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Modelling Methane Production 
and Sulfate Reduction in Anaerobic 
Granular Sludge Reactor with 
Ethanol as Electron Donor
Jing Sun1, Xiaohu Dai1, Qilin Wang2, Yuting Pan3 & Bing-Jie Ni1

In this work, a mathematical model based on growth kinetics of microorganisms and substrates 
transportation through biofilms was developed to describe methane production and sulfate reduction 
with ethanol being a key electron donor. The model was calibrated and validated using experimental 
data from two case studies conducted in granule-based Upflow Anaerobic Sludge Blanket reactors. 
The results suggest that the developed model could satisfactorily describe methane and sulfide 
productions as well as ethanol and sulfate removals in both systems. The modeling results reveal a 
stratified distribution of methanogenic archaea, sulfate-reducing bacteria and fermentative bacteria in 
the anaerobic granular sludge and the relative abundances of these microorganisms vary with substrate 
concentrations. It also indicates sulfate-reducing bacteria can successfully outcompete fermentative 
bacteria for ethanol utilization when COD/SO4

2− ratio reaches 0.5. Model simulation suggests that an 
optimal granule diameter for the maximum methane production efficiency can be achieved while the 
sulfate reduction efficiency is not significantly affected by variation in granule size. It also indicates that 
the methane production and sulfate reduction can be affected by ethanol and sulfate loading rates, and 
the microbial community development stage in the reactor, which provided comprehensive insights 
into the system for its practical operation.

Anaerobic granular sludge reactors, many in the form of Upflow Anaerobic Sludge Blanket (UASB) reactors, 
are most widely used anaerobic biological reactors treating industrial wastewater high in organic compounds or 
inorganic compounds such as sulfate1,2. The high density of microbial communities in anaerobic granular sludge 
enables the high removal efficiency, low operational cost and great energy generation potential in the system3,4. 
In anaerobic granular sludge reactors, organic matter in the wastewater is firstly hydrolyzed and fermented into 
acetate and hydrogen by the fermentative bacteria (FB), which are then used for methane production through 
the metabolism of methanogenic archaea (MA)5. In the presence of sulfate, sulfate-reducing bacteria (SRB) can 
inhabit the anaerobic granular sludge using hydrogen and acetate for sulfate reduction and this results in com-
petition with MA6. This competition has been studied intensively in the past, with SRB believed to out-compete 
MA under sulfate-rich conditions7–9. In fact, apart from hydrogen and acetate, SRB could also utilize other fer-
mentable compounds like fatty acids, alcohols (i.e. ethanol), sugars and amino acids for sulfate reduction6,10,11, 
which would result in the competition between SRB and FB. The competition between SRB and FB was expected 
to affect the electron donor available for methanogenesis, and might consequently affect the competition between 
SRB and MA. It could also pose impact on the sulfate reduction pathways and sulfate reduction efficiency in the 
system, due to the existence of different electron donors. Therefore, the degradation of these fermentable organic 
compounds by different microorganisms needs to be comprehensively studied when assessing methane produc-
tion and sulfate reduction in anaerobic granular sludge reactors.
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Ethanol is such an important fermentable compound that can be readily consumed by both SRB and FB. It has 
been widely detected in the industrial wastewater discharged from chemical units, brewery factories, or pharma-
ceutical factories with substantially high concentrations and is regarded as a preferable carbon source for methane 
production12,13. In recent years, experimental studies have been carried out to investigate the methane generation 
capability through fermenting ethanol in granule-based UASB reactors14,15. Hu et al.15 found that the methane 
production decreased with increasing sulfate loading in the reactor, as ethanol could be partially oxidized by SRB 
to acetate. In addition, anaerobic ethanol degradation is also an important process in anaerobic granular sludge 
reactors treating high-sulfate wastewater. Though the cost of ethanol needs to be considered during the practical 
operation, it is still a common industrial practice to add ethanol into anaerobic granular sludge systems as a sup-
plement of carbon source for sulfate reduction, mostly because ethanol can be readily used by SRB and its price is 
low13,16. The effectiveness of ethanol utilization by SRB would directly affect the sulfate removal efficiency in the 
system. Thus, thoroughly understanding the degradation of ethanol in the anaerobic granular sludge reactor and 
its effect on methane production and sulfate reduction are of great importance for industrial application.

Mathematically modelling is a powerful tool to investigate different microbial processes and their interactions 
in a bioreactor. With a proper model, methane production and sulfate reduction with different substrates could be 
predicted without massive experimental inputs. Also, the competition between different microorganisms involved 
could be investigated. So far, models have been established to mainly simulate methane production and sulfate 
reduction using acetate and hydrogen as substrates, with some including sulfate reduction by fatty acids17–20.  
However, though ethanol plays an important role in methane production and sulfate reduction in anaerobic 
granular sludge systems as aforementioned, the ethanol-involved microbial processes with regard to methane 
production and sulfate reduction have not been specifically modelled. Especially, the competition on ethanol by 
FB and SRB has not been elucidated by previous models17,18. In addition, in the anaerobic granular sludge system, 
the differences in substrates penetration also need to be considered in the model, as it could significantly affect 
the distribution pattern of different microorganisms in the granular sludge.

Therefore, this study aims to develop a mathematic model to describe the methane production and sulfate 
reduction in anaerobic granular sludge reactors using ethanol as a key electron donor and carbon source. The 
validity and applicability of the model were tested by comparing model simulations with experimental data from 
two granule-based UASB reactor studies, which were operated for 375 days and 180 days, respectively (hereinafter 
referred as to “Study Case I” and “Study Case II”). The UASB reactors in these two studies both had a working 
volume of 6 L, which were operated independently under different conditions. Model-based analysis was also 
carried out to investigate microbial communities in the granular sludge and factors affecting performance of the 
anaerobic granular sludge reactor, including granular size, sulfate loading rates and ethanol loading rates, which 
provides useful information for optimizing methane production or sulfate removal processes in the practical 
application.

Results
Model evaluation with experimental data of Study Case I.  The model describing methane produc-
tion and sulfate reduction using ethanol as a key electron donor was schematically presented in Supplementary 
Fig. S1, Supplementary Information. The stoichiometry of components and the kinetic expressions of each pro-
cess involved in the model with the values of model parameters were summarized in Supplementary Tables S1–S4.  
The developed model was firstly evaluated with experimental data of Study Case I15, in which the granular-based 
UASB reactor was feed with synthetic wastewater containing approximately 1000 mg/L of ethanol and 1000 mg/L 
of acetate. The organic loading rate (OLR) varied from 1.4 to 36.6 gCOD/L/d and the sulfate concentration 
changed from 150 mg/L to 6000 mg/L according to the experimental design (See Methods Section). The whole 
study period was divided into two experiments. The model was firstly calibrated to describe the data in the first 
experiment (Day 0–159), which was then validated using the data obtained from the second experiment (Day 
160–375). The calibrated values of μ​XF, KXF,E, μ​XSRBE, KXSRBE,SO4 giving the optimum model fittings were listed in 
Supplementary Table S4. The model predictions and experiment measurements of the reactor performance in 
terms of methane production and sulfate reduction are compared in Fig. 1.

As shown in Fig. 1A, during the first experimental period (Day 0–159), the model predicted methane pro-
duction rate rose stepwise with the increase of OLR, well predicting the trend obtained by experimental meas-
urements. Except for on day 75–85, the experimental data were not captured by the model, because the reactor 
performance failure occurred due to a sharp decrease in pH caused by insufficient addition of NaHCO3

15 and this 
effect was not included in the model. The modelling profiles showed that COD removal efficiency was maintained 
over 90% when the OLR increased from 1.4 gCOD/L/d to 18.8 gCOD/L/d and decreased slightly with the increase 
of OLR to 25.2 gCOD/L/d, but plunged to ~65% when OLR reached up to 36.6 gCOD/L/d, suggesting that the 
maximum COD removal ability has already been achieved with this OLR. The mismatch of the modelling and 
experimental obtained COD removal in Day 75–85 was also due to the deterioration of the reactor performance 
caused by pH drops as discussed above. In the second experiment period (Day 160–375), the modelling methane 
production rate decreased marginally with the increase of sulfate in the influent, while the COD removal ratio 
maintained at around 80% during the whole period. This indicated that more COD was used for sulfate reduction 
with the increasing inlet sulfate concentration. The model well predicted experimental trends.

The model predicted and experimental measured H2S production and sulfate removal in the reactor were 
illustrated in Fig. 1B. During Experiment 1 (Day 0–159), the H2S production rate and the sulfate removal effi-
ciency increased gradually due to the development of ethanol-utilizing SRB (ESRB) and hydrogen-utilizing 
SRB (HSRB) in the anaerobic granular sludge (see details in the Discuss Section), and then reached a relatively 
steady level. During Experiment 2 (Day 160–375), the H2S production rate was progressively enhanced with the 
increasing sulfate concentration in the influent. However, gradually decrease of the sulfate removal efficiency 
was observed. Figure 1C shows the profiles of the hydrogen sulfide (H2S), bisulfide ion (HS−) and total sulfide 
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(H2S +​ HS−) concentrations in the effluent, which followed the same trend as variation of H2S production rate as 
shown in Fig. 1B. The increase of inlet sulfate concentration substantially raised the bisulfide ion concentration 
and the total sulfide concentration. The hydrogen sulfide concentration also increased but to a less extent, as the 
pH of ~7.5 in the reactor favored the dissociation of sulfide into bisulfide ion. The model well described these 
observations.

The results suggested that the developed model captured the experimental data reasonably well (R2 >​ 0.8). The 
good agreement between model simulations and measured data indicated that the model could properly describe 
the relationships among methane production and sulfate reduction during the routine operation in Study Case I.

Model evaluation with experimental data of Study Case II.  The developed model was further eval-
uated and validated by the experimental data obtained from Study Case II14, using the same parameter values 
as applied in Study Case I. Compared with Study Case I, Study Case II had different combinations of OLR and 
sulfate loading rates (SLR). In addition, the influent sulfate concentration (3000 mgSO4/L) in the Study Case II 
was much higher than that in the Study Case I for most of the experimental duration. The COD/SO4

2− ratio in the 
influent was maintained at the same level during the whole experimental period in Study Case II, while the overall 
loading increased step by step and then declined to a steady level. Figure 2 indicated that the model simulation 
could reasonably reflect the experimental measured reactor performance with regard to methane production and 
sulfate reduction in Study Case II.

Specifically, the methane production rate increased progressively with the increase of OLR and declined to 
a constant state with the OLR falling and then staying at a lower level (Fig. 2A). In contrast, the COD removal 
efficiency decreased gradually with increasing OLR and plummeted when OLR reached 37.5 gCOD/L/d. It was 
then recovered to around 80% when the OLR went down back to 12 gCOD/L/d. The H2S production rate also 
increased gradually with the increase of SLR, while the sulfate removal efficiency maintained constantly at ~35% 
during the whole experimental period (Fig. 2B). Figure 2C shows that in the effluent, the total sulfide concen-
tration did not significantly change with OLR variation, while the hydrogen sulfide increased from Day 95–131 
and then decreased and maintained at steady level. However, on Day 100–160, the modelled bisulfide ion profile 
had a decrease whereas the measured data stayed at the same level (Fig. 2C). The differences between the model 
predictions and experimental data probably were due to the measurement errors in bisulfide ion concentration, 
as according to the experimental measurement, the balance of reduced sulfur species (Total sulfide concentra-
tion =​ Bisulfide concentration +​ Hydrogen sulfide concentration) could not be reached.

The agreement between model simulations and all the measured results at different OLR levels was generally 
good for all fitted variables (R2 >​ 0.8), suggesting this developed model was also able to describe the experimental 
data from Study Case II, which further supported the validity of the developed model.

Figure 1.  Experimental measured and model simulated reactor performance in Study Case I. (A) Methane 
production rate and COD removal efficiency; (B) H2S production rate and sulfate removal efficiency; and  
(C) hydrogen sulfide (H2S), bisulfide ion (HS−) and total sulfide (H2S +​ HS−) profiles in the effluent. The 
vertical dashed lines separated different experimental phases as described in Section 2.2 and Supplementary 
Table S5.
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Discussion
Distribution and evolution of microbial communities.  Both model simulations and experimental 
results suggested that changes of influent ethanol and sulfate concentrations or their loading rates would pose sig-
nificant impact on methane production and sulfate reduction in the anaerobic granular sludge reactor. This could 
be related to the evolution of microbial communities in the anaerobic granular sludge under different substrate 
conditions21–23. Since it was difficult to precisely determine the changes of the microbial populations and commu-
nity structures in the granular sludge, simulation study was carried out for further investigation. The microbial 
structure of the anaerobic granular sludge on two key stages, i.e., Day 240 and Day 370 in the Study Case I, were 
simulated and compared in Fig. 3. In general, the acetated-utilizing MA (AMA) had the highest abundance (rep-
resented over 60% of the total microbial population) in the anaerobic granular sludge and dominated the core of 
the granule on both days. In contrast, other microorganisms including FB, hydrogen-utilizing MA (HMA), HSRB 
and ESRB accounted for about 30% of the total microbial populations and mainly situated in the outer layer of 
the anaerobic granular sludge. This stratified distribution pattern of microorganisms in the anaerobic granular 
sludge was consistent with those reported in anaerobic aggregates, biofilms and sediments producing methane 
and sulfide11,24,25.

From Day 240 to Day 370, the population of ESRB and HSRB increased noticeably with the increase of sulfate 
concentration in the influent. On the other hand, the abundance of FB and HMA decreased accordingly, most 
likely due to the substrates for FB and HMA were competitively used by SRB with the increase of sulfate loading. 
This could be explained by the kinetics advantages of SRB over FB and HMA, with the ESRB having a higher 
growth rate than the FB, while the HSRB having a both higher growth rate and affinity to hydrogen than HMA, as 
listed in Supplementary Table S4. The variation in the population of FB and ESRB from Day 240 to Day 370 was 
consistent with the change of ethanol consumption rates by FB and ESRB as shown in the Supplementary Fig. S2.  
The ethanol consumption rate by FB decreased gradually while that by ESRB increased significantly, resulting 
in much higher ethanol consumption rate by ESRB than that by FB on Day 370. This suggested that ESRB could 
successfully outcompete FB under COD/SO4

2− of 0.5. The inhibitory effects of H2S on HSRB and HMA are not 
expected to significantly affect the competition between these two microorganisms as HSRB has a higher toler-
ance to H2S than HMA26. In addition, the dissolved H2S concentration in the experimental UASB reactors was 
lower than 50 mgS/L, much lower than the reported inhibition constant (Supplementary Table S4). Thus, the 
dissolved H2S would not cause significant inhibitory effect on SRB and MA activities in the studied systems. The 

Figure 2.  Experimental measured and model simulated reactor performance in Study Case II. (A) Methane 
production rate and COD removal efficiency; (B) H2S production rate and sulfate removal efficiency; and  
(C) hydrogen sulfide (H2S), bisulfide ion (HS−) and total sulfide (H2S +​ HS−) profiles in the effluent. The vertical 
dashed lines indicate different experimental phases as described in Section 2.2 and Supplementary Table S5.
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model simulation suggested the evolution of microbial communities in the anaerobic granular sludge from Day 
240 to Day 370 is in good agreement with the changes in reactor performance (Fig. 1).

The acetate-utilizing SRB (ASRB) were not existed in the system, as suggested by the model simulation (Fig. 3) 
as well as cloning analysis results15. This could be due to the low initial abundance of acetate-utilizing SRB in the 
inoculated granule and its relatively low growth rate10. This is in good agreement with which reported by other 
researchers. Omil et al.21 found it took over 200 days before ASRB outcompeting AMA in a UASB reactor when 
operating in exceed of sulfate. O’Flaherty et al.27 even observed that AMA can effectively compete ASRB in an 
anaerobic biofilm reactor after five years operation. As suggested by the model simulation, the high-sulfate con-
ditions (COD/SO4

2 =​ 0.5) in Study Case I were not long enough for the development of acetate-utilizing SRB in 
the system. Modeling results revealed the ASRB could grow in the system with prolonged operational time under 
COD/SO4

2− of 0.5 (Supplementary Fig. S3), and the sulfate reduction activities were also enhanced accordingly.

Impact of granule size on methane production and sulfate reduction.  Granule size was considered 
as one of the key parameters affecting the performance in anaerobic granular sludge reactor28,29. Therefore, meth-
ane production and sulfate reduction in the anaerobic granular sludge reactor with the average granule diameters 
in a range from 1.2 mm to 2.2 mm were simulated and compared. In the simulation, the influent concentrations of 
the substrates were set at 1000 mgCOD/L for acetate, 2000 mgCOD/L for ethanol and 1500 mgSO4/L for sulfate. 
The HRT was set at 6 h. As shown in Fig. 4, the sulfate reduction efficiency was not significantly affected by varia-
tion in granule size, while the total methane production declined obviously when the granular diameter decreased 
from 1.8 mm to 1.2 mm. The different impacts of the granular size on sulfate reduction and methane production 
could be related to the stratified distribution pattern of SRB and MA in the granular sludge (Fig. 3A,B), which was 
mainly caused by the kinetic difference of SRB and MA in substrates (acetate and hydrogen) utilization and the 
penetration limitation of substrates in the granule. Since SRB has kinetic advantages over MA on their common 
substrates7–9, the SRB zone would be determined by sulfate input into the granule rather than the granule size. 
In the outer layer of the granule where the substrates for SRB could be penetrated in, SRB can easily outcompete 
MA and become dominating. Accordingly, the decrease of granule size would not affect the SRB zone as the 
sulfate input did not change at different granule size conditions. In contrast, most MA would situate inside the 
granular sludge where SRB were hardly developed since sulfate was depleted by the sulfate reducing activity in 
the outer layer. When the diameter of the granular sludge decreased, the activities and the abundance of SRB 
did not change, leading to the fact that SRB would occupy more relative space fraction in the small size granule 
than that in large size granule. For example, our modelling results show that when the diameter of the granular 
sludge decreased from 1.8 mm to 0.8 mm, the activities and the abundance of SRB showed same level. As a result, 

Figure 3.  (A,B) The simulated distribution of key microorganisms from the core to the surface of the anaerobic 
granular sludge on Day 240 (A) and Day 370 (B) in Study Case I. The areas of different colors indicate the 
relative abundances of corresponding microorganisms in each layer from the core of the granule to the surface. 
(C,D) The simulated proportion of different microorganisms in the anaerobic granular sludge on Day 240 (C) 
and Day 370 (D).
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less space would be available for the growth of MA with the decrease of the granular diameter and the methane 
production decreased accordingly. However, increase of granular diameter from 1.8 mm to 2.4 mm did not mark-
edly enhance the methane production any further (Fig. 4). This was probably due to the fact that the penetration 
limitation of substrate for methanogensis has been reached with the tested COD loading. Because of the lack of 
substrate, cells inside the granules might decay and leak out inert cellular products. Therefore, granules with a 
larger diameter might contain a higher inert fraction in the center but a similar methane production capacity29,30.

Hence, there should be an optimal granule diameter for the maximum methane production efficiency. For a 
larger granule diameter, a higher diffusion-resistant level had to be overcome. Because of substrate limitations, 
cells inside the granules might decay and leak out inert cellular products. Thus, granules with a larger diameter 
contained a higher inert fraction and thereby a decreased volumetric activity. For this reason, the point on the 
plateaus of the methane production in Fig. 4 could be recognized as the critical point, to which an optimal gran-
ule diameter corresponds. The simulation reveals that the optimum diameter for methane production in our 
reactor under the simulated operating conditions should be around 1.8 mm. It should be noted that the optimum 
diameter of 1.8 mm here was not always suitable to all anaerobic granular system. It was found that the average 
granule diameter might fluctuate in time in real experimental systems. The simulation data in this work strongly 
suggests that it is correlated with methane production. Thus, the optimum diameter for methane production of 
the anaerobic granule was related to the operation conditions of the reactor. In addition, with the proceeding of 
granulation, the biomass was progressively stratified with the anaerobic granules settled in the lower part of the 
reaction zone in UASB. When granules were formed increasingly in the reaction zone, a dense sludge bed and a 
thin sludge blanket were formed with a clear interface between them in UASB, which resulted in a decreasing of 
granule size with the increasing of the height of the reactor.

Impacts of ethanol and sulfate loading rates.  To further investigate the impact of substrates loading 
on the system, the methane production and sulfate reduction with different combination of ethanol loading rates 
(ELR, ranged from 2 to 24 gCOD/L/d) and sulfate loading rates (SLR, ranged from 2 to 24 gSO4/L/d) were simu-
lated and compared. The tested ELR and SLR cover a wide range in order to offer different options for real applica-
tion. As previously discussed in the Section of “Distribution and evolution of microbial communities”, at the early 
stage, ASRB might not develop in the anaerobic granular sludge due to its low growth rate and low abundance. 
However, when the system reached the steady state after it was operated for a long period from its starting up, the 
ASRB might out-compete AMA and contribute significantly on sulfate reduction. Therefore, the effect of ELR 
and SLR on the reactor performance at both early microbial community development stage (no ASRB has been 
developed) and steady state (possibly with ASRB depending on substrates loading) were studied and illustrated 
in Figs 5 and 6, respectively.

As shown in Fig. 5A, at the early microbial community development stage, the minimum methane production 
rate was about 1.3 gCH4/L/d at an ELR of 2 gCOD/L/d and it rose to 4–6 gCH4/L/d at an ELR of 24 gCOD/L/d, 
depending on the SLR in the system. When the ELR was higher than 8 gCOD/L/d, the increase of SLR resulted in 
a decline in methane production rate firstly before it maintaining at a steady level. This was probably because that, 
with the increase of SLR, more COD was used by SRB for sulfate reduction, and thereby, less COD was available 
for methane production. However, when the maximum sulfate reduction activities were reached, further increase 
in SLR would not affect the methane production from the system31,32. This was also explained why the variation in 
SLR did not significantly affect the methane production rate when the ELR was lower than 8 gCOD/L/d.

Figure 5B presented the sulfate reduction efficiency at the early microbial community development stage with 
different combinations of ELR and SLR. The results suggested sulfate reduction efficiency increased with the 
increase of ELR to SLR ratio. To achieve total sulfate reduction, the ELR (represented by COD equivalent) to SLR 
ratio of 3 was required, which was much higher than the theoretical ratio of COD loading to sulfate loading for 
sulfate reduction15. This was due to that the COD in the form of acetate produced by ethanol degradation could 

Figure 4.  Impact of granular size on sulfate reduction and methane production in the anaerobic granular 
sludge reactor. 
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not be used for sulfidogenesis during the early stage owing to lack of ASRB. Consequently, extra COD supplied by 
ethanol or hydrogen was required for total sulfate reduction.

The percentage of total COD used for methane production and sulfate reduction were calculated to quantify 
the competition between SRB and MA, as shown in Fig. 5C,D, respectively. At the early microbial community 
development stage, the fraction of COD used for sulfate reduction varied from 0.05 to 0.25 with different ELR 
and SLR combinations, while the proportions of COD used for methane production were between 0.55 and 0.80. 
This indicated that, at the early stage, when the ASRB have not developed, MA can effectively compete with SRB 
for COD to produce methane even under sulfate-rich conditions.

The methane production rate and sulfate reduction efficiency at the steady state were distinctive from what 
found at the early stage, as shown in Fig. 6. The methane production rate was positively related to the ELR in the 
system but negatively related to SLR (Fig. 6A). The maximum methane production rate was closed to 6 gCH4/L/d 
observed with highest ELR (24 gCOD/L/d) and lowest SLR (2 gSO4/L/d) in the system. When ELR to SLR ratio 
was lower than 0.75, the methane production ceased and all the COD in the system was supposed to be utilized 
for sulfate reduction. This hypothesis could be supported by the changes in sulfate reduction ratio with ELR and 
SLR in the system (Fig. 6B). Total sulfate reduction was achieved when the ELR to SLR ratio was higher than 
0.75 and the rest of COD component could then be used for methanogenesis. The percentages of COD used 
for methane production and sulfate reduction at the steady state were calculated and presented in Fig. 6C and 
Fig. 6D, respectively. With the decrease of the ELR to SLR ratio, the percentage of COD for sulfate reduction 
increased while for methane production declined accordingly. This indicated that SRB could out-compete MA 
in the sulfate-rich environment when steady state of the anaerobic granular sludge reactor has been reached, 
which was also consistent with previous studies regarding with competition between SRB and MA in sulfate-rich 
environment 6,17,21,32.

Practical implications.  In this study, we developed a model to describe methane production and sulfate 
reduction in the anaerobic granular sludge system with ethanol as a key electron donor and carbon source. As 
such system has been widely applied to treat wastewater containing both ethanol (either contained or externally 
added) and sulfate, discharged from chemical units, brewery factories, pharmaceutical factories or other indus-
trial parks12,13, the developed model could be served as a useful tool for providing guidance during practical 

Figure 5.  Model simulated methane production rate (A) and sulfate reduction efficiency (B) and the 
proportion of COD used for methane production (C) and sulfate reduction (D) with different combination  
of ethanol loading rate (ELR) and sulfate loading rate (SLR) at the early stage without ASRB.
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operation. The modeling results suggested that the methane production and sulfate reduction in anaerobic gran-
ular system would be affected by the size of the anaerobic granular sludge, the ELR to SLR ratio, and microbial 
community development stage in the system. Therefore, it is necessary to select suitable operational parameters 
according to different operation conditions or aims.

For organic degradation and methane production purpose, an optimal granular diameter needs to be selected 
during the reactor operation, as the methane production rate would enhanced by increasing granular size but 
within a certain value. As shown in Fig. 4, the point on the plateaus of the methane production could be recog-
nized as the critical point, to which an optimal granule diameter corresponded. The simulation revealed that the 
optimum diameter for methane production in the reactor under the simulated conditions should be between 
1.6 and 1.8 mm. The granule larger than the optimal size would contain a higher inert fraction and thereby a 
decreased volumetric activity29,33. Methane production would also be affected by the SLR of the system. The 
modeling results at different microbial community development stages in the reactor suggested the short-term 
increase of SLR in the reactor would not significantly affect the methane production rate in the system. The reac-
tor treating wastewater high in ethanol and low in sulfate could have a capacity to resist the sulfate loading shock, 
as MA could effectively compete with SRB for COD at early stage without developing ASRB14,15. However, after 
long-term exposal to high sulfate, ASRB are likely to outcompete AMA and the methane production in the system 
might be suppressed depending on the ELR to SLR ratio6,17,21,32.

For the sulfate removal purpose, maintaining a smaller granular size in the anaerobic granular sludge reactor 
would be recommended, which could be achieved by increasing upflow rate of the influent34. As discussed in 
Section 4.2, the decrease of granular diameter would not significantly affect the sulfate removal ratio but would 
largely decrease the methane production due to lack of space for the growth of MA. Thus, a small granular size 
would enhance the proportion of COD utilized for sulfate reduction and less COD would be required for sulfate 
reduction. The cost for additional COD dosing could consequently be reduced. In addition, the modeling results 
suggested that ASRB would contribute significantly on sulfate reduction in the system and largely increased the 
sulfate reduction ratio when steady state of reactor has been reached. However, it might take extremely long 
period to reach the steady state due to the low growth rate of the ASRB21,27. Hence, in order to ensure high sulfate 
reduction efficiency, high abundance of ASRB in the inoculated sludge/granules would be preferred. This kind of 

Figure 6.  Model simulated methane production rate (A) and sulfate reduction efficiency (B) and the 
proportion of COD used for methane production (C) and sulfate reduction (D) with different combination  
of ethanol loading rate (ELR) and sulfate loading rate (SLR) at the steady state.
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inoculum could be obtained from sludge/granules in sulfate-rich environment, while sludge/granules in UASB 
reactor treating high organic strength wastewater without sulfate may not be suitable19,35.

Methods
Modelling ethanol bioconversion.  Under anaerobic conditions with the presence of sulfate, ethanol could 
either be partially degraded by SRB to produce sulfide and acetate or be fermented into acetate and hydrogen 
through the metabolism of FB (Equations 1 and 2)36,37. The produced acetate and hydrogen could then be used 
for methanogensis or sulfidogenesis, while the sulfide formed in the system might pose inhibitory effects on SRB 
and MA. The proposed model synthesized all these relevant reactions as summarized in Supplementary Fig. S1.

+ → + +− − −2CH CH OH SO 2CH COO HS 2H O (1)3 2 4
2

3 2

+ → +CH CH OH H O CH COOH 2H (2)3 2 2 3 2

As listed in Supplementary Table S1, the model mainly described the relationships among seven particulate 
groups, i.e. FB (XF), SRB grown on ethanol, acetate and hydrogen, (XSRB,E, XSRB,AC and XSRB,H), MA grown on 
acetate and hydrogen (XMA,AC and XMA,H) and inert residual biomass (XI) and six soluble compound, namely, 
ethanol (SE), acetate (SAC), hydrogen (SH), sulfate (SSO4), sulfide (SH2S) and methane (SCH4). The unit was gS/m3 for 
all sulfur species while concentrations of other compounds were quantified based their chemical oxygen demand 
(COD) equivalent, i.e. gCOD/m3. Four groups of biological processes were considered in the model, including 
fermentation, sulfidogenesis, methanogenesis and decay of the biomass. The stoichiometric matrix of the model 
was summarized in Supplementary Table S2.

The rates of growth of the microorganisms were modelled using Monod-type kinetics while the microor-
ganism decay was simulated through first order kinetics as suggested in the Anaerobic Digestion Model No. 1 
(ADM1)38. The kinetic expressions of the reactions included in the model were listed in Supplementary Table S3.  
The inhibitory effects of sulfide on SRB and MA were also modelled through non-competitive inhibition  
models39. In this study, we used the same inhibition constant for all SRB and also the same inhibition constant for 
the two MA to simplify our model, as the dissolved H2S concentration was not high enough to cause significant 
inhibitory effect in the system. When the H2S reached a significant high level, the different inhibitory effect on 
the three SRB or two MA should be included in the model by applying distinctive inhibition constants to improve 
the predictions of the model.

Anaerobic granular sludge reactor model.  To simulate the anaerobic granular sludge reactor, a one 
dimensional granule-based model was utilized according to Ni et al.33. The granule was assumed in a spheri-
cal shape and an average granule diameter was applied based on the experimental measurements. The number 
of granules was calculated according to Gonzalez-Gil et al.40 and the biomass in the granules was fixed with-
out migration. The diffusive transportation of soluble components into the granule was described by Fick’s law 
(refer to Supplementary Equation S1). Discretization in time of the partial-differential equation was applied to 
describe the reaction-diffusion kinetics in a spherical granular particle33. One-dimensional conservation law was 
formulated as a balance between the mass conserved and utilized in the model41. The UASB reactor was modeled 
using a well-established approach in literature, with subsequent plug flow reactor to the continuously stirred tank 
reactors in series42. An additional mixed compartment was implemented to represent the gas phase, with diffu-
sive links to simulate the gas-liquid mass transfer processes of CH4, and H2S. The fractions of hydrogen sulfide 
(H2S), bisulfide ion (HS−) in the liquid phase were modelled through dissociation equilibrium of sulfide calcu-
lated based on acidity coefficient (pKa) and the pH of the water. The model was implemented in the modified 
AQUASIM 2.1 d software package43.

Experimental data for model evaluation.  Long-term experimental data from two study cases with dif-
ferent operational conditions, aiming to investigate the effect of ethanol and sulfate in the influent on methane 
production and sulfate reduction, were used to test the predictive abilities of the developed model.

Study Case I.  The study was conducted in a UASB reactor with a working volume of 6 L under 35 °C. The reactor 
was inoculated with 3 L15 mesophilic granular sludge harvested from a full-scale UASB reactor treating food man-
ufacturing wastewater. Synthetic wastewater containing approximately 1000 mg/L of ethanol and 1000 mg/L of 
acetate mimicking effluent from an organic chemical manufacturing was fed into the reactor. The sulfate concen-
tration was adjusted by adding sodium sulfate (Na2SO4). The pH was controlled in the reactor by adding NaHCO3 
at 1500 mg/L on Day 0–80 and at 3000 mg/L on Day 80–375. Two sets of experiments were carried out in this study. 
The organic loading rate, the sulfate concentration in the influent and the HRT of each experimental period were 
listed in Supplementary Table S5. In the first experiment (Day 0–159), the OLR increased stepwise from 1.4 to 
36.6 gCOD/L/d with the sulfate concentration being maintained at 150 mg SO4/L. In the second experiment (Day 
160–375), the OLR was kept at 12 gCOD/L/d and the sulfate concentration increased gradually from 150 mg SO4/L  
to 6000 mg SO4/L. Liquid samples were taken for the measurement of COD and sulfur species. The compositions 
of methane and sulfide in the biogas were also monitored.

Study Case II.  The study was carried in a UASB reactor having a reacting zone with height of 0.8 m and vol-
ume of 6 L14. Three liter of seeding granular sludge from a full-scale UASB reactor treating was inoculated to 
the reactor. The average diameter and sedimentation velocity of the granules were about 1.8 mm and 96.5 m/h, 
respectively. The feeding wastewater contained about 1000 mg/L acetate and 1000 mg/L ethanol. A NaHCO3 
dosage of 3000 mg/L was added to adjust pH in the system. Compared with Study Case I, Study Case II had a 
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different combination of OLR, influent sulfate concentration and HRT, as also listed in Supplementary Table S5.  
Specifically, the HRT of this reactor was decreased gradually from 48 to 2 h from Day 0–135 and then kept 
at 6 h afterwards till Day 180. Accordingly, the OLR increased from 1.4 to 37.8 gCOD/L/d and then stayed at 
12.3 gCOD/L/d. The sulfate concentration was kept at 3000 mg SO4/L during the whole experiment period. The 
methane and gaseous sulfide production from the reactor as well as COD and sulfur species in the water phase 
were measured.

Model calibration and validation.  The developed model includes 32 stoichiometric and kinetic parame-
ters as summarized in Supplementary Table S4. Most model parameter values were well established in previous 
studies and thus adapted from literature, as presented in Supplementary Table S4. However, limited information 
is available in literature for the parameters related to ethanol fermentation by FB and ethanol degradation by SRB. 
Therefore, four key parameters of anaerobic ethanol degradation by FB and SRB were calibrated in the model, 
including maximum growth rate of XF (μ​XF), half saturation value of XF for ethanol (KXF,E), maximum growth 
rate of XSRB,E (μ​XSBE) and half saturation value of XSRB,E for sulfate (KXSRBE,SO4). The experimental data obtained in 
the first experiment (Day 0–159) from Study Case I were used for parameter estimation, which was conducted 
by minimizing the sum of squares of the deviations between the measured data and the model predictions. The 
experimental data obtained in the second experiment (Day 160–375) from Study Case I were then used for model 
and parameters validation. To further verify and validate the model applicability, the model was also applied to 
evaluate the experimental data from Study Case II with the same parameter values obtained from Study Case I.
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