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ABSTRACT

A heterogeneous respirometer (HR) was coupled for the first time to a microelectrode
monitoring system specifically designed for dissolved oxygen (DO) measuring within the
biofilm. Monitoring of the oxygen concentration in the gas and liquid phases was
complemented with pioneering monitoring of DO performed simultaneously and
continuously at multiple biofilm depths. A set of respirometric tests performed at neutral

pH and with initial gas phase concentrations of H»S ranging from 135 to 6720 ppmy were



25
26
27
28
29
30
31
32
33
34
35
36
37

38

39

40
41

42
43

44
45
46
47
48
49
50
51
52
53
54
55

used to assess sulfide-oxidizing activity of a biofilm grown on Pall rings withdrawn from
a biogas desulfurizing biotrickling filter. A mechanistic model for the description of
multi-step sulfide oxidation within a biotrickling filter was improved considering
heterogeneous biomass concentration and biomass activity distribution along the biofilm
depth. A comprehensive description of physical, chemical and biological phenomena
occurring throughout gas, liquid and biofilm phases resulted in an accurate prediction of
system behavior. Model calibration using experimental data estimated a biomass density
from 3200 to 4400 g VSS-L™ as well as a decrease in the fraction of active biomass of
0.5, over the 600 pm thick biofilm. Model simulations accurately reproduced
experimental respirometric profiles (NRMSE<10%), demonstrating that coupling HR and
microelectrodes improved model predictions in comparison to sole gas or liquid phase
measurements, thus contributing to a deeper knowledge of biofilms performance in

trickled bed biological systems.

KEYWORDS

Heterogeneous respirometry, dissolved oxygen microsensors, biofilm profiling,

sulfide-oxidizing biofilm, multiphase reactor modeling.

1. INTRODUCTION

Biodegradation of pollutants contained in waste gases can be efficiently accomplished
in biotrickling filters (BTFs), a widespread technology that has been applied for a range
of applications from biogas desulfurization to odor removal. The immobilized growth of
the bacteria that form the biofilms allows a high transfer area to gaseous contaminants in
these configurations and brings additional benefits such as good resistance to operational
fluctuations, such as starving periods [1]. Gas-liquid mass transport, diffusion in the
biofilm and biological degradation kinetics have been identified as the most relevant
processes occurring in a BTF [2]. The inherent complexity of such plug-flow,
heterogeneous, multiphase bioreactors requires an accurate characterization of the
physical, chemical and biological phenomena taking place, not only to obtain a proper
description of liquid and gas phase dynamics, but especially to assess the biofilm behavior

in which pollutants biodegradation process takes place.
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Although gas and liquid phases can be easily monitored during the biofiltration of
gaseous pollutants in BTFs, biofilm performance is difficult to assess since biofilms grow
immobilized over the surface of a packing material [3]. In this sense, a more profound
knowledge of biofilm dynamics would help improve BTFs design and operability to
achieve better performances. To this end, many authors have studied biofilms both
microscopically and macroscopically. Some studies characterized biofilm biodegradation
mechanisms and activity [4-9], while others placed efforts to describe biofilms

development, structure and performance through mathematical modelling [6,10-15].

In gas biofiltration, and also in water treatment, biofilms have been usually modelled
through 2D deterministic models that consider biofilms as a planar, stratified phase with
constant physical, chemical and biological characteristics where diffusion and
biodegradation take place [16,17]. However, some authors have applied novel techniques,
such as confocal microscopy and microsensors monitoring to evaluate the internal biofilm
structure and processes taking place, highlighting the deep impact of heterogeneity on
biofilm properties and performance [18-20]. Up to now, some works have included the
effect of biofilm heterogeneity to describe biofilms [21-26]. Nevertheless, improved
models based on data from biofilms are still required to avoid inaccuracies between

experimental observation and model predictions.

To this end, some adapted respirometric methodologies have been developed for a
realistic assessment of the biodegradation activity in biofiltration applications [27,28].
The successful implementation of these methods is mainly due to the simplicity and high
sensitivity associated with the monitoring of DO concentration. Bonilla-Blancas et al.
[28] developed a heterogeneous respirometry (HR) methodology based on the monitoring
of DO concentrations when a pulse of substrate was added to a respirometric vessel
mimicking a BTF. The HR was applied to characterize both mass transfer phenomena
occurring within gas (G), liquid (L) and biofilm (B) phases, and the biodegradation
activity in a trickled-bed colonized by a H»S-oxidizing biofilm. The HR technique was
demonstrated as a powerful tool to characterize biofilms in a multiphase system, under
tightly controlled conditions, using experimental oxygen profiles from bulk gas and liquid
phases to calibrate a simplified 2D mathematical model. However, their mathematical
model predictions could not be calibrated with experimental biofilm profiling since it was
not monitored, thus leading to large uncertainties in model estimations. The use of biofilm

monitoring tools to obtain experimental data within the biofilm would increase the
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reliability of the biological activity characterization and of the mathematical models

developed for the description of biofiltration systems description.

Biofilms monitoring using microelectrodes has been performed by several authors
reporting successful results. As an example, Zhang and Bishop [9] and De Beer et al. [29]
among other authors [24,30-33], studied the biofilm heterogeneity, mass transfer
resistance and biological activity using different types of microelectrodes. Nowadays,
commercial microsensors, such as Clark-type microelectrodes, are available to monitor
biofilms. However, such microelectrodes pose important drawbacks such as their high
cost and fragility, and the impossibility of performing simultaneous measurements at
multiple biofilm depths. Clark-type microelectrodes do not allow performing multi-point
simultaneous dynamic measurements through biofilms, thus being mainly limited to the
recording of multi-point, steady-state concentration profiles or to single-point dynamic
profiles. During the last years, efforts have been placed to develop different types of
microsensors targeting the monitoring of different parameters, such as DO or pH, in one
single microsensor with the minimal invasion of the monitored media [34,35]. As an
example, an array of gold microelectrodes was developed based on
microelectromechanical systems technology to monitor oxygen consumption in aerobic
heterotrophic biofilms cultivated in a flat plate bioreactor [36]. This microsensor
consisted of an array of eleven microelectrodes distributed in a needle of 1 mm in length.
The simultaneous measurement of DO concentration on the eleven microelectrodes
allowed the simultaneous evaluation of the oxygen distribution over time within multiple
locations in a biofilm. In Guimera et al. [6], the application of this microsensor to
characterize the biofilm allowed estimating the effective diffusivity within the biofilm, in

addition to the biokinetics of the microbial culture.

In the current work, a microsensor specifically designed for biofilm monitoring was
used in an HR to improve the description of functional and structural characteristics of a
sulfide-oxidizing biofilm. To this end, a microsensor multi-electrode design allowing the
dynamic and simultaneous multi-point monitoring of DO concentration through several
biofilm depths [34] was setup in a HR experimental setup to obtain dynamic DO profiles
within a biofilm. In the same way, a mathematical model for the description of H>S
oxidation ina BTF [2] was assessed and modified to describe biofilm as a stratified layer.
The suitability of the improved HR to characterize the trickled bed performance, and

specially biofilm activity and dynamics, were evaluated by monitoring the oxidation of
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H>S within the HR. The HR was filled with Pall rings, colonized by a H.S-oxidizing
biofilm, obtained from a desulfurizing BTF. The model was calibrated to describe
respirometric tests using experimental data from the dynamic evolution of DO
concentration within the gas phase and the liquid phase, but also from different points
inside the biofilm. Thereby, experimental data obtained under steady-state conditions,
and usually used for biofilm models calibration [26,37-40], was replaced herein for
experimental data obtained under dynamic conditions in order to increase the reliability
of model predictions. Additionally, to the best of authors' knowledge, this is the first time
that a microsensor has been successfully implemented for multi-point, biofilm monitoring

obtaining relevant data in real-time.

2. MATERIALS AND METHODS
2.1. Heterogeneous respirometer setup

The heterogeneous respirometer setup is shown in Fig. 1a. The respirometer was
designed with an easy-to-open system in order to fill the bed volume (0.63 L) with the
biofilm-covered packing material to be characterized [41]. The heterogeneous
respirometer was manufactured in PVC with a bed diameter and height of 0.059 m and
0.23 m, respectively. The heterogeneous respirometer was prepared to recirculate
counter-currently (downflow) the liquid phase, using a peristaltic pump (77200-12, Cole
Parmer, USA), and the gas phase, using a gas compressor (Model 3112, Boxer, UK). The
system could be operated either as a completely closed system (differential) or as an
opened system with respect to the gas phase by shifting the position of the inlet and outlet

gas valves (Fig. 1a).

The monitoring of the oxygen concentration in the gas and liquid phases was
performed through an O sensor (O2 SL-sensor, Euro-Gas Management Services, UK)
and a galvanic dissolved oxygen sensor (CellOx 325, WTW, Germany), respectively.
Both parameters were measured in the gas and liquid recirculation lines. The pH was also
monitored (Sentix 82, WTW, Germany) in the liquid reservoir. Both the DO sensor and
the pH electrode were connected to a bench-top meter (Inolab Multi 740, WTW,
Germany). The pH was also accurately controlled at pH 7.0 £ 0.1 by a high-precision
two-channel micro-burette (Multi-burette 2S, Crison, USA) adding either HCI (1M) or

NaOH (1M) solutions. Sulfate and thiosulfate concentrations were analyzed by ion
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chromatography with conductivity detection using a Dionex ICS2000 (United States)
equipment. The system was operated at room temperature (between 20°C and 25°C).

2.2. DO microsensor

DO concentration within the biofilm was monitored during respirometric tests using a
specifically designed DO microsensor. The DO microsensor was specially designed for
biofilm monitoring as described elsewhere [34]. The DO microsensor consisted of a linear
array of eleven gold-disk electrodes of 50 pm-diameter and separated by 100 um, and a
rectangular gold one mounted on a minimally invasive micro-fabricated needle (Fig. 1b).
Disk electrodes were designed as working electrodes (WE) or sensing electrodes, while
the rectangular one was designed as counter-electrode (CE). WE were simultaneously
polarized at the oxygen reduction potential [34] (-850 mV) using an 8-channel
potentiostat (1010C, CH-Instruments, USA). Electrodes potential was controlled using
an external reference electrode (RE) (REF321, Radiometer analytical, France). The
electrodes were simultaneously calibrated before biofilm monitoring and the measuring
of reduction currents were used to quantify the DO concentration (further information
about microsensor preparation and calibration is detailed elsewhere [34]).

Compared to commercial, Clark-type electrodes, the high robustness of the
microfabricated needle allowed its utilisation for the trickled bed monitoring. To this end,
the microsensor was inserted vertically into the biofilm through the heterogeneous
respirometer monitoring port (Fig. 1c) enabling the simultaneous monitoring of DO
concentration at 8 different well-defined depths within HzS-oxidizing biofilm. The
dynamic information of the DO concentration evolution within the biofilm, instead of
steady-state concentration profiles typically recorded using conventional microsensors,

provided a breakthrough approach in the use of HR.

Microsensors suitability for H»S-oxidizing biofilm monitoring was assessed by
quantifying the drift of sensors response during respirometric tests. To this aim, the
microsensor response was characterized at the beginning and at the end of each
experimental test. Fouling of electrodes over a 4 hour period resulted in a sensitivity
decrease lower than 10%, which was a tolerable loss of sensitivity to perform short-term

monitoring tests according to Moya et al. [34].

2.3. Performance of respirometric tests in the HR
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The biofilm-covered packing material (plastic Pall rings with a diameter of 15.9 mm)
was obtained from a biogas desulfurizing BTF, which was operated for more than two
years treating an H.S inlet concentration of 2000 ppmy [41]. Once the packing material
was distributed carefully inside the packed bed container of the heterogeneous
respirometer (Fig. 1a, number 6), the microsensor was inserted within the biofilm through
the monitoring port. Then, the port was sealed using an epoxy resin. Before starting the
respirometric tests, a fresh volume of 126 mL of mineral medium (MM) was added to the
HR. The composition of the MM was (g L™): KzHPO4 (0.15), KH2PO4 (0.12), NH4CI (1),
CaCly (0.02), MgSO4-7H,0O (0.20) and trace elements solution [42] (1 mL L%).
Additionally, sodium bicarbonate was added as the microbial carbon source to the MM
(3.5 g L NaHCO3). The MM was continuously recirculated through the colonized
packing material for 24 hours with continuous aeration to achieve endogenous conditions,
thus ensuring the oxidation of any bioavailable substrates (dissolved sulfide, thiosulfate
and/or elemental sulfur) accumulated within the biofilm. Afterwards, the MM was
renewed, and the heterogeneous respirometer was operated as a closed system (inlet and
outlet liquid or gas flows were not allowed). At this point, the respirometric study was
initialized.

Respirometric tests were performed following three basic steps [43]: 1. Calculation of
the endogenous oxygen uptake rate (OUReng) from the slope of the DO profile without
bioavailable substrates, 2. Re-aeration of the system and 3. Addition of substrate pulses
to calculate the exogenous oxygen uptake rates (OURex) associated with each substrate
concentration tested. In this study, different pulses of pure H.S were injected in the
heterogeneous respirometer to characterize the biofilm (200 uL, 1 mL, 5 mL and 10 mL).
The pulses corresponded to initial H.S gas phase concentrations ranging from 135 to 6720
ppmy, which is a concentration range commonly found in biogas desulfurization BTFs.
After spiking the heterogeneous respirometer with each pulse of the substrate, the system
was opened and re-aerated again to reach DO saturation conditions. Gas and liquid phases
were recirculated during the respirometric tests at constant flows to set linear velocities
of 43.4 and 10.8 m h?, respectively. During the overall operation, the oxygen
concentration was simultaneously monitored in all phases (gas, liquid and biofilm).
Experimental data obtained from respirometric tests were used to calibrate the biokinetic
and hydrodynamic mathematical model developed to describe H2S biodegradation in this

specific biofilm-covered trickled bed.
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2.4. Experimental determinations in the heterogeneous respirometer

Additional experimental analyses were performed to calculate relevant parameters for
the mathematical model development. In this sense, the static and dynamic hold-ups, the
fractions of the packed bed occupied by liquid, gas, biofilm and packing material, and the
biofilm content and biomass fraction in the biofilm were determined following the
methodology described in Bonilla-Blancas et al. [28]. Additionally, the amount of
biomass attached to the packing support was quantified following the methodology by
Lazarova and Manem [30] . In short, once the corresponding assay was finished, the liquid
pump was stopped, and the packing material was immediately weighed (W1). After
draining the liquid for a period of 30 minutes, the support was weighed again (W-). The
weight difference between W, and W1 determined the static hold-up that, together with
the dynamic hold-up, was used to estimate the volume fraction occupied by the liquid
(e.5%9). Once drained, the packing material was carefully shaken to withdraw all the
biofilm and then was re-suspended in a known volume of water. The clean packing was
dried for 12 hours at 50 °C to determine the weight of the support (W3). The suspended
biomass was later centrifuged at 5000 rpm for 10 minutes and the supernatant was
discarded to determine the weight of wet biomass (W.). The volume fraction occupied by
the biofilm (es%°") was calculated by dividing W. by the product of wet biofilm density
times the volume of the packing material tested. A wet biofilm density of 1.11 g mL™* was
used to calculate g5, Finally, the wet biomass was dried for 12 hours at 50 °C to
determine the dry weight of the biomass (Ws). The volume fraction occupied by the gas
(ec%9) in the packed bed was also determined taking into account the space occupied by
the abovementioned fractions of the packed bed, including the empty bed fraction of the

packing material reported by the manufacturer (352 m? m?3).

The fraction of biomass in the biofilm (ex) was also determined. It was obtained by
analyzing the concentration of total nitrogen in the washed and centrifuged biofilm. The
general formula CsH7NO: typically used to represent the composition of biomass [44]
was used to convert the concentration of total nitrogen into biomass concentration. Then,
the biomass concentration was divided by the total solids concentration (considered as
biofilm concentration) to obtain the biomass fraction in the biofilm. Total solids were
analyzed following the standard method for wastewater analysis [45]. Total nitrogen was
analyzed spectrophotometrically (DR3900, Hach, Spain) using cuvette tests (LCK238,
Hach, Spain).
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3. MATHEMATICAL MODEL DEVELOPMENT

A three-phase model taking into account the mass balances in the gas and liquid phases
and within the biofilm was developed to describe the dynamics in the heterogeneous
respirometer considering gas and liquid phase recirculation under counter-current flow
pattern. The model includes mathematical expressions for the description of mass
transport by advection in both the gas and the liquid phase, mass transfer through the gas-
liquid interface, mass transfer at the liquid-biofilm interface, internal mass transport in
the biofilm and microbial kinetics within the biofilm. The main assumptions, mass
balances and model equations considered in this work to describe H2S oxidation in the
heterogeneous respirometer can be found in the Supplementary Information (section
S1.1).

3.1. Modeling mass transfer and mass transport phenomena

Gas-liquid and liquid-biofilm mass transport mechanisms were described using global
mass transfer coefficients referred to the liquid phase (K.) and the biofilm (Kg),
respectively, while mass transport within the biofilm was modeled by diffusion according

to Fick’s Law using a dispersion coefficient (Dg).

Mass transport coefficients were determined using empirical correlations as a function
of the operating conditions. K. for both H>S and O were determined using the Billet and
Schultes correlation [46] (Eg. 1), based on the good agreement with experimental
determination on previous modeling studies under similar operating conditions [2,47].

o\ /6 1/ s
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Where Ky is the global mass transfer coefficient for component i (m hl), C. is the
packing material-specific constant, p. is the liquid density (kg m=); g is the gravitational
constant (m s2), u. is the liquid viscosity (kg m™? s1), D is the diffusion coefficient in
the liquid of species i (m? s™), dx is the hydraulic diameter of packing material defined by
4elap (M), up is the superficial liquid velocity (m s™) and ay is the packing material specific

surface area (m™).
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According to Guimera et al. [6] the effect of hydrodynamic conditions and biofilm
density in the calculation of both external (Kg) and internal (Dg) mass transport
coefficients were included by using Eq. 2 and Eq. 3, respectively.

Sh;=0.238-Re"®-S¢!- 2)

D,;=0.93-0.023-X,+1.2-10- Re* + 1.1-10*-X¢ (3)

Where Shj is the Sherwood number for species i defined by Kg,i/(Dvi/Lc), Lc is the
boundary layer thickness (m), Re is the Reynolds number defined by (pL-uL-dn)/ e, Sciis
the Schmidt number for species i defined by ui/(pL-DL,i), Dri is the relative dispersion
coefficient within the biofilm defined by Dg,i/Dv,i, and Xp is the biofilm density (g VSS L

1)_
3.2. Modeling biological and chemical oxidation of sulfur compounds

The biological degradation of H>S within the biofilm was described through a previous
model developed after the characterization of the same H>S-oxidizing biofilm used in this
study [3]. The kinetic model considers that sulfide is partially oxidized to elemental
sulfur, which is intracellularly stored by bacteria. Elemental sulfur is partially oxidized to
sulfite that, in the presence of sulfide, reacts to form thiosulfate. Once sulfide is
completely depleted, elemental sulfur and thiosulfate are oxidized to sulfate, the end
product of the biological reactions. Detailed information about the bioprocess
stoichiometry and Kinetics considered in this study can be found in the Supplementary
Information (section S1.3, Fig. S1, and Tables S1 and S2).

3.3. Model implementation: system discretization and parameters estimation

The resolution of the dynamic mass balance equations (Egs. S1 to S5 in the
Supplementary Information) that describe the biological, physical and chemical
phenomena taking place in the heterogeneous respirometer was performed by a
discretization procedure. In this study, the 2D model of the trickled bed was spatially
discretized, resulting in 4 nodes along the height of the bed and 6 nodes along the depth
of the biofilm. Detailed information about the resulting equations from the discretization

can be found in the Supplementary Information (S1.5).

A sensitivity analysis was performed before the model calibration to determine the
influence of selected model parameters variation (£10%) on the relative change of DO
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concentration in the liquid phase as model output. Parameters showing higher sensitivities
were estimated by fitting the simulated DO concentration profiles to the experimental
profiles. The fitting method was based on seeking the minimum value of the objective
function. This function was defined as the norm of the differences between the predicted
DO concentrations by the mathematical model and the experimental data (Eg. 4), both in

the liquid phase and within the biofilm.

Fy= j z [yexp (ij)'ye(ij)] “)
i=1

where Fj is the normalized difference between simulated and experimental DO

concentrations at the phase j, n is the number of experimental measurements, ya,j) is the
simulated DO concentration (mg L) at the phase j and instant i and Yexpj is the
experimental DO concentration (mg L) at the phase j and instant i. Considering that DO
consumption was not observed in the deeper biofilm layers, the phases j were defined as
liquid recirculation DO concentration and the DO concentration measured in the first 4
layers of biofilm. The F function was calculated as the unweighted sum of Fj. Parameters
estimation was performed using the MATLAB algorithm based on a multidimensional

unconstrained nonlinear minimization (Nedler-Mead).

4. RESULTS AND DISCUSSION
4.1. Assessment of model parameters

Parameters of the mathematical model were classified as follows [2]: physical-
chemical properties, mass transport and biokinetic parameters and system specifications.
In the present study, physical and chemical parameters were obtained from the literature
[48,49]. Mass transport parameters were calculated using Egs. 1-3, while kinetic and
stoichiometric parameters were obtained from Mora et al. [3]. A summary of the physical-
chemical properties and biokinetic parameters used in this work are found in the

Supplementary Information (Table S3).

Parameters related to system specifications were determined experimentally (Table 1).
The packing material used herein showed a liquid retention capacity (& .5¢%) of 0.06 m®
liquid m™ of packed bed, which is lower than 0.09 m® liquid m™ bed obtained using

polyurethane foam or 0.10 m® liquid m3 bed using 10 mm pall rings [28]. Moreover, the
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packed bed exhibited a higher bed void fraction (0.8 m® gas m™ bed) compared to that
obtained by [28] (0.7 m® gas m™ bed). The liquid fraction in the packed bed (&) is
important since it is strongly related to the mass transfer rate. High static hold-ups are
found when the liquid is loosely retained inside stagnant regions. The latter diminishes
the specific area available for G-L contact and increases the mass transport resistance
through molecular diffusion between the liquid and biofilm phases [50]. Thus, a high
static hold-up decreases the G-L mass transfer rate in trickled beds. Result obtained herein
indicated the existence of efficient distribution of the liquid film in the packed bed given
that the static hold-up was 25% lower than the dynamic hold-up. Trejo-Aguilar et al. [50]
also reported a positive influence of the liquid fraction on the pollutant elimination
capacity at a packed bed void fraction of 0.8 m® gas m= bed associated with a higher
wetting efficiency in the packed bed. Although the packing material used in this study
had a lower superficial area than the 10 mm Pall ring used in Bonilla-Blancas et al. [28]
(ap of 482 m? m®), a similar biofilm fraction was determined (5% of 0.063 m? biofilm
m-3 bed compared to 0.06 m? biofilm m™ bed). This result, together with the a5 and the
dynamic hold-up obtained for the packed bed used herein, pointed to a proper and optimal

biofilm distribution throughout the packing material.

4.2. Analysis of the respirometric tests performed in the heterogeneous

respirometer

Experimental tests performed in the heterogeneous respirometer to study H.S
biological oxidation consisted of spiking the gas phase with a specific volume of H>S
(200 uL, 1 mL, 5 mL and 10 mL), which corresponded to initial gas phase concentrations
ranging from 135 to 6720 ppmv. In Fig. 2a, the overall respirogram recorded is presented.

Figures 2b and 2c show specifically the DO and O profiles for the 5 mL H.S pulse.

During the first part of the experiment (t<1.3h), the endogenous activity was evaluated
from the slope of the oxygen concentration and the DO concentration in the gas and liquid
phases (Fig. 2a), respectively. The DO concentration profile presented a sharp negative
slope indicating that elemental sulfur was still accumulated within the packed bed, and
that the endogenous phase was not achieved with the initial starvation period. An initial
elemental sulfur concentration within the biofilm of 3.5 g S m™ was determined through

mass balance from the monitoring data of the BTF from where the colonized packing
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material was extracted, and later incorporated into the model as initial conditions used to

simulate the respirometric tests.

Each H.S pulse (Fig. 2a) was added to the system and the response from both the liquid
and gas phases was assessed. Fig. 2a shows that the DO concentration monitoring in the
bulk liquid phase has a much higher sensitivity than that of O> concentration in the bulk
gas phase. The addition of HS in the gas phase caused high variations in the DO profile
due to the H»S-oxidizing activity, which indicated that the rate-controlling step was

apparently the oxygen transfer from the gas to the liquid phase.

The DO concentration in the biofilm was monitored throughout respirometric tests
using the DO microsensor. Results obtained from DO monitoring within the biofilm for
pulses from 135 to 6720 ppmy of HoS in the gas phase are shown in detail in
Supplementary Information (section S1.6). In these results, DO concentration is only
presented for 6 biofilm layers despite 8 biofilm depths were monitored since DO
concentrations were below the detection limit (Lp of 0.05 mg O, L) in deeper biofilm
layers. Below 600 um of biofilm depth, the measured concentration was lower than the
Lo of the sensor indicating that anaerobic conditions were reached at these depths.
Therefore, results obtained from the deepest biofilm layers were excluded from the

modelling study.

Sulfate and thiosulfate were also analyzed before and after the addition of each H>S
pulse in the respirometer. The most significant results were observed for the 5 mL (Fig.
2b and 2c) and 10 mL HaS pulses, where only sulfate was detected. In the first case
(addition of 5 mL), 6.55 mg S-H.S were added and 6.50 mg S-Sulfate were recovered.
This result indicates that sulfide was oxidized completely to sulfate without producing
any other sulfur compound. In the second case (10 mL), 13.1 mg S-H>S were added while
only 9.68 mg S-Sulfate were recovered as sulfate, thus indicating that elemental sulfur
was produced and that the maximum sulfide oxidation capacity was already reached

under those conditions.

The DO experimental profiles (both in the liquid phase and within the biofilm)
recorded during the endogenous period were used to estimate: the depth of the first
biofilm layer (zini), the packing material constant used in Eq. 1 (C.) and the decay rate
(bH). These parameters were selected based on the high sensitivity of model outputs to

the variation of these three parameters (Table S4). The fitting of the mathematical model
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to the experimental profiles (Figure S3) allowed estimating a zini of 3.069-10° m, a C,_ of
0.2175 and a by 0f 8.96:10% g O, g TSt s,

4.3. H2S oxidation modeling in the trickled bed considering biofilm as a

homogeneous layer

As the first approach towards the simulation of H>S biodegradation in the
heterogeneous respirometer, a homogeneous biofilm (both constant density and
biological activity) was considered. This is the most common approach in biofiltration
using 2D biofilm modeling. Biokinetic parameters, characteristic of the biomass used in
this study, were previously characterized in Mora et al. [3]. However, they also reported
that Kinetic constant describing elemental sulfur oxidation (ks) (Table S2) depends on the
type of sulfur and the sulfur particle shape produced by the specific H>S-oxidizing
bacteria developed in each experimental system. In Mora et al. [3] ks was estimated as a
range instead of as a parameter. For this reason, experimental DO profiles corresponding
to period 1V were used to estimate ks value. Finally, the estimated value of biokinetic
parameter during model calibration was 0.103 g S¥3.g® VSS. In Fig. 3, experimental
and simulated respirometric profiles corresponding to the 5 mL pulse of H.S are
presented. Results obtained showed minimal differences in the evolution of measured
oxygen concentration in the gas phase. This trend was expected since biofilm dynamics
slightly influence gas-liquid mass transport phenomena of poorly soluble compounds as
O2. Regarding the liquid phase, experimental and simulated DO profiles also showed
minor differences, although the predicted DO concentration decay was slightly lower than
the experimental one resulting in a higher simulated DO concentration at the steady-state
(after 450 s). Within the biofilm, higher differences between experimental and simulated
DO profiles were found. Predicted DO profiles presented a high DO decrease as a result
of H2S consumption. As can be observed in Fig. 3b, DO concentration in the more
superficial (i.e. first) biofilm layer fell below 1 mg L*, while experimental DO
concentration remained above 3.5 mg L. Deviations between experimental and
simulated profiles decreased for the first three biofilm layers from the surface after 500 s
of monitoring, when H,S was depleted. On the other hand, unlike experimental results,
anaerobic conditions were predicted below 400 pum of biofilm throughout the monitored

period.

The comparison between experimental and simulated profiles confirmed that
considering a homogeneous structure of biofilm is not adequate for biofilm modeling.
14
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Thus, a realistic description of functional and structural characteristics of biofilm is

required in order to accurately predict biofilm dynamics.

4.4. H2S oxidation modeling in the trickled bed considering biofilm as a

heterogeneous layer

The mathematical model describing biological H>S oxidation in the heterogeneous
respirometer was improved considering heterogeneous functional and structural
characteristics, such as the biomass density and its active fraction, throughout the biofilm.
Biofilm modeling including heterogeneous characteristics was performed using the same

model parameters presented both in Table 1 and Table S3.
4.4.1. Heterogeneous biofilm description

Biofilm attached to the packing material was described as a heterogeneous phase
considering that some of its properties vary along with its depth. Experimental
determinations obtained in previous works highlighted that inner biofilm layers presented
a higher cell density but a lower biomass activity [36]. According to these results, a
variable biofilm density and active fraction of biomass along the biofilm were included
in the model in order to improve the biofilm description. An exponential distribution was

considered for both parameters following Eg. 5 and Eq. 6.

Xp=p,e™” ®)

fy=ea” (6)

where Xp is the biomass concentration within the biofilm (g VSS L™); py is the pre-
exponential coefficient for the distribution function of biomass concentration within the
biofilm (g VSS L?); Cx is the exponential coefficient for the distribution function of
biomass concentration within the biofilm (m™); Z is the biofilm depth (m); fa is the active
fraction of biomass within the biofilm; and Ca is the exponential coefficient for the
distribution function for the active fraction of biomass within biofilm (m™). The equation
used to define the distribution of biomass concentration within the biofilm (Eq. 5) was
developed using an experimental constraint in order to ensure a reliable biofilm
description. To this aim, the average biofilm density calculated using Eqg. 5 must coincide

with the value obtained experimentally following the procedure described in section 2.4.

The heterogeneous modeling approach was implemented by replacing X» by Eq. 5 in

the Kinetic equations (Table S2) and by multiplying the kinetic expressions by the active
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fraction as described in Eg. 6. The model calibration stage was modified in order to
include the estimation of novel parameters (biomass density and active fraction) defined
in Eq. 5 and Eq. 6. A sensitivity analysis before model calibration was required in order
to assess the influence of mathematical model modifications on its response. The
biokinetic parameters characterized in Mora et al. [3] were used again for heterogeneous
approach simulation. Considering the influence of H.S-oxidizing bacteria on elemental
sulfur oxidation, the ks was also included in the calibration step to describe more

accurately the biokinetics of the biofilm.
4.4.2. Sensitivity analysis for parameters estimation

Model sensitivity to Cx, Ca and ks was assessed for the 5 mL pulse of H2S. The values
of Cx and Ca resulting in an homogeneous biofilm description and the reference value of
ks obtained from Mora et al. [3] were used to perform the sensitivity analysis. Results

obtained from the sensitivity analysis are shown in Table 2.

The DO concentration in the liquid phase and within biofilm exhibited a remarkable
sensitivity to all parameters tested. The most sensitive parameter was the kinetic constant
for elemental sulfur oxidation (ks), since DO concentration is highly dependent on
consumption rates. These results indicated that elemental sulfur production and
accumulation plays a major role as an intermediate compound and should be included and
described adequately through the kinetic model. Sulfide oxidation rate can be diminished
by excessive elemental sulfur accumulation, which is directly influenced by the rate
during which elemental sulfur is consumed (ks). On the other hand, parameters related to
density and activity distribution within biofilm also showed an influence on the output
variable. The high sensitivity values obtained for the parameters associated with the
description of the biofilm heterogeneity, highlights the importance of the incorporation
of this assumption into the mathematical model. Since the other parameters are either
known experimentally or bibliographically referenced, the three parameters proposed for
model calibration were the parameters related to the characterization of the biofilm

heterogeneity (Cx,Ca, ks).
4.4.3. Model calibration

The mathematical model was calibrated using the experimental data from period 1V,
corresponding to a substrate pulse of 5 mL. The estimated parameters during the
calibration step are shown in Table 3. Discussion about Cx and Ca values with respect to
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literature could not be performed since this is the first time that these parameters have
been included in biofilm modeling to describe heterogeneous structure and activity. In
this sense, a discussion about biofilm density and activity distribution calculated from
calibration results is presented in section 4.4.4. The estimated value for ks lied within the

typical range reported in the literature that is between 0.833 and 0.030 g S*® g/® VSS.

In Fig. 4, the predicted and experimental oxygen profiles in the gas, liquid and biofilm
phases after model calibration are shown. The agreement between experimental DO
concentration profiles and model estimations was evaluated through the normalized root
mean square error (NRMSE). The NRMSE calculated for DO concentration profiles in
gas and liquid phases, and within biofilm are presented in Table 4. Simulated oxygen
profiles in liquid and gas phases predicted accurately (NRMSE<10%) the experimentally
observed trends (Fig. 4a). Differences between experimental and simulated oxygen
evolution in the gas phase were smaller, considering a heterogeneous biofilm (Fig. 4a)
than considering a homogeneous biofilm (Fig. 3a). In the same way, heterogeneous
biofilm modeling also allowed an accurate simulation of the DO concentration in the
liquid phase. Although slight differences could be observed in the initial slope, a similar
DO concentration profile was predicted during H2S consumption (between 100 and 450
s) and at the steady-state (after 450 s). The model also described satisfactorily the
experimental oxygen distribution within the biofilm for DO concentrations above the DO
detection limit of the microsensors (0.05 mg DO L?). Thus, the mathematical model
developed in this work provided a better simulation of DO distribution within the biofilm,
under HS oxidation conditions, compared with modeling the biofilm as a homogeneous
layer. These results highlighted that the addition of a heterogeneous biofilm description
in trickled beds modeling, such as that found in a BTF or in the heterogeneous
respirometer, improves biological activity description as well as the description of gas
and liquid phase dynamics.

4.4.4. Prediction of selected model variables

H>S, sulfate and elemental sulfur concentrations were also model variables not
monitored on-line but estimated by the model. H>S and sulfate concentration evolution in
the liquid phase and within the biofilm are shown in Fig. 5. Elemental sulfur concentration
within the biofilm is presented in Fig. 6a. Complementarily, biofilm density and activity
distribution are shown in Fig. 6b.
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Simulated HS profiles showed that 3360 ppmy of H.S were depleted both in the gas
and in the liquid phase 200 s after its injection (Fig. 5a). The H»S within the first biofilm
layer was also consumed during the first 200 s and kept close to zero for the inner layers
during all the simulated period (Fig. 5b). The evolution of simulated H>S concentration
proved a low mass transport resistance at the liquid-biofilm interface. Therefore, it can be
concluded that the biological oxidation capacity of the system was only limited by oxygen
liquid-biofilm mass transport rate. This is confirmed by elemental sulfur production
during H.S biological oxidation. Elemental sulfur was produced as an intermediate during
H>S oxidation and was totally consumed before 200 s, except in the inner layers of the
biofilm where limiting-oxygen conditions caused the accumulation of a small amount of
sulfur until practically the end of the simulated period. In this sense, until 600 and 800 s,
elemental sulfur was not totally depleted at a depth of 500 and 625 um, respectively.
Considering that sulfate was the final product of the oxidation, the sulfate concentration
profile in the bulk liquid phase (Fig. 5c) exhibited a progressive step-like concentration
increase caused by the oxidation of H,S injected in the pulse and the elemental sulfur
generated as intermediate. Sulfate was only produced after 100 s of simulating time when
the elemental sulfur produced as the first oxidation product started to be oxidized (Fig.
6a). Sulfate concentration reached its final concentration at around t=400 s when H>S
oxidation was finished and all the elemental sulfur produced was completely oxidized.
Insignificant differences were found between the simulated sulfate concentration (629 mg
S L) and the measured sulfate concentration in the liquid phase after the initial pulse
(639 mg S L). As shown in Fig. 5d, high mass transport rates helped to homogenize
sulfate profiles within the biofilm. In this sense, although different sulfate production
rates were obtained at the beginning of the simulated period, until 200 s, the same

concentration was reached in all simulated depths at the steady state (after 400 s).

The spatial distribution of biofilm properties was also assessed. The simulation results
presented in Fig. 6b confirmed that the cell density increased in the deeper layers of the
biofilm. Results indicated that the biofilm density increased 14% along with the biofilm
depth, from 3205 at the biofilm surface to 4430 g VSS L deeper on. This trend is in
agreement with experimental determinations in biofilms systems presented in Zhang and
Bishop [51]. The increase in cell density results in a decrease in the biofilm porosity and,
consequently, in a lower dispersion rate of chemicals within the biofilm. In this case, the

relative dispersion coefficient (Dr) from the surface to the inner parts of the biofilm varied
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between 0.31 and 0.26, respectively. Such 14% decrease in the dispersion coefficient
within the biofilm was consistent with the mass transport rate distribution experimentally
determined [36,52]. In the same way, several works have suggested a stratification in the
biofilm activity, but conventional monitoring tools have not allowed to check and
quantify activity gradients through biofilm layers. Remarkably, monitoring tools
presented herein allowed estimating a distribution of the biological activity through the
biofilm in the trickled bed. The calibration results showed a gradient in the fraction of
active bacteria within the biofilm, which decreased from 0.95 to 0.45 along a biofilm
section (Fig. 6b). These results are in high agreement with results presented in Zhang and
Bishop [46] where a viable bacteria decrease from 91 to 39% was detected. In Mirpuri et
al. [48] a qualitative explanation of the physiological biofilms stratification was proposed
considering three categories of bacteria: those capable of degrading pollutants at high
concentrations, those that can degrade pollutants at a low concentration under favorable
conditions and those that cannot degrade pollutants at all. Experimental determinations
indicated that the pollutants degrader bacteria are abundant near the liquid-biofilm

interface while the other types are abundant deeper in the biofilm.

5. CONCLUSIONS

Coupling heterogeneous respirometry and DO microsensor specifically designed for
biofilm profiling provided a complete tool for the characterization of biofiltration systems
from a comprehensive monitoring through gas, liquid and biofilm phases. The improved
heterogeneous respirometer exhibited a high performance for the study of multiphase
processes taking place in packed bed systems such as biotrickling filters. Coupling
experimental gas, liquid and biofilm data with a biofiltration model considering biofilm
structural and functional heterogeneity, resulted in a complete characterization of the
system. Mass transport and biokinetic mechanisms description were achieved from
results obtained in the current study. To the best of our knowledge, this is the first work
where a trickled bed is modeled as a 2D stratified system including experimental data
from biofilm profiling. Results obtained allows deepening in the knowledge of biofilm

processes and structure as well as improving the description provided by biofilm models.
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Fig. 1. (a) Schematic of the heterogeneous respirometer. 1. dissolved oxygen sensor, 2. liquid
recirculation line, 3. liquid recirculation pump, 4. pH sensor, 5. gas out, 6. packed bed container,
7. free gas (gas volume not contained in the packed bed), 8. liquid reservoir, 9. pulse port, 10.
liquid purge, 11. gasin, 12. O, sensor, 13. gas recirculation line, 14. gas recirculation compressor,
15. micro-burette for pH control; (b) DO microsensor; (c) detailed image of the biofilm
monitoring port with the DO-MEA installed.
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769

770  Fig. 2. (a) Respirometric profiles obtained from oxygen monitoring in gas and liquid phases
771  during the endogenous stage and during pulses of 200 pL (135 ppmy), 1 mL (675 ppm,), 5 mL
772 (3360 ppmy) and 10 mL (6720 ppm,) of HS. Vertical lines show the instant of pulses injection.
773  Oxygen concentration profile in the liquid phase (b) and gas phase (c) during the oxidation of
774 3360 ppm, of H,S.

8 8
1 {b)
4 O
o 6 ] > B
E & E
5 F150 E = | L L LA P L Yae
8 =z 2
g ¢ 2 By .
5 b0 = § :
g ] c 2
Q 24 * DO experimental concentration Q 21
S 1 —— DO simulated concentration L 50 o vt eed
Q 4 « O, experimental concentration Q
[a] 2 [a] ssdsssestossn s end
il (a) 0, simulated concentration * vesaad
0 0 0
0 200 400 600 800 1000 0 200 400 600 800 1000
776 Time [s] Time [s]

777  Fig. 3. Experimental (symbols) and simulated (solid lines) oxygen concentration profiles during
778  the 5 mL H,S pulse considering a homogeneous biofilm (constant density and biomass activity)
779 in (a) the liquid and gas phases and (b) within the biofilm. Monitored depths are plotted in
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different colors: brown (30 um depth), green (155 um depth), red (280 um depth), light green
(405 pum depth), purple (530 um depth) and light blue (655 um depth).

8 250 8

o 3 - 200 o
m 61 ., o 6
£ — E
8 150 E 8
S 4 =) T 4
] 100 = @
Q N Q
< ) e} <
o * DO experimental concentration (=}
O 24 DO simulated concentraticn G 24
8 * O, experimental concentration | 50 8
(a) O, simulated concentration NI L
$efegoentess
0 : . : . 1o LR ; SLASEL RIS AL ELERE :
0 200 400 600 800 1000 0 200 400 600 800 1000
Time [s] Time [s]

Fig. 4. Experimental (symbols) and simulated (solid lines) DO profiles in (a) gas and liquid phases
and (b) within biofilm, used in model calibration. Profiles correspond to the 5 mL of H,S.
Monitored depths are plotted in different colors: brown (30 um depth), green (155 um depth), red
(280 pum depth), light green (405 um depth), purple (530 um depth) and light blue (655 um depth).
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Fig. 5. Simulated H,S in the (a) gas and liquid phase and (b) within the biofilm, sulfate
concentration in the liquid phase (c) and within 6 simulated biofilm depths (d) during a pulse of
5 mL of H,S. Monitored depths are plotted in different colors: brown (30 pm depth), green (155
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um depth), red (280 um depth), light green (405 um depth), purple (530 um depth) and light blue
(655 um depth).
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Fig. 6. (a) Simulated elemental sulfur concentration within 6 simulated biofilm depths during a
pulse of 5 mL of H>S. Monitored depths are plotted in different colours: brown (30 um depth),
green (155 pm depth), red (280 um depth), light green (405 um depth), purple (530 um depth)
and light blue (655 um depth). (b) Biofilm density and activity distribution within a biofilm
section calculated from calibration results (Eg. 4 and Eq. 5).

Table 1. Parameters related to system specifications experimentally determined in the
heterogeneous respirometer.

Parameter Value Units
Vi 1.26-10* ms3
Ve 14.9-10* m?3
Veed 6.30-10* ms3
Dynamic hold-up 23.5-10° m®
Static hold-up 17.7-10® m?3
Biofilm amount 16.2 gTS?
& 0.11 g bacteriag™ TS
Pl 0.065 m?3 liquid m™ bed
&8 0.063 m? biofilm m- bed
acBed 0.762 m? gas m™ bed
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&5 0.110 m?3 material m bed

805  *@Total Solids (TS)
806

807  Table 2. Sensitivity results of DO in the liquid phase and within first biofilm layer to selected model
808 parameters for the heterogeneous biofilm model assessed for the 5 mL H>S pulse.

DO liquid phase DO Biofilm
Parameter Units Sensitivity,  Sensitivity, Sensitivity, Sensitivity,
+A10% -A10% +A10% -A10%
Cx m? 0.148 0.137 0.358 0.391
Ca m? 0.189 0.168 0.411 0.396
ks g S¥3g? Vvss -2.599 -2.794 5.781 3.487

809

810 Table 3. Model parameters estimated and calculated from the fitting of the improved
811  mathematical model to the experimental respirometric profiles.

Parameter Value Units
Cx 262.28 m?
Ca 821.98 m?
ks 0.0731 g S* g Vvss

812

813  Table 4. Normalized root mean square errors (NRMSE) between experimental DO concentration
814  profiles and model simulations in the gas and liquid phase, and within biofilm.

DO concentration profile NRMSE [%0]

Gas phase 1.4

Liquid phase 1.1

30 um 35

155 pum 24

Biofilm

280 um 3.2

405 pm 7.5
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530 um 9.3

655 pum 111

815
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