature probe was placed into the reactor lid for temperature monitoring. Continuous 150 

mixing was supplied to each reactor using an overhead stirrer. Biogas production was 151 

measured with a gas counter (µFlow, Bioprocess Control AB, Sweden). All the digesters were 152 

already in operation, fed with pig slurry for more than a year.  153 

 154 

2.4 Reactors operation 155 

The three ADs were fed in a continuous mode with raw pig slurry with a hydraulic 156 

retention time (HRT) of 10 days for the thermophilic AD and 20 days for the mesophilic ADs. 157 

The pig slurry was diluted with tap water to obtain the desired organic load. The main 158 

characteristics of the diluted pig slurry were as follows: total solids (TS), 29±4 g kg-1; volatile 159 
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solids (VS), 19±3 g kg-1; total chemical oxygen demand (TCOD), 36±5 g kg-1; total Kjeldahl 160 

nitrogen (TKN), 2.4±0.5 g kg-1; ammonia nitrogen, 1.7±0.5 g kg-1. The reactors were operated 161 

during 265 days in 3 different phases (Table 1), with an organic loading rate (OLR) of 1.7±0.4 162 

kgCOD m-3 day-1 and 4.1±1.1 kgCOD m-3 day-1 in mesophilic and thermophilic reactors, 163 

respectively.  164 

In Phase 1, one of the mesophilic ADs was used as control (MC), while a weekly nZVI 165 

pulse of 84 mg g-1 SSV was injected in the second mesophilic reactor (M). In turn, the 166 

thermophilic (T) reactor received a nZVI weekly pulse of 42 mg g-1 SSV. The dosages were 167 

chosen according to the results obtained in the batch assays performed, as will be described 168 

in Section 3.1. The addition of nZVI corresponding to a week was added in a unique pulse. 169 

In order to compare the results of the thermophilic reactor with a control, a previous 63-day 170 

period of the same reactor before starting nZVI addition was considered as Phase 0. 171 

In Phase 2, a weekly pulse of nZVI was injected in the MC reactor, in the same 172 

conditions as it was applied in the M reactor in Phase 1. In the case of the T and M reactors, 173 

the dosages applied in Phase 2 were equal to those applied in Phase 1 but divided into 2 174 

injections per week.  175 

Finally, in Phase 3, NP addition was stopped in all reactors, to determine if NPs effects 176 

on biogas production and its composition (richness of CH4 and CO2) were long lasting. 177 

Each phase was maintained at least for 3 HRT to ensure a stable operation. For each 178 

experimental condition, methane production rate (LCH4 kgVS
-1 d-1) and chemical oxygen 179 

demand (COD) removal efficiencies were used as control parameters, by taking weekly 180 

samples. Biogas composition was analysed on weekdays, to better understand the effect of 181 

nZVI addition on the anaerobic digestion process. 182 

Table 1. Operation phases of the mesophilic control (CM), mesophilic (M) and thermophilic 183 
reactors (T). 184 

Phase 
Period 

(d) 

Frequency of nZVI 
injection  

(times/week) 

nZVI concentration of 
the pulse  

(mgNP g-1 SSVadded) 
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CM M T CM M T 

0 63 - - 0 - - - 

1 125 0 1 1 - 84 42 

2 70 1 2 2 84 42 21 

3 70 0 0 0 - - - 
 185 

    186 

2.5 Specific methanogenic activities 187 

To determine the changes in metabolic pathways when nZVI was applied, sludge 188 

samples were collected from each reactor at the end of Phase 1 and 2, and also at the end of 189 

Phase 0 in the thermophilic reactor, to perform specific methanogenic activity tests (SMA). 190 

Tests were carried out using 120 mL serum bottles, following the methodology described 191 

elsewhere [35]. A volatile fatty acid (VFA) mix (acetate/propionate/butyrate, 70/20/10), 192 

acetate, and H2 were used as substrates. The serum bottles were filled with a 50 mL solution 193 

of the mesophilic or thermophilic sludge (1.5 gVSS L−1), substrate (5 gCOD L−1), 194 

macronutrients, micronutrients and bicarbonate (1g NaHCO3 gCODadded
−1). A control duplicate 195 

without the medium was included in the set-up. The bottles were sealed with rubber stoppers 196 

and capped with aluminium crimp caps. The headspace was purged for 5 min with N2 in order 197 

to assure anaerobic conditions. H2 substrate addition was performed by injection of 60 mL of 198 

high purity H2 gas (≥ 99’999%) through the septum once the serum bottle was sealed and 199 

purged. The bottles were incubated for 60 days at 37±2 ºC and 55±2 ºC for mesophilic and 200 

thermophilic temperature ranges, respectively. Methane production was monitored 201 

periodically by taking a gas sample (0.2 mL) from the head space with a gas-tight syringe and 202 

analysing the gas composition by gas chromatography. Biogas was accumulated in the serum 203 

bottles headspace until the end of the assay, and CH4 volume and pressure build-up were 204 

calculated as described in Equations 1 and 2.  205 

The SMA was calculated from the linear increase in the CH4 concentration at the 206 

beginning of the experiments (when no lag phase was observed) divided by the amount of 207 

VSS. 208 
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 209 

2.6 Analytical methods and calculations 210 

Chemical oxygen demand (COD), ammonium nitrogen (NH4
+-N), Kjeldahl nitrogen 211 

(TKN), total and volatile solids (TS, VS), total suspended and volatile suspended solids (TSS, 212 

VSS), pH, total and partial alkalinity were determined according to Standard Methods 5220 213 

[36]. Partial alkalinity (PA), which corresponds roughly to bicarbonate alkalinity, was 214 

determined by titration with H2SO4 from the original pH sample to pH 5.75. Total alkalinity 215 

(titration to pH 4.3) corresponds to VFA alkalinity added to bicarbonate alkalinity [37]. The 216 

bulk solution pH in each sample was measured using a CRISON 2000 pH electrode. N-NH4
+ 217 

and TKN were analysed by a Büchi KjelFlex K-360 distiller, and a Metrohm 702 218 

SM autotitrator. Volatile fatty acids (VFA) were quantified by gas chromatography using a 219 

VARIAN CP-3800 (Varian, USA) chromatograph equipped with a flame ionisation detector 220 

(FID). Methane content in biogas was determined using a VARIAN CP-3800 (Varian, 221 

USA) gas chromatograph equipped with a Hayesep® Q packed column (matrix 80/100) and 222 

a thermal conductivity detector (TCD). A sample of 200 µL, which was taken from the 223 

headspace of serum bottles (batch and SMA tests) or reactors (continuous assays) through the 224 

septum, was manually injected by means of a gas tight syringe (500 µL Hamilton 225 

Sampleblock Syringe) at a temperature of 180 ºC. The carrier gas was helium, with a flux of 226 

40 mL min-1. The oven and detector temperatures were set at 90 and 180 ºC, respectively. 227 

Iron concentration of the effluent and of the reactor content was determined in Phase 3 of 228 

operation by inductively coupled plasma optical emission spectroscopy (ICP-OES) (Optima 229 

4300DV, Perkin-Elmer). 230 

Data were analysed using one-way analysis of variance (ANOVA). Whenever 231 

significant differences of means were found, the Tukey test at the 5% significance level was 232 

performed for separation of means. Statistical analysis was performed using the R software 233 

package (R project for statistical computing, http://www.r-project.org).  234 

http://www.r-project.org/
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 235 

2.7 Nanoparticles characterization 236 

Samples from the content of the reactors M and T were taken during Phase 1, on day 237 

112 to 115 of operation (M reactor) and 176 to 179 (T reactor), to characterise nZVI structure 238 

and oxidation state after a pulse. Samples were also taken during Phase 3, in order to monitor 239 

the evolution of nZVI once the pulses were stopped, on days 226, 239 and 253 of operation 240 

(mesophilic reactors) and 290, 303 and 317 (thermophilic reactor). 241 

The characterization of nZVI in terms of size, distribution and morphology was 242 

performed using a scanning electron microscope (SEM), with a Quanta FEI 200 FEG-ESEM 243 

instrument, equipped for analysis of Energy Dispersive X-ray (EDX). A FEI Tecnai G2 F20 244 

HR(S)TEM equipped with a Gatan Image Filter (GIF) Quantum SE 963 @ 200kV to obtain 245 

EELS spectra was also used to analyse the size, distribution and morphology of nZVI. 246 

Besides, selected areas electron diffraction images (SAED) was used to study the 247 

microstructure of the material with high resolution images. The utility for measuring the 248 

energy spectrum electron loss (EELS) was used to obtain information about the oxidation 249 

state of nZVI. 250 

The EELS spectra defines a L32 ratio, which corresponds to a defined oxidation state 251 

of iron according to Tan et al [38]. According to them, a value of 2.99 of this ratio corresponds 252 

to zerovalent iron, while oxidation states of +2 and +3 correspond to 3.99 and 4.55 L32 values 253 

respectively. Two different types of tests were performed for comparison: test number 1 254 

consisted in studying nZVI evolution in a batch test using a 25 mL hermetically closed and 255 

nitrogenized bottle. This test was performed with two combinations: test 1a) nZVI in an 256 

aqueous suspension up to 14 days, and test 1b) nZVI added to anaerobic inoculum + pig slurry 257 

(anaerobic medium) at the same concentration of continuous reactors up to 7 days. In test 258 

number 2, nZVI samples were collected from continuous reactors operated up to three days: 259 

test 2a) mesophilic reactors, and test 2b) thermophilic reactors. 260 
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 261 

3. Results and discussion  262 

3.1 Methane production in batch assays at different nZVI dosage 263 

Specific methane productions and initial slopes obtained in the batch assays under 264 

mesophilic and thermophilic conditions are presented in Figure 1. For both temperature 265 

ranges, maximum specific methane productions were obtained with no NP addition (267.6 266 

and 235.0 LCH4 kgVS
-1 for mesophilic and thermophilic operation, respectively). Under 267 

mesophilic conditions, increasing nZVI concentration decreased methane production. 268 

Differently, under thermophilic conditions, the concentrations of 0 and 42 mgNP g-1 VSS 269 

achieved similar methane production, with no significant statistical differences (p <0.05). 270 

Interestingly, all NP concentrations boosted methane production during the first 20 days of 271 

the thermophilic batch assay, as it is shown by the initial slopes. Figure S1 shows the 272 

accumulated methane production of the different tested conditions. It is difficult to compare 273 

the obtained results with previous reports because of the different ways of expressing NP 274 

dosage. Most studies report the dosage in terms of volume (mg L-1), when in other works it is 275 

preferred to express it as a function of the organic matter present in the substrate, as stated by 276 

Lizama and coworkers [39].  The nZVI concentrations tested in this assay were between 2.5 277 

and 15.4 mM, and previous works have reported an inhibition of methanogenic activity with 278 

increasing concentrations of nZVI in mesophilic glucose anaerobic digestion (in a range of 1 279 

to 30 mM) [15]. Other work has reported an increase in specific biogas and methane 280 

production in cattle manure batch mesophilic anaerobic digestion when increasing nZVI 281 

concentrations from 5 to 20 mg L-1 [21]. Batch assays with poultry litter and nZVI at 15, 50 282 

and 100 mg L-1 (1.68, 5.58 and 11.17 mgNP g-1 VS) increased methane production up to 29.1% 283 

compared to no nZVI addition [24].  Finally, adding 9 mgNP g-1 VS to sewage sludge 284 

mesophilic anaerobic batch assays increased biogas yield and methane content 135% and 285 
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186%, respectively, with respect to control [39]. The concentrations of these assays are also 286 

lower than the ones tested in this assay, which range from 140 to 860 mg L-1.  287 

Wu and coworkers (2015) tested ZVI in batch anaerobic digestion of swine manure, 288 

although using powder form instead of NP, with concentrations as high as 50 g L-1. It was 289 

reported that although methane production increased with the applied dose, excessive ZVI 290 

doses did not stimulate methane production further and probably exerted negative effects on 291 

microbial activity [40]. The addition of 5 g L-1 of ZVI powder to ammonia-rich swine manure 292 

batch anaerobic digestion was reported to achieve 54.2% higher methane yield relative to 293 

control [41]. 294 

This batch assay results show a clear inhibition of methane production in mesophilic 295 

temperature conditions and an initial methane boost in thermophilic conditions, which may 296 

be due to an excessive dosage compared to other works. Other possible inhibition causes in 297 

batch assays are discussed later in Section 3.2.4.  298 

Regarding the different behaviour between mesophilic and thermophilic conditions, it 299 

has been reported previously and improvement in COD removal efficiency when increasing 300 

AD temperature from 37 ºC to 50 ºC with a 50 g L-1 addition of nZVI (13.37% and 33.43%, 301 

respectively), while the control reactor reduced its activity with the increase of temperature 302 

[22]. Furthermore, in this study, the thermophilic inoculum used in batch assays was obtained 303 

from the thermophilic reactor used in continuous operation mode. This reactor had been 304 

operated in previous assays with high organic and nitrogen loading rates, and 305 

hydrogenotrophic methanogens represented a high proportion of methanogenic archaea [42]. 306 

Biomass may be better acclimated and able to shift to hydrogenotrophic methanogenic 307 

metabolic pathway compared to the mesophilic temperature reactor, as the results of the SMA 308 

test have also shown (Section 3.3). 309 
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 310 

Figure 1. Specific methane production and initial slope of the batch assays performed in 311 
mesophilic and thermophilic temperature conditions with different nZVI dosages. 312 

 313 

Although batch assays results have not shown a clear improvement in methane 314 

production, previous assays of the group in semi-continuous operation mode had proven to 315 

increase methane production in AD of sewage sludge in the tested dose range [34]. 316 

Consequently, the doses chosen to be tested in continuous operation assay were in the low 317 

concentration range, 84 and 42 mgNP g-1 VSSadded for mesophilic (M) and thermophilic (T) 318 

reactors, respectively, to test if inhibition could be avoided in continuous operation mode, and 319 

to be able to compare the results obtained in both operation modes. Furthermore, continuous 320 

operation mode could have an acclimation effect on the biomass that may result in different 321 

behaviour of the anaerobic digestion process compared to batch tests [34]. 322 

 323 

3.2 Methane production in continuous assays with nZVI addition 324 

3.2.1 Thermophilic temperature range operation 325 
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An increase in the content of methane in the biogas was produced with nZVI addition 326 

in continuous anaerobic digestion. As shown in Figure 2a, the percentage of methane in the 327 

thermophilic reactor increased from 64% in Phase 0 to a maximum value of 87% in Phase 1. 328 

Methane content showed an increase after each weekly pulse of nZVI, which was maintained 329 

for several days, followed by a decrease, until a new pulse was added. The boost in methane 330 

content was produced shortly after the nZVI pulse was added to the reactor (in the range of 331 

hours), as shown in the inset of Figure 2a. Previous work has reported that more than 90% of 332 

the total H2 volume delivered by nZVI was produced in the first hour, regardless of initial 333 

nZVI concentration [43]. The same authors described that nZVI is easily deactivated during 334 

the dissolution process because of the formation of iron-related precipitates on its surface, due 335 

to its strong reducing power, resulting in much slower H2 production rates after the first hour 336 

of dissolution.  337 

 338 
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 341 

Figure 2. Methane content in biogas in the different phases of operation in a) thermophilic 342 
temperature conditions in reactor T (detail in the inset of the peak from day 162 to 169); b) 343 
mesophilic temperature conditions in reactors CM and M (detail in the inset of the peak of M 344 
reactor from day 98 to 105). 345 

During Phase 2, when the weekly dosage was split into two pulses per week, the peaks 346 

were of less magnitude, but the average value was maintained (Table 2). With the nZVI pulses 347 

suppression, in Phase 3, the methane content in biogas showed a sustained decrease, returning 348 

to values that were similar to phase 0. This behaviour shows that the nZVI accumulated in the 349 

reactor in the previous phases has a delayed background effect on the operation. Previous 350 

studies have shown the long-lasting effect of nZVI, since depending on the degree of 351 

crystallinity of the particles, complete oxidation of Fe(0) could last between two weeks and a 352 

year [44,45]. Indeed, Fe concentration evaluation during Phase 3 (Figure S2) showed that 353 

0.45 mgFe g-1 were still present in the effluent 10 days after the last nZVI pulse. The effluent 354 

and reactor content Fe concentration decreased to 0.05 mgFe g-1 65 days after the last pulse, 355 

following the biogas methane content decreasing tendency during Phase 3. The fate of nZVI 356 

after being corroded to Fe2+ in the anaerobic digester is probably the formation of insoluble 357 
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siderite (FeCO3), by interaction with CO2; or the precipitation with PO4
3- to form vivianite 358 

(Fe3(PO4)2), as described in both cases by Puyol and co-workers (2018) [46]. 359 

 360 

Table 2. Main operational results of the three reactors, mesophilic control (MC), mesophilic 361 
(M) and thermophilic (T) in the different phases (mean±standard deviation). 362 

Phase Reactor 
Methane 
content in 
biogas (%) 

Methane 
production 

(L kgVS
-1 d-1) 

COD 
removal 

(%) 
pH 

 

Total 
Alkalinity  

(g CaCO3 L-1) 

Partial 
Alkalinity (g 
CaCO3 L-1) 

1 

CM 

71±2 214±78 50±9  8.1±0.2 7.2±0.8 6.5±0.9 

2 77±2 404±100 46±11  8.2±0.1   10.7±1.4 9.4±1.3 

3 75±2 342±88 49±11  8.3±0.1   11.1±1.0 9.8±0.7 

1 

M 

81±4 255±85 48±10  8.3±0.1 7.6±1.2 6.7±1.0 

2 81±1 402±128 45±12  8.5±0.3    10.3±1.2 8.8±1.1 

3 78±2 321±118 52±15  8.4±0.1  10.8±0.7 9.9±0.6 

0 

T 

66±2 65±22 31±10  8.2±0.1   9.2±0.9 7.6±0.8 

1 78±3 140±57 40±10  8.2±0.2 6.4±0.7 5.6±0.6 

2 76±1 172±56 45±13  8.4±0.1    9.7±1.0 7.7±1.0 

3 71±2 146±54 50±9  8.2±0.1  9.1±1.2 7.7±0.9 
 363 

     The average methane production rate increased 165% during the nZVI application 364 

phases, from 65±22 to 172±56 Lmethane kgVS
-1 d-1 (Table 2, Figure S3). Finally, no significant 365 

statistical differences were found in the COD removal efficiency in any operational phase, 366 

which presented averages in a range between 31% and 50% (Table 2). Since no significant 367 

increase in COD removal efficiency was observed, the increase in methane production may 368 

be due to hydrogenotrophic methanogens H2 (produced by nZVI corrosion) uptake and 369 

reaction with CO2. 370 

 371 

3.2.2 Mesophilic temperature range operation 372 

Regarding the mesophilic reactors, a clear increase in methane content in biogas of M 373 

reactor compared to control (MC) was produced in Phase 1 (Figure 2b). Values of 88% were 374 

reached in M reactor, while methane content in MC was in a range of 67-69%. As in the 375 

thermophilic reactor, the increase of methane content was produced some hours after the pulse 376 

and was followed by a decrease at the end of the week.  377 
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When nZVI was added also to CM reactor (Phase 2), the methane content of biogas 378 

increased and reached the values obtained in the M reactor, over 80% during the peak. On the 379 

other hand, reactor M showed a more stable methane content value when the dosage was 380 

divided into two pulses a week (Figure 2b).  381 

In Phase 3, methane content percentages started to decrease in both reactors in a steady 382 

way, as described for the thermophilic reactor. Fe concentration in mesophilic reactors during 383 

Phase 3 (Figure S2) showed higher values compared to T reactor, since the HRT was double 384 

than in T reactor. Fe concentration was the highest in M reactor, maybe due to differences in 385 

mixing efficiency compared to CM reactor. The effluent of M and CM reactors contained 1.5 386 

and 0.9 mgFe g-1, respectively, 10 days after the last pulse, which decreased to 0.48 and 0.18 387 

mgFe g-1 on day 65. Fe concentration in the effluent in Phase 3 correlates well with the slightly 388 

higher methane content of M reactor compared to CM reactor, and the faster decrease 389 

observed in T reactor. 390 

The methane production rate average values in Table 2 show that reactor M produced 391 

20% more methane during Phase 1 than reactor CM, with a total increase of 94% in Phase 2. 392 

The methane production of both reactors was similar in Phase 2, when CM reactor was 393 

submitted to nZVI addition, with a 94% improvement in the CM reactor (Figure S2). The 394 

COD removal efficiencies were similar in both reactors in all the phases, as shown in Table 395 

2, similar to the behaviour described for the thermophilic reactor. 396 

 397 

3.2.3 Other operation parameters evolution 398 

Regarding other control parameters, data corresponding to pH, alkalinity and VFA is 399 

presented as Supporting Information. pH of the 3 reactors oscillated in general between 8.0 400 

and 8.5 (Figure S4a and Figure S5a). Other authors have reported inhibition of the AD process 401 

at pH over 8.0 [47,48], but in this study,  reactors performed in a stable way in all the operation 402 

time. An increase in pH has been reported due to the consumption of bicarbonate by 403 
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hydrogenotrophic methanogens [48]. Previous research articles have reported that pH may 404 

increase or remain stable with the addition of nZVI, according to Equations 3 and 4 [22,49]. 405 

 406 

4Fe0 + 8H+ + CO2 ⇢ 4Fe2+ + CH4 + 2H2O                                       (3) 407 

Fe0 + 2H2O ⇢ Fe2+ + H2 + 2OH-      (4) 408 

In this study, no significant statistical differences have been observed comparing CM 409 

and M reactor pH or the different operation phases (Table 2). Regarding TA and PA, all 410 

reactors showed an increase in Phase 2 (Figure S4b and Figure S5b-c), that can be related to 411 

the increase in VFA of the influent in this phase (Figure S4c-d and Figure S6). This increase 412 

in the VFA content of the influent may also explain the temporal accumulation of acetic and 413 

propionic acid in this phase, rather than being produced by methanogens inhibition.  414 

 415 

3.2.4 Influence of AD operation mode on nZVI effect 416 

The observed improvement in methane production in continuous operation mode may 417 

be due to different nZVI effects. On the one hand, the release of hydrogen during nZVI 418 

corrosion/oxidation (Equation 3) can serve as the electron donor for methanogens [13,50], 419 

activating hydrogenotrophic metabolic pathway (Equation 5); and homoacetogens, for the 420 

production of acetic acid (Equation 6), which in turn could be converted into methane by 421 

acetoclastic methanogens (Equation 7) [51].  422 

 423 

4H2 + CO2 → CH4 + 2H2O       (5) 424 

4H2 + 2CO2 → CH3COO− + H+ + 2H2O     (6) 425 

CH3COO− + H+ → CH4 + CO2      (7) 426 

 427 

On the other hand, nZVI may facilitate electron conduction. Several studies have 428 

shown that iron nanoparticles can accelerate direct interspecies electron transfer (DIET) [52] 429 
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between bacteria and methanogens [53]. Other relative larger conductive materials that have 430 

been tested in AD, such as biochar [54] or granular activated carbon [55,56] may be used by 431 

syntrophic microorganisms as an attaching surface. Differently, NPs attach to conductive pili, 432 

reducing the requirement of multi-heme c-type cytochromes for DIET [53].  433 

The activity stimulation of key enzymes related to hydrolysis and acidogenesis has 434 

been reported in the AD of waste activated sludge (WAS) [57]. Hydrolysis of organic 435 

compounds to soluble substances is the rate-limiting step of AD when complex particulate 436 

organic matter predominates in the substrate. 437 

Finally, nZVI may also react with toxic substances in the reactor, such as ammonia 438 

nitrogen [5,41] or hydrogen sulphide (H2S) [24], lowering their concentration and alleviating 439 

inhibition phenomena on acetogens and methanogens. 440 

The different behaviour of anaerobic digestion process observed in batch and 441 

continuous assays in this study may be due to an excess concentration of nZVI in relation to 442 

the total volume of the vial and reactors. The applied dosage was related to the amount of 443 

VSS that were added with the feeding. In the case of the continuous operation, each weekly 444 

pulse contributed to 0.6-0.7 gNP L-1 with respect to the total volume of the reactor at the 445 

moment of application, which is in the range of the higher dose tested in batch assays. But, if 446 

this amount was distributed along the week, it would correspond to a concentration of 86-103 447 

mgNP L-1. These values are in the range of the successful concentrations used in the studies 448 

referenced in the batch assays section.  449 

Furthermore, in batch assays, the released H2 by corrosion of nZVI could accumulate 450 

in the headspace due to rapid nZVI dilution and produce inhibition, accompanied by reductive 451 

decomposition of cell membrane [43]. Furthermore, the possible increase of pH described in 452 

Equation 3 or a possible accumulation of VFA due to the improvement of hydrolysis step [57] 453 

may have adversely impacted methanogenesis in batch operation, while fresh substrate 454 

addition may have helped to alleviate this effect in continuous operation [58]. 455 
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 456 

3.3 Specific methanogenic activity 457 

SMAs of the biomass of the three reactors were determined at the end of Phase 1 and 458 

Phase 2, besides Phase 0 in T reactor (Table 3, Figure S3). M reactor showed lower SMA 459 

values for all substrates than CM reactor, except for SMAH2 in phase 2. SMA values of CM 460 

reactor also decreased in Phase 2, when nZVI was added. Using the VFA mix as a substrate 461 

decreased the SMA in comparison to the acetic acid substrate in mesophilic temperature 462 

conditions in both reactors. This reduction may be due to an inhibition of propionate or 463 

butyrate degrading bacteria. No inhibition of the acetoclastic methanogenesis metabolic 464 

pathway has been detected, corroborating the fact that the accumulation of acetic acid during 465 

Phase 2 was not due to acetoclastic methanogens inhibition. 466 

 467 

Table 3. Specific methanogenic activity (SMA) at the start of the assay (Phase 0), and end of 468 
Phase 1 and Phase 2 of the biomass of mesophilic control (MC), mesophilic (M) and 469 
thermophilic (T) fed with different substrates. ND: not determined. 470 

Phase Reactor 
SMA (mg CODCH4 gVSS

-1
 day-1) 

VFA mix Acetate H2 Blank 

1 
CM 

198 281 22 1 

2 156 210 16 1 

1 
M 

111 239 11 2 

2 71 209 22 4 

0 

T 

189 ND 27 6 

1 193 103 83 2 

2 120 218 71 3 

 471 

Regarding T reactor, it showed a higher SMA value with H2 substrate than the one 472 

obtained for mesophilic reactors, which suggests better acclimatisation. The addition of nZVI 473 

boosted SMA with acetic acid and H2 substrates, which produced a 2-times increase from 474 

Phase 1 to Phase 2 and a 3-times increase from Phase 0 to Phase 1, respectively. On the 475 

contrary, the VFA mix SMA was reduced 36% from Phase 0 to Phase 2. The activation of the 476 

hydrogenotrophic metabolic pathway correlates well with methanogens using hydrogen 477 

released during nZVI corrosion/oxidation as an electron donor.  478 
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Although the evolution of the SMAH2 in T reactor correlates well with the 479 

improvement shown in continuous operation, and the possibility that H2 production by nZVI 480 

corrosion may enhance hydrogenotrophic metabolical pathway, the results obtained in M 481 

reactor compared to CM reactor are not so conclusive. As it has been shown by the results of 482 

the continuous assays, the effect of nZVI addition on methane production is especially 483 

remarkable a few hours after the pulse. Therefore, once the pulses were suppressed in Phase 484 

3, the system returned slowly to the initial values. Furthermore, Fe oxidation may accelerate 485 

once the inoculum is exposed to air for assay preparation. Therefore, the effect of nZVI on 486 

biomass may have diluted during the SMA assays.  487 

 488 

3.4 Morphologic and microstructural characterisation of nZVI  489 

The SEM images obtained for the morphological characterization of nZVI showed the 490 

typical aggregation that occurs due to the existence of Van der Waals forces [59] (Figure 3a). 491 

The size of the observed particles, which describe spherical formations, were between 10 and 492 

20 nm in diameter (Figure 3a). This aggregation was observed in TEM with a worm-like 493 

shape (Figure 3b). These formations for the nZVI observed with TEM are widely described 494 

in the literature [60]. It is clearly observed, as well, how once the oxidation process of NPs 495 

begins, a needle configuration on the outside is formed, configuring a rough morphology of 496 

these as observed in Figure 3c, which may be due to the formation of iron oxides and 497 

oxohydroxides [61]. These formations can also be seen in TEM images (Figure 3d, e), as 498 

mentioned in the next section on oxidation of Fe NPs. TEM images also showed the contact 499 

between nZVI and bacteria present in the reactors (Figure 3f). 500 

A high resolution TEM image (Figure 3g) and an electron diffraction image of selected 501 

areas (SAED) (Figure 3h) revealed the existence of iron microcrystals with crystalline planes 502 

belonging to phases existing in the sample like the  phase of iron, and other iron oxides 503 

phases. It is very likely to have iron oxohydroxides of the FeOOH type, which cannot be 504 
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identified with this technique due to their amorphous nature. All the analysed images 505 

presented a typical interplanar distance of the -Fe of about 0.21 nm [62]. Other typical 506 

interplane distances of some iron oxides such as 0.14 nm and 0.25 nm [61] can be observed 507 

as well, which indicates that a part of the analysed samples presents a certain degree of 508 

oxidation, and therefore the coexistence of oxidized and unoxidized Fe. This fact coincides 509 

with the hypotheses raised in the literature [62], which state that oxidized and unoxidized 510 

areas coexist, and oxidation occurs in the external parts of the nanoparticle, as confirmed in 511 

the next section of this work. The plane distances found in all the samples analysed are very 512 

similar, with very little variability among them. 513 

 514 

 515 
 516 
Figure 3. SEM images of: a) freshly synthesized nZVI, c) nZVI one day after synthesis; TEM 517 
images of: b) freshly synthesized nZVI, d) nZVI one day after synthesis, e) nZVI from a 518 
thermophilic reactor 10 min after addition, f) nZVI-bacteria contact in a nitrogenised bottle 519 
(test 2), in the 6th day after addition, g) high resolution image of freshly synthesized nZVI, h) 520 
SAED pattern of freshly synthesized nZVI. 521 

 522 

3.5 Oxidation state evolution of nZVI  523 

The evolution of the oxidation states of nZVI over the days based on the information 524 

on the L32 index can be seen in Table 4. The time scale observed in Table 4 starts when nZVI 525 

is added to the bottle containing water (test 1a), anaerobic medium (test 1b), or to the 526 

continuous reactors (tests 2a, b), and day 1 means that the sample is taken 24 hours later. As 527 

A B

G H

C D

FE F

B 
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seen, within the experimental variability, the oxidation state of nZVI in test 1a) is maintained 528 

up to 14 days at L32 values of around 4, which corresponds to a +2 oxidation state of iron. 529 

Right after synthesis, nZVI is a little oxidized, but L32 ratio (3.3) is near theoretical 2.99 530 

corresponding to a zerovalent oxidation state. It can be stated that from the first day after the 531 

synthesis, particles increase their oxidation state to +2. However, the L32 ratio does not go 532 

beyond 4.2 after 14 days of the synthesis, which corresponds to an oxidation state between 533 

+2 and +3. This fact contrasts with the oxidation state evolution observed when nZVI is added 534 

to anaerobic medium both in tests 1b) and 2a, b), which entails an immediate oxidation to a 535 

+3 state, a level that was not reached even after 14 days when nZVI is in an aqueous 536 

suspension. In fact, only 10 minutes were necessary to reach that level of oxidation, which 537 

indicates that this process happens very quickly once nZVI comes into contact with anaerobic 538 

medium. The three tests (1b, 2a, 2b) performed including nZVI and anaerobic medium show 539 

very similar behaviour in terms of oxidation state evolution, with slightly faster oxidation for 540 

real reactors, even a little faster in the case of the thermophilic reactor, agreeing with the fact 541 

that higher temperatures normally accelerate reactions. Besides, L32 ratio indicates a +3 542 

oxidation state is reached immediately, and it does not stop growing during the development 543 

of the test, which indicates that nZVI has oxidation capacity beyond +3, which agrees with 544 

the statement mentioned in section 3.2.1 about the long-lasting oxidation of nZVI. 545 

 546 

Table 4. L32 ratio data used for the evaluation of the oxidation state of nZVI in several tests 547 

up to 14 days. 548 

 Day 

Oxidation State  

Evaluation Test 

0 – 10 

min* 

0 – 60 

min 

1 2 3 6 7 14 

1a) nZVI 3.3 - 4.0 3.7 4.0 3.4 4.2 4.0 

1b) nZVI+Substrate 4.5 4.7 4.7 5.2 5.4 6.0 6.7 - 

2a) Mesophilic Reactor 4.8 - 5.2 - 5.7 - - - 

2b) Thermophilic Reactor 4.7 - 5.4 - 5.9 - - - 
*EELS Spectra in test 1a was only evaluated 10 minutes after synthesis, time scale for tests 1b, 2a and 549 
2b starts at the moment nZVI is added to anaerobic medium. 550 

 551 
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Regarding the effects of oxidation state on morphology, two differentiated areas can 552 

be observed in all samples, one with spherical iron NPs (Figure 3a) that are normally linked 553 

with worm-like shapes observed in TEM images, as already mentioned in the previous section 554 

(Figure 3c), and another area of needle-shaped material, which usually corresponds to species 555 

of iron oxides and oxohydroxides (e.g. FeCO3, Fe3O4, Fe2O3, Fe(OH)3 and FeOOH) [61], 556 

which is confirmed by the fact that these latter areas are always more oxidized than the others 557 

when analysing their L32 index. These two areas normally coexist, as observed in Figure 3d. 558 

It is also observed that the areas of needles are more numerous as the test progresses and that 559 

their degree of oxidation increases quite consistently throughout the days. Thus, needle shapes 560 

are scarcely observed in samples of freshly synthesized NPs, but their presence increases as 561 

the tests proceed. In addition, the images reveal that nZVI oxidation starts at the surface of 562 

the nanoparticles, which causes their hairy appearance as the oxidation proceeds (Figure 3e). 563 

 564 

3.6 Evaluation of anaerobic digestion with nZVI addition 565 

Although previous works have shown an improvement of methane yield with the 566 

addition of nZVI in batch AD of livestock manure, as described in section 3.1, to the authors’ 567 

knowledge no continuous long-term operation assays have been reported. Different substrates 568 

have been used in previous studies in continuous operation. However, the specific 569 

characteristics of each substrate, such as pH, TS/VS, alkalinity or ammonia content, may 570 

change the effect of nZVI addition [22]. Furthermore, in those studies ZVI is used in different 571 

formats, such as scrap or iron powder. As particle size decreases, the surface-to-volume ratio 572 

increases, probably changing the properties of the material [63] 573 

Previous studies in semi-continuous mode mesophilic AD of sewage sludge have 574 

reported an increase in methane content in biogas from 65.1% to 75.9% when dosing of 0.81 575 

g L−1 nZVI every seven days [34]. An increase from 60 to 75% was achieved by digestion of 576 

palm oil mill effluent with 16 g L-1 ZVI powder addition under mesophilic conditions [58].  577 
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Compared to other in-situ biological upgrading techniques applied to livestock 578 

manure, such as H2 external addition, the final methane content in biogas in this study is above 579 

the results reported in other works. For example, Luo and co-workers (2012) reported 65% 580 

methane content when digesting cattle manure with direct addition of H2 to the reactor [48], 581 

while Luo and Angelidaki (2013) reported 75% methane content when co-digesting cattle 582 

manure and whey in thermophilic conditions with the same biogas upgrading technique [47].  583 

 584 

3.7 Economic and environmental challenges for nZVI addition to AD 585 

The results obtained in this study show an improvement of methane production in 586 

continuous long-term anaerobic digestion operation. The achieved biogas methane content is 587 

near the values required for methane injection in the natural gas net. In this sense, an 588 

adjustment of nZVI dosages is needed in order to determine if natural gas quality grade can 589 

be achieved, in order to avoid further upgrading steps. This partial CO2 conversion in the 590 

biogas would decrease upgrading costs if methane content needed further increase. In a 591 

moment when great efforts are being made to upgrade biogas according to its methane 592 

content, this strategy supposes a clear decrease in the environmental and economic impact of 593 

these processes. Furthermore, by nZVI addition method, the total methane mass is increased, 594 

differently to other physical or chemical biogas upgrading technologies based on CO2 595 

removal. Furthermore, such as other biological technologies, the process is performed at mild 596 

operational conditions, at moderate temperature levels and atmospheric pressure, contributing 597 

to the sustainability of the technique [1].  598 

However, up to now in-situ nZVI addition to AD is not competitive compared to 599 

established biogas upgrading techniques. nZVI production methods must ensure the 600 

efficiency of the obtained NPs and be able to produce them at a large scale while maintaining 601 

the reproducibility in size and chemical composition. The critical point for nZVI production 602 

is the cost of NaBH4. It has been reported that the cost of nZVI production was of 0.95€ g-1, 603 
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where NaBH4 reactant represented 85% of this cost [64]. In order to be applicable at a large 604 

scale, nZVI cost has to be decreased, i.e. by using extracts obtained from natural products, 605 

such as leaves from oak trees [64] or alternative methods such as precision milling [65]. 606 

Further process costs reduction could be achieved by using waste streams as Fe source. Iron 607 

nanoparticles have been successfully biosynthetized from water treatment sludge, so the use 608 

of commercial chemical precursors with analytical grades (e.g. FeSO4, FeNO3 and FeCl2) 609 

could be avoided [18]. The evaluation of the purity of these nanoparticles should be addressed, 610 

besides their efficiency in AD application for methane enhancement. 611 

Finally, nanoparticles use may present an environmental challenge that needs to be 612 

evaluated. Life cycle assessment (LCA) of the use of different metallic nanoparticles in 613 

anaerobic digestion of manure has been recently performed [66]. That study reported that 614 

anaerobic digestion supplemented with NP reduced greenhouse gas emissions, acidification, 615 

eutrophication, resource depletion, ozone layer depletion potential and human toxicity 616 

potential compared with no supplemented process.   617 

 618 

4. Conclusions  619 

Batch and continuous assays have been performed in order to evaluate nZVI addition 620 

to anaerobic digestion of pig slurry, both in mesophilic and thermophilic temperature ranges. 621 

Long term continuous assays have shown a clear enhancement in methane content in biogas, 622 

in addition to an increase in methane production rate, while results in batch assays were less 623 

conclusive probably due to a low acclimation of microorganisms. Methane content in biogas 624 

in continuous operation achieved 88% and 87% in mesophilic and thermophilic conditions, 625 

respectively. The average methane production rate increased 165% and 94% with respect to 626 

the control in thermophilic and mesophilic temperature range, with nZVI dosages of 42 mg 627 

g-1 SSV and 84 mg g-1 SSV, respectively. nZVI showed  rapid oxidation when mixed with the 628 

substrate, although the oxidation process was maintained at least for one week. Compared to 629 
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conventional techniques for biogas upgrading, in situ nZVI addition would represent a 630 

decrease in investment and operation costs, although the reduction of nZVI production cost 631 

must be achieved. Furthermore, CO2 would be converted in CH4, instead of removed, 632 

increasing the final methane production. 633 
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