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ARTICLE INFO ABSTRACT

Editor: Pei Xu Glycerol can be converted to ethanol, 1,3-propanediol, formate, acetate, propionate, and inorganic carbon under
anaerobic conditions through oxidative and reductive pathways in the absence and presence of sulfate. A

Keywords: structured mathematical model considering multiple pathways of glycerol fermentation combined with sulfate

Mechanistic model reduction was set up in this work, where three mechanisms were proposed and verified by modeling. Finally a
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mechanism properly predicting both glycerol fermenting and sulfate-reducing processes was chosen. Concen-
trations of multiple intermediates measured in batch activity tests were satisfactorily described by the model. The
intermediate products of glycerol fermentation included formate, propionate, ethanol, 1,3-propanediol, and 3-
hydroxypropionate (3HP). The main pathways of glycerol fermentation were the oxidative pathway to pro-
duce ethanol and the reductive pathway to produce 1,3-propanediol. The former accounted for 40.6% of the total
glycerol converted whereas the latter accounted for 42.6%. 1,3-propanediol was converted to 3HP coupled to
sulfate reduction. 3HP was mainly further oxidized to acetate. The kinetic parameters of maximum specific
uptake rates of substrate were calibrated and then, the sulfate reduction process was validated. The confidence
intervals of estimated parameters were assessed according to the Fisher information matrix (FIM) method. The
low confidence intervals obtained indicated that the experimental behavior was satisfactorily described with the
proposed kinetic model.

SO,-containing flue gases treatment applications [7,11]. In the anaer-
obic digestion process, sulfate can be reduced to sulfide by SRB with
various electron donors, such as glycerol. Afterwards, sulfide can be
partially oxidized to elemental sulfur in biosulfur recovery processes
[71, or used for valuable metals recovery for valorization of waste ef-
fluents [11]. Overall, sulfidogenic conditions provide an alternative,
more sustainable approach to the problem of flue gases emissions,
changing the actual concept of production of a harmful and useless
residue obtained from chemical absorption (sulfite/sulfate) into a pro-
cess where potential valorization of such waste gases is carried out. Also,
Paques’ Sulfateq™ process (including sulfidogenic process) has been
developed at full-scale for metals recovery from metal industry waste-
water and acid mine drainage treatment, or even in combination with
brine treatment of reverse osmosis.

Mathematical modeling has proven to be an important bioprocess
engineering tool, which can be used to understand and evaluate the
complexity of the sulfate reduction process in anaerobic digestion and
facilitate process optimization [12,13]. Halkjaer Nielsen [14] firstly

1. Introduction

Glycerol, a by-product of the biodiesel industry, is an organic waste.
In order to maximize the value of crude glycerol and make it an energy
source, glycerol valorization technologies can be carried out in various
processes. Glycerol can be used as a valuable green solvent for catalysis
and organic synthesis [1]. In addition, the direct bioconversion of
glycerol to polyhydroxyalkanoates (PHAs) for bioplastics production
and 1,3-propanediol for the synthesis of polyesters is also becoming a
reality [2-4]. Furthermore, glycerol can be valorized biologically
through fermentation processes to produce Hy or biogas [5,6], and it has
proven to be a feasible electron donor for sulfate reduction [7].

Sulfate-rich wastewaters are mainly originated from anthropogenic
activities such as pulp and paper mills, food processing industries,
composite tanneries, metal and coal mining [8-10]. The biotechnology
of enriching and enhancing sulfate-reducing bacteria (SRB) could be a
strategy for industrial and municipal sulfate-rich wastewater or
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Nomenclature

Km,j Maximum specific substrate uptake rate of process j, mg
Cmg VSS'h™!, or mg H, mg VSS' h™?

ks Half saturation coefficient of component i, mg C L1, or
mg S L

R; Rate of process j, mg CL™'h™!, ormg SL™1 h!

Si Concentration of substrate component i, mg C LY or
mg S Lt

Vij Biochemical rate coefficient for component i in process j

Xk Concentration of microbial trophic group k, mg VSS L™*

VSS Volatile suspended solids

FB Fermentative bacteria

SRB Sulfate-reducing bacteria

ASRB Autotrophic sulfate reducing bacteria

HSRB Heterotrophic sulfate reducing bacteria

Ace Acetate

Eth Ethanol

For Formate

Gly Glycerol

Pro Propionate

TDS Total dissolved sulfide

TIC Total inorganic carbon

13PDO  1,3-propanediol

3HP 3-hydroxypropionate

discussed the sulfate kinetics in an anaerobic, sulfate-reducing biofilm
reactor. A structured and comprehensive dynamic model was developed
to evaluate methanogenesis and sulfate reduction in a CSTR by two
groups of microorganisms, including methanogens and SRB [15]. Also,
an integrated mathematical model was developed to investigate the
competition between SRB and methanogens in anaerobic reactors, in
which SRB were divided into acetogenic SRB, acetotrophic SRB, and
hydrogenotrophic SRB [16,17]. The Anaerobic Digestion Model No.1
(ADM1) has been widely and effectively applied to describe anaerobic
digestion processes in lab-scale and full-scale [18]. The extension of
ADML1 to describe the sulfate reduction process has been also developed
[12]. Fedorovich et al. [19] first incorporated sulfate reduction into
ADM]1 to predict the long-term operation of a VFAs-fed UASB reactor,
which was described by multiple reaction stoichiometry, microbial
growth Kkinetics, conventional material balances for ideally mixed
reactor, liquid-gas interactions, and liquid-phase equilibrium chemistry.
This model was not able to predict HyS in the gas phase since HyS
gas-liquid mass transfer was not considered [19]. Afterwards, another
extension of ADM1 with sulfate reduction for a high-strength of
cane-molasses, vinasses and sulfate-rich wastewater treatment was
developed to overcome the limitation of prediction of HsS in liquid and
gas phases, which included propionate and acetate as main VFAs [20].
Chen et al. [21] described a structured mathematical model based on
ADML1 to describe the sulfate reduction process, which explored the
long-term competitive dynamics of microorganism in 329 days of
continuous operation of an ethanol-fed UASB reactor. Further efforts are
needed for consolidation of existing ADM1 extensions incorporating
sulfate reduction in the future.

Many studies have applied mathematical modeling to describe the
bioconversion mechanism of glycerol. Mathematical models were set up
to describe the pathways and kinetics of anaerobic fermentation of
glycerol in batch and continuous cultures in terms of metabolic rates,
enzyme-catalytic kinetics or yields, considering the consumption or
production rates of glycerol, CO,, Hy, formic acid, acetic acid, lactic
acid, succinic acid, ethanol, 1,3-propanediol, and 2,3-butanediol [3,6,
22,23]. Regarding sulfate reduction in anaerobic digestion, a kinetic
model based on Edwards and Andrews’s equation [24,25] was
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developed [26], who considered that glycerol was directly oxidized to
acetate and inorganic carbon with sulfate reduction. However, there are
many intermediate metabolites during the fermentation of glycerol,
such as ethanol, 1,3-propanediol, n-butanol, 2,3-butanediol, lactate,
butyrate, formate, acetate, propionate and hydrogen [27-29]. As in-
termediates, we refer to the compounds that can be further utilized by
SRB as electron donors for sulfate reduction. Zhou et al. [30] found that
glycerol was not directly oxidized to acetate but oxidized to acetate and
inorganic carbon through intermediate multi-steps. In essence, glycerol
was mainly reduced to 1,3-propanediol and incompletely oxidized to
formate, acetate, propionate and ethanol through various metabolic
pathways under sulfidogenic conditions. Although there are models
describing the process of sulfate reduction with VFAs [19], ethanol [21],
and glycerol [26] as carbon sources, existing models lack of a detailed
description of the sulfate reduction mechanisms when other in-
termediates such as alcohols are produced during hydrolysis or
fermentation of complex organic compounds.

The aim of this work was to develop a mechanistic model for glycerol
fermentation under sulfidogenic, non-methanogenic conditions consid-
ering VFAs and alcohols as intermediate products and to estimate the
kinetic parameters of anaerobic glycerol degradation and sulfate
reduction processes.

2. Materials and methods
2.1. Experimental data

To investigate the mechanism of sulfate reduction using glycerol as
electron donor, a mechanistic model was established using a set of data
conducted in a battery of batch activity tests by Zhou et al. [30]. Activity
tests performed in the absence and presence of sulfate were used
considering glycerol, propionate, ethanol, 1,3-propanediol, and formate
as electron donors. The initial TOC/S-SOZ ratio of batch activity tests
was set to 1.4 & 0.1 g C/g S-SOZ". The granular sludge for batch tests was
taken from a laboratory-scale UASB reactor when the reactor was
operated under non-methanogenic but sulfidogenic conditions at a sul-
fate inlet concentration of 250 mg S-SO7 L~! and organic carbon/-
sulfate (TOC/S-SO%) ratio of 1.5 g C/g S-SO%. In the present work,
activity tests performed with single organic compounds (including
propionate, ethanol, 1,3-propanediol, and formate) plus sulfate were
used to calibrate selected model parameters related to sulfate reduction.
Activity tests performed with glycerol as the sole initial carbon source in
the absence and presence of sulfate were used for glycerol fermentation
parameters calibration and sulfate reduction parameters validation.

2.2. Model development

The mechanism of sulfate reduction using glycerol as the electron
donor was investigated and proposed by Zhou et al. [30]. In the mech-
anism, glycerol was fermented to 1,3-propanediol, ethanol, formate,
propionate and acetate through four pathways. SRB reduced sulfate
using formate, propionate, ethanol, and 1,3-propanediol as electron
donors, in which 1,3-propanediol was oxidized to acetate and propio-
nate. However, 3-hydroxypropionate (3HP) may also be an intermediate
product of glycerol degradation and 1,3-propanediol oxidation with
sulfate reduction [31]. Since 3HP was not analyzed by Zhou et al. [30],
this work established a mechanistic model to confirm whether 3HP
played a role in glycerol degradation and 1,3-propanediol oxidation
coupled to sulfate reduction. Three mechanisms were proposed herein to
be simulated and verified through modeling. Mechanism I (Fig. S1A)
was referred to the pathways proposed by Zhou et al. [30]. Corre-
sponding reactions are shown in Supplementary Information from Eq.S1
to Eq.S11. As 3HP may be an intermediate product of 1,3-propanediol
degradation in presence of sulfate [32,33], Mechanism II modified the
possible pathway of 1,3-propanediol degradation with sulfate reduction
(Fig. S1B), and the reactions were described from Eq.S13 to Eq.S15.
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Fig. 1. Generalized procedure for parameters estimation, calibration and mechanisms selection for sulfate reduction in this work.

Since 3HP has also been reported as an intermediate product of glycerol
fermentation [31], Mechanism III considered the glycerol fermentation
pathway to directly produce 3HP (Fig. S1C), of which reaction is pre-
sented as £q.S12.

Based on experimental observations discussed by Zhou et al. [30],
glycerol was not used as a direct electron donor by SRB but firstly fer-
mented to produce simpler intermediates. Then, SRB reduced sulfate
through these intermediate products. In batch activity experiments [30],
the sludge extracted from the UASB reactor under sulfidogenic condi-
tions was unable to reduce sulfate using acetate and butyrate as electron
donors. Although the sludge could reduce sulfate using butanol as an
electron donor, butanol was not produced during glycerol degradation
in this experiment. Therefore, butanol, butyrate, and acetate were not
considered as electron donors for SRB in the glycerol fermentation
process under sulfidogenic conditions, while ethanol, propionate, and 1,
3-propanediol were considered as electron donors for the incomplete
oxidation pathway. Formate and hydrogen were also considered as
electron donors for sulfate reduction process. Kinetics were based on the
following assumptions:

1. The fermentation and sulfate reduction process were carried out by
three types of microorganisms: Xgp, Fermentative bacteria; Xysgg,
Heterotrophic sulfate reducing bacteria; Xasgrp, Autotrophic sulfate
reducing bacteria. Each reaction is carried out by its specific mi-
crobial group (Xgp, Xasrs, and Xpusrp), as described from Eq.S1 to Eq.
S15. The biomass fractions of the three types of microorganisms
(77.6% of Xgp, 13.6% of Xasrs, 8.8% of Xysrp) were set up based on
microbial population identification. The microbial diversity dy-
namics were monitored during long-term operation of the UASB
reactor [34]. Results showed that SRB progressively dominated in
the UASB reactor and methanogens were washed out after approxi-
mately 200 days of operation. The sludge used herein was extracted
from the UASB reactor on day 538 of operation when the reactor was
under sulfidogenic conditions, and the microbial diversity was
analyzed [30]. Genus Desulfobulbus and Desulfovibrio, accounting for
22.4%, were SRB detected in the sludge, where the distribution of
autotrophic sulfate reducing bacteria (ASRB) (13.6%) and hetero-
trophic sulfate reducing bacteria (HSRB) (8.8%) were estimated as
recommended [17].

2. The substrate consumption rates followed a Monod-type kinetic
equation. Previous studies considered a dual-substrate Monod-type
kinetic for Xasgp and Xusgs which includes electron donors (organic
carbon compounds or Hy) and the electron acceptor (sulfate) [19,21]
according to Eq. (1):

Si Sso§

Rj = kpj* *
Ky +S; ksoj*.i + Ssoﬁ*

* X €8]

Where R is the kinetic rate of process j, mg C L h,ormgSL™!
hY; ky, j is the maximum specific uptake rate of process j, mg C mg
vsS'h7l or mg Hy mg vsS~! h7l; s; is the concentration of sub-
strate component i, mg C L’l, or mg Hy Lfl; ks ; is half saturation
coefficient for the uptake of substrate component i, mg C L%, or mg
H, L7 Kgoz- ; is half saturation coefficient for the uptake of sulfate,
mg S L% Ssoﬁ' is the concentration of sulfate, mg S L% X is the
concentration of microbial trophic group k, mg VSS L™,

The half saturation coefficient of sulfate for Xasrg and Xysgp Was
3.2mgS L} and 6.7 mg S L™}, respectively, according to Fedor-
ovich et al. [19]. In this work, the sulfate concentration in all ex-
periments of Zhou et al. [30] were higher than 30 mg S L~} at the end
of the experiment, far higher than the half saturation coefficient for
sulfate. Under carbon limiting conditions, kinetic equations were
considered only dependent on organic electron donors for Xgp, Xasrs,
Xysrp according to Eq. (2):

' Si
= K
By i Kgi + S

* Xk 2

. The effect of pH on biomass growth rates was not included, since

KoHPO,4 was used in all the experiments as pH buffer in all batch test.
The pH ranged between 7.2 and 8.4 during the cultivation. Sulfido-
genic activity can be carried out in a wide pH range (5.0-10.0), and
the optimal pH has been reported in the range of pH 7.0-8.5 [35,36].

. The inhibition effect of HyS as product of sulfate reduction was

considered in previous models [20], which estimated that 50%
inhibitory concentration of free HoS for SRB was 240 mg S-HpS L1,
Kalyuzhnyi and Fedorovich [17] reported that the concentration of
free HyS that produced a 50% inhibition on growth rates for FB,
ASRB, and HSRB were 518, 268, 517 mg S-H,S LL respectively.
Free H»S detected in the experiments in Zhou et al. [30] ranged from
0 to 76 mg S-HaS LL Thus, free H,S inhibition in this work was not
considered. The maximum tolerance concentrations for Clostridium
butyricum and Klebsiella pneumoniae are 0.35 g L™! for undissociated
acetic acid, 10.1 g L~ for total butyric acid, 16.6 g L~ for ethanol,
71.4 gL' for 1,3-propanediol, and 187.6 gL' for glycerol,
respectively [37]. These values are far beyond the concentration
used in this work, so the inhibitory effect of substrate was also not
considered.

According to biochemical processes mentioned before and the 14
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Table 1
Initial inputs of stoichiometric and kinetic parameters used in the model.
Parameter  Name Value Unit Reference
Yrp Yield of FB 0.132 gVssg  [20]
c!
Yusrs Yield of HSRB 0.077 gVsSSg [20]
C—l
Yasre Yield of ASRB 0.288 gVSSg [20]
Hy!
Fermentation process
Ks for,rB Half saturation coefficient for the 0.03 mg C [39]
uptake of formate by FB Lt
Ks g1y Half saturation coefficient for the  1.96 mg C [37]
uptake of glycerol by FB Lt
Sulfate reduction process
Ks,pro Half saturation coefficient for the 79 mg C [17]
uptake of propionate by HSRB L
Ks for,HsrB Half saturation coefficient for the 53 mg C [17]
uptake of formate by HSRB Lt
Kg eth Half saturation coefficient for the 45 mg C [38]
uptake of ethanol by HSRB Lt
ks, 13pD0 Half saturation coefficient for the 45 mg C This work
uptake of 1,3-propanediol by L!
HSRB
ks 2 Half saturation coefficient for the 0.00625 mg Hy [17]
uptake of Hy by ASRB Lt

components monitored in the experiments, the biochemical rate co-
efficients (v;;) and kinetic rate equations (R;) are listed in Supplemen-
tary Information (Table S1) in a complete format.

2.3. Modeling procedure

The procedure carried out for the estimation of model parameters
and determination of the mechanisms linked to glycerol fermentation
coupled to sulfate reduction is illustrated in Fig. 1. The procedure in-
volves five steps as follows.

In Step 1, kinetic parameters were set up, including half saturation
coefficients (ks), and biomass yields (Y) as listed in Table 1. Among
them, the half saturation coefficient for 1,3-propanediol (ks13ppo) by
HSRB was not found in previous studies. In this work, the initial value of
ks13ppo Was selected as 45 mg C L~! based on that reported for ethanol
[38] as both ethanol and 1,3-propanediol belong to primary alcohols
and can be degraded by HSRB [17].

As tests performed by Zhou et al. [30] lasted around 100-120 h, in
Step 2 the model was tested to verify if biomass growth was significant in
the batch activity tests and, thus, a variable biomass concentration
should be included in the model. Two-tailed Student’s t-test was also
used to statistically evaluate the significant difference between experi-
mental data and results obtained from model fitting. P value < 0.05 was
considered to be statistically significant.

In Step 3, a sensitivity analysis was performed to identify the most
sensitive kinetic parameters in these biochemical processes. Sensitivity
analysis can prioritize and analyze the impact of model parameters on
process variables, thereby providing effective information for model
calculation. Sensitivity functions were described by Dochain and Van-
rolleghem [40] to determine the significance of kinetic parameters,
which used the finite difference approximation. Sensitivity functions
have been applied in previous studies, which is based on the change of
measurable process variables under the disturbance of model parame-
ters caused by a perturbation value & [20,21]. The perturbation & of each
parameter was chosen and the sensitivity of the output caused by the
perturbation of parameters was calculated according to Eq. (3):

L. — an/yJ' - (Yj(ei +386,) — yj(ei))/Yj(ei)

17 001/0 (50,)/8; ®

Where I';; is the dimensionless sensitivity value of output y; with respect
to the kinetic parameters 0; (such as kyj, ks); 6; +3 e 6; is the
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perturbation parameter value. The sensitivity values for each parameter
were calculated as > T’ (show as % in respect to the total > > T;) and
arranged in descending order.

In Step 4, the maximum specific uptake rates (kp;) for sulfate
reduction were calibrated from activity tests with single organic com-
pounds, including formate, propionate, ethanol and 1,3-propanediol.
The stoichiometry corresponding to propionate and ethanol are shown
in Eq.S8 (Kmpro) and Eq.S9 (Kyem), respectively. The stoichiometry
corresponding to formate include Eq.S5 (Ky forrs), Eq.S6 (Km u,) and Eq.
S7 (Km forusre). When 1,3-propanediol was used as an electron donor,
the sulfate reduction stoichiometry corresponds to Eq.S10 (K .13pp01)
and Eq.S11 (Km13ppo2) in Mechanism I, and corresponds to Eq.S13
(km,13pp03), £q.514 (K 3hp1), and Eq.S15 (Ky shp2) in Mechanisms IT and
III.

In Step 5, the maximum specific uptake rates (k) for glycerol
fermentation were calibrated from activity tests with glycerol as the
carbon source. Equations Eq.S1 (K gly1), EQ.S2 (K gly2), Q.53 (K gly3),
Eq.54 (kmglys) provide the stoichiometry related to the fermentation
pathway of glycerol in Mechanism I and II. Mechanism III included the
fermentation of glycerol to produce 3HP, corresponding to Eq.S12
(Km glys)- In this case, calibration was performed for each one of the three
proposed mechanisms. This step also determined the optimal mecha-
nism of the glycerol degradation pathway (I, II or III) as well as validated
the kinetic rates of sulfate reduction processes by comparing the
objective function value (Fval) of each one of the three mechanisms.

Fval is the minimum value of the objective function in each simu-
lation. The smaller the value, the smaller the difference between
experimental data and model predictions. Fminsearch function, a
MATLAB algorithm based on a multidimensional unconstrained
nonlinear minimization (Nelder-Mead), was used to minimize the error
between model and experimental data and find out Fval that lead to
optimum model parameters, as given in Eq. (4).

N
Fval = ) " |Cg — Cyl 4)
i=1

Cg is the experimental concentration in all sulfate reduction experi-
ments performed with glycerol, formate, propionate, ethanol, and 1,3-
propanediol as the carbon source, and all fermentation experiments
performed with glycerol as the carbon source; Cy is the concentration
predicted by the model; and N is the total number of data sets, including
organic carbon compounds and sulfate in all the experiments for model
fitting. The set of the differential equations was solved by ode45 func-
tion (based on Runge-Kutta method with a variable time step) in
MATLAB. All simulations and calibrations were implemented in MAT-
LAB 2015a. Subsequently, the optimal mechanism obtained through the
above steps was analyzed by two-tailed Student’s t-test between the
experimental data and the modeling results.

In order to evaluate the calibrated parameters and the quality of the
estimation, the confidence intervals of estimated kinetic parameters
were calculated based on the Fisher Information Matrix (FIM) method
[40,41]. The FIM method has been widely applied to evaluate the reli-
ability of estimated parameters in modeling of biofiltration on gas
treatment [42], aerobic biological sulfide oxidation [43], and
sulfate-rich wastewater treatment [20]. The FIM method is based on the
calculation of the inverse of the covariance matrix, which takes into
account the output sensitivity functions and the measurement errors, the
quantity and quality of experimental data. The higher the FIM value the
lower the standard errors estimated.

3. Results and discussion
3.1. Parameters estimation and sensitivity analysis

Microbial biomass growth was estimated in 120 h batch tests per-
formed with glycerol as electron donor in absence of sulfate. The
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Table 2
Model sensitive parameters arranged in descending order from the first to the last in Mechanism I, II, and III (perturbation factor was set as + 10%).
Parameters
Mechanism I Km,gly4 Ks,eth Km,gly3 Km,eth K, for,FB Kin 12 Km,13pp01
(8 =10%) km,g]yl Km,13pD02 Km,pro Ks pro km,glyz ks 13p00 K, for, HSRB
Ks for,HSRB Ks 2 ks gty Ks for,FB
Mechanism I km,eth km,glyS km,gly4 km,for,FB km,HZ km,13PD01 ks,eth
(6 =—-10%) Km,gly1 Km,13pD02 Km,pro Ks pro Km,gly2 ks 13p00 K, for, HSRB
Ks for,HSRB Ks 2 ks gty Ks for,FB
Mechanism II km,glyS km,gly4 ks,elh km,lSPDOS km,eth km,for,FB km,l—[2
(6 = 10%) Ks,30p,FB1 km‘glyl Km,30p1 Ks,pro K, for,HSRB Km,30p2 Km,pro
K for,HSRB Km,gly2 ks 1300 K 31p,FB2 K for,rB ks gty ks 12
Mechanism 1T Km,eth Km,13pD03 Km,gly3 Km,gly4 K, for,rB Km,H2 Ks,eth
(6 = —-10%) Km,gly1 Km,30p1 Ks,30p,FB1 Km,pro K, for, HHSRB Ks pro Km,3Hp2
K for,HSRB Km,gly2 ks 1300 ks 31p,FB2 K for,rB ks gly ks n2
Mechanism III Kg eth Km,glys Km,gly4 Km,13pD03 Km,eth Km,glys K 3up,rB1
(6 = 10%) K, for,FB K, 12 Km,gly1 K for,HSRB Ks for,rB K, for, HSRB Km,31p1
ks pro Kun,pro Kim,3Hp2 Kum,gly2 ks 12 ks gty ks,13pp0
ks 31p,FB2
Mechanism III K12 K, for,rB Km,gly3 Km,eth Km,13pp03 Km,glys K for,rB
(6 = —-10%) Km,gly4 Ks 30p,FB1 K eth Km,31p2 K 12 Ks for, HSRB K gly
Km,gly2 Ks,13pD0 ks pro Kum,for,HSRB km,pro Kim,30p1 Km,giy1
ks 31p,FB2

experimental data and the modeled profiles both considering the influ-
ence of biomass growth or no-biomass growth for the three proposed
mechanisms is shown in Supplementary Information (Fig. S2). In
mechanism I (Fig. S2A and S2B), through Student’s t-test, there was no
significant difference between the experimental data and the model
prediction whether the biomass growth was considered or not. Same
results were observed in mechanism II (Fig. S2C and S2D). In mechanism
111, there was a significant difference between the experimental data and
model predictions for ethanol (Fig. S2E) when biomass growth was
considered. However, there was not a significant difference when
biomass yield was not considered (Fig. S2F). Therefore, combining the
experimental data and model predictions in the three mechanisms, the
batch tests did not consider biomass growth in this work for none of
three mechanisms considered.

In order to identify the most sensitive kinetic parameters, a sensi-
tivity analysis was performed for the three mechanisms proposed and
the experimental data from activity tests with glycerol as electron donor
and sulfate as electron acceptor. Output variables selected to assess the
sensitivity were the concentrations of sulfate, total dissolved sulfide
(TDS), propionate, acetate, formate, Hj, total inorganic carbon (TIC),
1,3-propanediol, ethanol, 3HP and glycerol along the batch activity test.
The parameters of the sensitivity analysis included all half saturation
coefficients and maximum specific uptake rates involved in the three
proposed mechanisms. The perturbation factor (8), which is defined as
the percentage change of a model parameter with respect to a reference
value of that parameter, was set to + 10%.

Simulations carried out allowed ranking the model parameters in
descending order of sensitivity, as shown in Table 2. The maximum
specific uptake rates had a higher impact on process variables than half
saturation coefficients in general.

The sensitivity values (3 I'y; / 3> T, %) for the four most sensitive
parameters in each mechanism are shown in Fig. 2, when the pertur-
bation factor & was set to 10%. Fig. 2 shows that ki, gly4, Km,gly3, Km,eths
and k ¢sn were the most sensitive parameters for mechanism I, which are
related to reactions in Eq.S3, Eq.S4, and Eq.S9. In Mechanism I, IT and
I, Km,gly3, Km,gly4, Ks,eth, and ki, 13ppo3 were the most sensitive param-
eters, which are related to reactions Eq.S3, Eq.S4, Eq.S9 and Eq.S13.
Fig. 2 also shows the sensitive model parameters for each process vari-
able. The process variable Se, was highly sensitive to parameters Ky, eth
and K e Parameters kpglys and Ky glys simultaneously affected the
process variable Seq, and Sq3ppo, while kp 13ppo3 mainly affected the
process variable Ssygp and S13ppo at the same time. When the perturba-
tion factor & was set to — 10%, the sensitivity values of the four most
sensitive parameters in each mechanism were similar to the results when

the perturbation factor & was set to 10%, as shown in Fig. S3. The most
sensitive parameters were the maximum specific uptake rates in the
three mechanisms, including Ky gly3, Km,gly4> Km,eth, Km,for,FB, Km,13PD03
and Ky, yo2. Therefore, all the substrates of the maximum specific uptake
rates were calibrated and half saturation coefficients mainly referred to
previous studies.

Based on the sensitivity analysis results, the half saturation coeffi-
cient for the uptake of ethanol (kgem) was one of the most sensitive
parameters in the sulfate reduction process with glycerol as electron
donor. In this work, K, was initially taken from literature since no
specific tests were carried out for its determination. Gonzalez-Silva et al.
[38] reported a kg eth = 45 mg C L~L. However, the lowest experimental
ethanol concentration detected in Zhou et al. [30] was 4.3 mg C L_l,
and the ethanol consumption rate was not limited. Thus, simulations
with a kg ey = 45 mg C L1 (Fig. $4A) and kg e, = 5 mg C L1 (Fig. S4B)
were compared. Fig. S4A shows a significant difference (P < 0.05) be-
tween model prediction and experimental data for ethanol consumption
after 24 h, whereas no significant difference in ethanol between model
prediction and experimental data was found in Fig. S4B. Then, K ¢, was
adjusted to 5mg C L' in this work. Similarly, ks 13ppo Was initially set
to 45 mg C L™}, but the consumption of 1,3-propanediol in the model
was slower than the experimental data (Fig. S4A). Thus, kg13ppo Was
also set to 5 mg C L ™! to provide a better description of 1,3-propanediol
consumption (Fig. S4B). The half saturation coefficients for all other
compounds were set as those provided in literature (Table 1). In any
case, further research on the half saturation coefficient of each com-
pound is warranted.

3.2. Model calibration of sulfate reduction mechanisms with single
organic compounds

As described by Zhou et al. [30], no methane was produced during
the batch tests in which sulfate reduction was studied. Consequently, the
model did not consider methanogenesis. Additionally, batch experi-
ments showed that when acetate was fed as carbon source, there was
neither methane production nor sulfate reduction. Consequently, ace-
totrophic SRB were not included as model variable.

The mathematical model established in this work was first calibrated
for the maximum specific uptake rates of batch activity tests with single
organic compounds, including propionate, formate, ethanol and 1,3-
propanediol. The pathways for sulfate reduction using propionate,
ethanol and formate as electron donors are described in Eq.S8, Eq.S9,
and Eq.S7, respectively. The sulfate reduction process was the same
among the three proposed mechanisms using these three electron
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Fig. 2. Most sensitive model parameters arranged in descending order from top to bottom for each one of the three mechanisms (the perturbation factor § was set as

10%). Each Y axis shows the output variables selected.

donors.

Predicted concentrations by the model of the abovementioned batch
activity tests with the calibrated ky, j are shown in Fig. 3. According to
Student’s t-test, no significant differences were found between experi-
mental data and model predictions for these activity tests. The
maximum specific uptake rates for single organic compounds (kp,;j)
involved in the sulfate reduction process using propionate, formate,
ethanol and 1,3-propanediol as electron donors were estimated
(Table 3). As can be observed in Table 3, there was a difference between
the ky,; of sulfate reduction calibrated in this work and the ky,j in pre-
vious studies. Activity tests were conducted under the coexistence of
methanogenesis and sulfidonegenesis in previous studies, which allowed
SRB and methanogens to coexist in reactors. When these carbon com-
pounds were used as electron donors, they were used not only for sulfate
reduction, but also for biogas production. The batch activity tests herein
were performed under sulfidogenic conditions instead of methanogenic
conditions. These electron donors were not consumed through biogas

production in our work, but were only used for sulfate reduction. The
microbial adaptability of sludge culture resulted in SRB enrichment in
the reactor, which may contribute to the difference between this
experiment and previous studies.

When 1,3-propanediol is used as carbon source to reduce sulfate and
the production of 3HP is not considered, the degradation process of 1,3-
propanediol can be described from Eq.S10 and Eq.S11 (Mechanism I). Its
model fitting results are shown in Fig. 4. It is worth mentioning that 3HP
may be used as an intermediate product in the degradation process of
glycerol and 1,3-propanediol [31,33]. When 3HP is considered as an
intermediate product of 1,3-propanediol degradation, the process is
followed by Eq.S13, Eq.S14, and Eq.S15 (Mechanisms II and IIT). The
degradation of 1,3-propanediol with sulfate reduction process were
same in Mechanism II and III, and the model fitting results are shown in
Supplementary Information (Fig. S5). Through the Student’s t-test, there
was no significant difference between model and experimental data in
these three mechanisms. Their corresponding maximum specific uptake
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Fig. 3. Experimental and model simulation of sulfate reduction using propionate (A and B), ethanol (C and D), and formate (E and F) as electron donors. A, C, and E
show the degradation process of organic carbon compounds; B, D, and F show sulfate reduction process. Data points illustrate the experimental data. Smooth lines

represent model predictions.

Table 3
Maximum specific uptake rates of propionate, ethanol and formate calibrated in
this work and found in literature.

Parameters In this work Literature
Km,pro,usrs (mg C mg VSS™' h™1) 9.96 (+ 0.08) 0.44°, 0.24"
K eth usks (mg C mg VSS™' h™1) 4.49 (+0.11) 0.003¢
Km,u12,asre (mg Ho mg VSS~ > h ™) 0.47 (+ 0.03) 0.46%, 0.20°
K for,rs (mg C mg VSS™ ' h™") 3.02 (£ 0.01) 0.56"

K for,isre (mg C mg VSS™* h™1) 3.78 (+ 0.12) 0.16°

Note: Confidence interval estimated through FIM is presented in parentheses.
@ Barrera et al. [20].
b Fedorovich et al. [19].
¢ Gonzalez-Silva et al. [38].
4 Vignolle et al. [44].
¢ Bijmans et al. [45].

rates obtained according to different degradation pathways are shown in
Table 4. To the best of our knowledge, this is the first work that used 1,
3-propanediol as an electron donor to calibrate its maximum specific
uptake rate for sulfate reduction.

3.3. Model calibration with glycerol as carbon source

3.3.1. Model calibration for glycerol fermentation

In the absence of sulfate, each kp,j of glycerol fermentation routes
based on Mechanism I were calibrated through Eq.S1 to Eq.S4, as shown
in Fig. S2B. Through the Student’s t-test, it is found that there was no
significant difference between the model and experimental data of the
glycerol degradation process. The maximum specific uptake rates of
glycerol fermentation (kpgl,) in absence of sulfate are shown in
Table S2. Estimated by the kpygy, the pathway through glycerol
fermentation to 1,3-propanediol (Eq.S3, ki, gly3) accounted for 65.8% of
all pathways of glycerol degradation in Mechanism I, and 23.6%
through glycerol fermentation to acetic acid and formic acid (Eq.S1, Ky,
gly1). kmj of glycerol fermentation processes in Mechanism II and III
were also calculated (Fig. S2D and S2F). The glycerol degradation
pathway of Mechanism II was same as that of Mechanism I. In Mecha-
nism III, the pathway through glycerol fermentation to 1,3-propanediol
(Eq.S3, kmgly3) was also the main degradation pathway of glycerol,
accounting for 69.8%.

The maximum specific uptake rates of glycerol fermentation
mentioned above and the maximum specific uptake rates of sulfate
reduction using single organic compounds as electron donors (calcu-
lated in Section 3.2), combined with the kg listed in the literature and
those adjusted in this work in Section 3.1, were used for a validation
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Fig. 4. Sulfate reduction with 1,3-propanediol as the electron donor in Mechanism I. Data points illustrate the experimental data. Smooth lines represent model

predictions.

Table 4

Maximum specific uptake rates of each single organic compounds in Mechanism
I, I and III. Confidence interval estimated through FIM is presented in
parentheses.

Mechanism I Mechanism II and III

Parameter km,lBPDOl k m,13PDO2 km,SHPl km,3HP2 km,lspnos
mg C mg 3.45 1.06 3.17 0.98 4.62
vsS'h'  (+0.01) (+0.01) (+£0.18) (4 0.09) (+0.42)

attempt performed by simulating Mechanism I and the batch test fed
with glycerol and sulfate. Model predictions are shown in Fig. 5. As can
be observed, the model prediction did not fit the experimental results.
The production of 1,3-propanediol in the model was overestimated,
while the production of ethanol and sulfate reduction were under-
estimated. Model predictions using Mechanism II and III (Figures not
shown) resulted exactly the same as the mechanism I. Such mismatching
was attributed to the contribution of other microbial communities on
glycerol fermentation. Bryant et al. [46] demonstrated that sulfate
reducer genus Desulfovibrio fermented lactate or ethanol to acetate in
anaerobic ecosystems containing little or no sulfate. Desulfobulbus spe-
cies are also capable of fermenting lactate and ethanol to acetate and
propionate [47]. Plugge et al. [48] described that some sulfate reducers
can shift their metabolism from sulfidogenic in presence of sulfate to

350
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¢ Formate —— Model Formate
250 4 A Acetate —— Model Acetate
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@ TIC ——— Model TIC
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100 120

acetogenic, hydrogenogenic metabolism in the absence of sulfate. It can
be concluded that sulfate reducers can be metabolically active in
anaerobic digestion without sulfate, which may explain the over-
estimation of 1,3-propanediol production. Due to the different affinity of
SRB for different organic compounds, the incorrect estimation of glyc-
erol fermentation products resulted in underestimation of sulfate
reduction rate. Thus, the recalibration of maximum specific rates of
glycerol fermentation in the presence of sulfate was necessary.

3.3.2. Model calibration for glycerol fermentation coupled to sulfate
reduction

Maximum uptake rates of glycerol fermentation were recalibrated in
the batch test fed with glycerol in the presence of sulfate, whereas the
same kpj for sulfate reduction processes calibrated in the sulfate
reduction process with single organic compounds (Section 3.2) were
used. The three mechanisms (I, II and III) were simulated and compared
through Student’s t-test and Fval to also decide which mechanistic
approach provided a better prediction of the experimental data. In the
simultaneous presence of glycerol and sulfate, the predicted profiles for
each model variable are shown in Fig. 6. Fig. 6A shows that the model
prediction of acetate concentration was significantly higher than the
experimental data in Mechanism I, while the sulfate reduction rate and
the production rate of TDS in the model were both higher than the
experimental data (Fig. 6B). A significant difference (P < 0.05) between
the experimental data and the model prediction was obtained and a Fval
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Fig. 5. Model validation of glycerol fermentation in presence of sulfate. A shows glycerol fermentation processes and B shows sulfate reduction process. Data points

illustrate the experimental data. Smooth lines represent model predictions.
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Fig. 6. Experimental and simulated profiles of sulfate reduction process using glycerol as carbon source in Mechanism I (A, B), Mechanism II (C, D), and Mechanism
III (E, F). Data points illustrate the experimental data. Smooth curves represent model predictions.

of 250.4 was found in Mechanism I. Using Mechanism II (Fig. 6C and D),
the Fval was 166.5, a 34% lower Fval than in Mechanism I. Student’s t-
test showed that there was no significant difference in carbon com-
pounds concentration between the model and the experimental data
(Fig. 6C). However, the model overestimated the sulfate reduction

(Fig. 6D). Using Mechanism III (Fig. 6E and F), there was no significant
difference between the model data and the experimental data in carbon
(Fig. 6E) and sulfur compounds (Fig. 6F). The minimum error between
model and experimental data was obtained in Mechanism III (Fval
=152.0), which indicates that the mathematical model based on
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Table 5
Monod maximum specific uptake rates of glycerol and 3-hydroxypropionate in Mechanism III. Confidence interval estimated through FIM is presented in parentheses.
Parameter km,glyl km,glyz km,gly3 km,gly4 km,glys Km,3mp1 Km,3Hp2
mg Cmg VSS ' h! 3.58 (& 0.07) 0.10 (& 0.07) 17.97 (& 0.01) 17.13 (£ 0.04) 3.43 (& 0.06) 2.56 (& 0.02) 0.19 (& 0.03)
Mechanism III well-described the sulfate reduction process with glycerol 4. Conclusion
as the electron donor, thus revealing that 3HP contributed to interme-
diate metabolite in the process of sulfate reduction during the glycerol A mathematical model describing sulfate reduction and anaerobic
fermentation and 1,3-propanediol degradation might be the main pro- glycerol fermentation through multiple pathways and multiple inter-
cesses playing a role out of the 3 mechanisms compared herein. How- mediate products with sulfate reduction process was established and
ever, although the HjS transferred from the liquid phase to the gas phase discussed. The model described glycerol degradation through the
was considered in this model, the model predicted that the TDS in the reductive and oxidative pathways. The kinetic parameters of the
liquid was still higher than the experimental data. This was attributed to maximum specific uptake rates of substrate were calibrated and then,
the possible production of organic sulfur compounds during the activity the sulfate reduction process was validated. The three proposed mech-
test [49]. anisms were compared by fitting model to experimental data. It was

The mathematical model based on Mechanism III well-described the found that the model established by Mechanism III was in higher
experimental data, and the parameters related to sulfate reduction agreement. In this mechanism, apart from considering the products
processes were validated. In the presence of sulfate, the calibrated ethanol, 1,3-propanediol, formate, acetate, propionate, and carbonate,
maximum uptake rates of glycerol fermentation (Kp,gy) and 3HP 3HP was included as a metabolite in the fermentation of glycerol.
fermentation (kpy,3pp) of Mechanism III using glycerol as the electron Among them, the bioconversion of 1,3-propanediol and ethanol were
donor are shown in Table 5. In Mechanism III, the pathway through the main pathway of glycerol fermentation, accounting for 42.6% and
glycerol fermentation to 13PDO (Eq.S3, kpygy3) and the pathway 40.6%, respectively. Moreover, it was determined that 3HP was an in-
through glycerol fermentation to ethanol and formic acid (Eq.54, km,gly4) termediate product of 1,3-propanediol degradation in the presence of
were the main pathways of glycerol fermentation, accounting for 42.6% sulfate.
and 40.6%, respectively. This result agrees with previous studies [50,

51], in which ethanol and 1,3-propanediol were found as the main CRediT authorship contribution statement
products of glycerol fermentation.

The present work verified the degradation pathway of glycerol by the Xudong Zhou: Methodology, Software, Validation, Formal analysis,
model simulation. 3HP was produced during the process of 1,3-propane- Investigation, Data curation, Writing — original draft, Writing — review &
diol degradation in presence of sulfate [33], and it could be further editing, Visualization. Antoni D. Dorado: Software, Validation, Formal
mainly converted to acetate [32]. As shown in Table 5, the route through analysis, Investigation, Resources, Writing — review & editing, Super-
3HP oxidized to acetate was the main route of 3HP degradation, ac- vision. Javier Lafuente: Investigation, Data curation, Resources,
counting for up to 93.1%. Funding acquisition. Xavier Gamisans: Conceptualization, Validation,

The confidence intervals of estimated parameters listed in Tables 3-5 Formal analysis, Investigation, Writing — review & editing, Supervision,
were assessed according to the FIM method. In general, the relative Project administration. David Gabriel: Conceptualization, Methodol-
errors associated to the estimated parameters were low (<9.1%) for ky,, ogy, Validation, Investigation, Writing — review & editing, Supervision,
except for kp gy1 and kp,glyo. The maximum error calculated was kp,gly1 Project administration, Funding acquisition.

(accounting for 70.0%, associated to glycerol fermented to acetic acid
and formic acid). However, this fermentation pathway (associated to ky,
glyl) were not substantial in the glycerol fermentation process, ac-
counting for 0.2%. Thus, the low confidence intervals indicate a high
reliability of the estimated parameters in model predictions, which is
also confirmed by the satisfactory description of the experimental
behavior with the proposed kinetic model.

Previous kinetic models of anaerobic degradation of glycerol coupled
to sulfate reduction, proposed by Dinkel et al. [26], were based on re-
actions in which glycerol was directly oxidized to acetate by fermenta-
tive bacteria and sulfate reducers. However, the present work showed
that fermentation of glycerol contained a variety of intermediate prod-
ucts, including ethanol, 1,3-propanediol, propionate, acetate, carbon-
ate, etc. that must be added to the modeling approach. The model
proposed in this work considered a set of intermediate metabolites of

glycerol fermentation that can reproduce experimental results in a B-C21 and C22 MINECO,/FEDER, EU, for the financial support provided

h}ighly cgnsmtent mggner. Balied on th? res;ﬂts O.f a S}GIEI'ISlthlty an.aly51s} to perform this research. The first author thanks the China Scholarship
the maximum specific upFa e rates involved in t] e degradation o Council (CSC, 201706300052) for financial support.
glycerol and sulfate reduction were calculated, in which the parameter

kp,j of sulfate reduction were validated. The kinetic parameters cali-
brated herein could be useful for the long-term operation in anaerobic
reactors. Although the mathematical model based on Mechanism III was
in closer agreement with the experimental data, the role of 3HP must be
experimentally verified in future works. Furthermore, the model should
be further evolved in order to predict the competitive dynamics of the
microbial community and their impact in the performance of biological
anaerobic reactors.
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