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Highlights: 

1. Simultaneous C-N-S removal from industrial wastewater was mathematically 

modeled 

2. Interactions between SRB, NRB, SOB, FB and MPA were depicted in the model 

3. Kinetic parameters for competitive coefficient between SRB and NRB were best 

estimated 

4. The developed mode was the first simulation tool for complicated C-N-S 

dynamics 

5. The model was versatile and feasible to predict relevant processes (e.g., SR-SO, 

DSR) 

 

 

ABSTRACT 

A mathematical model of carbon, nitrogen and sulfur removal (C-N-S) from industrial 

wastewater was constructed considering the interactions of sulfate-reducing bacteria 

(SRB), sulfide-oxidizing bacteria (SOB), nitrate-reducing bacteria (NRB), facultative 

bacteria (FB), and methane producing archaea (MPA). For the kinetic network, the 

bioconversion of C-N by heterotrophic denitrifiers (NO3
-→NO2

-→N2), and that of C-S 

by SRB (SO4
2-→S2-) and SOB (S2-→S0) was proposed and calibrated based on batch 

experimental data. The model closely predicted the profiles of nitrate, nitrite, sulfate, 

sulfide, lactate, acetate, methane and oxygen under both anaerobic and micro-aerobic 

conditions. The best-fit kinetic parameters had small 95% confidence regions with 

mean values approximately at the center. The model was further validated using 

independent data sets generated under different operating conditions. This work was 

the first successful mathematical modeling of simultaneous C-N-S removal from 

industrial wastewater and more importantly, the proposed model was proven feasible 

to simulate other relevant processes, such as sulfate-reducing, sulfide-oxidizing 

process (SR-SO) and denitrifying sulfide removal (DSR) process. The model 

developed is expected to enhance our ability to predict the treatment of 

carbon-nitrogen-sulfur contaminated industrial wastewater. 
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1. Introduction 

Agricultural and industrial activities, the rampant land discharge of untreated 

wastewaters, mostly occurring in urban and rural areas, and leaching from septic tanks 

are common sources of nitrate. Nitrate contamination of surface water is a relevant 

problem due to its negative impact on human health, particularly for 

methemoglobinemia in infants and also nitrate severs as nutrient for photoautotrophs 

and spurs eutrophication of water bodies [1]. Sulfate is often found as a 

co-contaminant with nitrate in a variety of waste streams [2-10], as sulfuric acid and 

sulfate salts are used in many industrial manufacturing processes. Sulfate reduction 

produces hydrogen sulfide, a corrosive, odorous, and toxic substance [1].  

The biological removal of carbon, nitrogen and sulfur that are simultaneously 

present in waste streams, incorporates several groups of microorganisms, including 

sulfate-reducing bacteria (SRB), sulfide-oxidizing bacteria (SOB), nitrate-reducing 

sulfide-oxidizing bacteria (NR-SOB), and heterotrophic nitrate reducing bacteria 

(NRB) [11-14]. In an anaerobic/anoxic habitat, facultative bacteria (FB) and methane 

producing archaea (MPA) can co-exist with the other strains for carbon degradation. 

Fig. 1 shows the interactions of SRB, SOB, NR-SOB, NRB, FB and MPA in a C-N-S 

medium and detailed information is presented in the model development section. 

Considering only the two sequential reactions with SRB (sulfate reduction) and SOB 

(sulfide oxidation) yields the so-called SR-SO process [15]. Under micro-aerobic 

conditions (DO<0.5 mg/L), these two steps can be achieved in a single reactor [13], 

which can be described as the SR-SO process and the O2OH- step. The denitrifying 
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sulfide removal (DSR) process proposed by Chen et al. [12] is equivalent to the two 

steps R4 and R3 in Fig. 1, with sulfide first being oxidized to elemental sulfur by 

NR-SOB, coupled with the reduction of nitrate to nitrite (R4), followed by the formed 

nitrite being reduced to N2 by heterotrophic NRB at the expense of organic carbon 

oxidation (R3) [16]. Furthermore, Xu et al. [17] proposed a simultaneous 

desulfurization and denitrification process (SDD), that integrated SR-SO and DSR 

into one reactor and achieved the simultaneous removal of sulfate and nitrate with 

lactate as electron donor, accompanying with a high selection rate for sulfur 

production (>80%) when micro-aerobic conditions were applied.  

Complicated interactions between different groups of microorganisms can lead to 

fruitful reactor dynamics [11, 13, 25-28]. Mathematical modeling has been proven to 

be an effective tool to understand complex biological wastewater treatment processes. 

Although simultaneous biological C-N-S removal has been widely studied [14, 15], 

few efforts have been devoted to modeling the integrated process, especially the 

synergistic and competitive relationships among microorganisms [48, 51, 53-54]. The 

Activated Sludge Models Nos. 1, 2 and 3 (ASMs) [18], published by the International 

Water Association, are able to describe the removal of organic carbon and nitrogen 

compounds in the reactor (R2 and R3 in Figure 1). Mathematical models have also 

been applied to predict sulfate removal during industrial wastewater treatment (R1, 

R6 and R7 in Figure 1) [19-23], as extensions of Anaerobic Digestion Model No. 1 

(ADM1) [24]. Furthermore, Fedorovich et al. [55] thoroughly discussed the extension 

of ADM1 with process of sulfate reduction. Therefore, the work presented here 
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attempts to model the integrated C-N-S removal process by incorporating ASMs and 

extended ADM1 with sulfate reduction, and some extensions including 

oxygen/nitrate-driven sulfide oxidation processes are also considered. 

As discussed above, the scheme in Fig. 1 is a comprehensive model incorporating 

SR-SO, DSR, SDD, and the interactions of SRB, NRB, (NR-)SOB, FB and MPA. 

This work constructed a mathematical model of the reaction network in Fig. 1, and 

validated it using batch experimental data. In particular, the kinetic parameters for the 

competitive coefficient between SRB and NRB were estimated and reported. This 

proposed model was the first simulation tool for complicated C-N-S dynamics in 

industrial wastewater treatment. 

 

2. Materials and Methods 

2.1 Batch Experimental Data 

The sludge used in the batch experiment was cultivated in two laboratory-scale 

expanded granular sludge bed reactors (EGSB-1 and EGSB-2). Detailed information 

on the sludge cultivation is given in the SI. Batch experiments were conducted in 300 

mL sealable gastight bioreactors, each seeded with 10% v/v sludge from EGSB 1 or 

EGSB 2. The reactors were flushed with 20 mL min-1 argon for 15-20 mins, and then 

200 mL pre-prepared medium was added. The tests were conducted at  with the 

bioreactors well mixed throughout all tests by a shaking bath at a speed of 110 rpm, to 

suspend the sludge in the liquid. Sampling was performed with syringe injection of 

argon to maintain the gas pressure prior to sampling. 
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Culture 1: Carbon-Nitrate-Sulfate removal under anaerobic conditions 

Three batch tests were performed with sludge from EGSB-1 to investigate 

carbon-nitrate-sulfate removal under anaerobic condition. The initial nitrate 

concentrations varied from 200 to 700 mg L-1 (Table 1), and the initial sulfate and 

COD concentrations were at 1000 mg L-1 and 2700 mg L-1, respectively. 

Culture 2: Carbon-Nitrate-Sulfate removal under limited oxygen conditions 

In a micro-aerobic environment, six sets of batch tests were performed with sludge 

from EGSB-2 with initial nitrate, sulfate and COD concentrations of 500 mg L-1, 1000 

mg L-1 and 2700 mg L-1, respectively. The initial oxygen addition ranged from 20 to 

100 mL to generate oxygen to sulfate-sulfur (SO4
2--S) molar ratio (ROS) of 0.39, 0.77, 

1.16, 1.55, or 1.93 (Table 1), based on the calculation proposed by Johnston and 

Voordouw [31]. Restated, using 40.2 mM as the concentration of gaseous oxygen at 

30 oC and 1 atm, the volume (V) of pure oxygen added (at 30 oC and 1 atm) was as 

follows: 

V = mmol O2 wanted in solution/ 40.2 mM 

=(ROS×mmol SO4
2--S in initial medium)/40.2 mM 

More detailed information about oxygen calculation is given in the SI. The 

concentration of H2S in gas phase was ignored in the calculation of ROS. 

2.2 Model Development 

The developed model included dual-substrate Monod kinetics that synthesized 

all relevant processes involved in the production and consumption of SO4
2−, NO3

−, 

S2− , S0 , NO2
− , COD , Ac− , CH4  and O2 , as described in Fig. 1. The model 
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described the relationships among six biomass groups: SRB (XSRB), heterotrophic 

NRB (XNRB), SOB (XSOB), MPA (XMPA), FB (XFB), and residual inert biomass (XI); 

and nine soluble compounds: SO4
2−  (SSO4 ), NO3

−  (SNO3 ), S2−  (SS2 ), S0  (SS0 ), 

COD (SCOD), Ac− (SAC), CH4 (SCH4), O2 (SO2), and NO2
− (SNO2). The units were 

in mg-N L-1 for all nitrogenous species, mg-S L-1 for all sulfur species, and mg-COD 

L-1 for all other compounds (mg-O2 L-1 for oxygen). To highlight the cycling of 

nitrogen and sulfur in the waste stream, we selected lactate as the sole carbon source 

to simplify the carbon metabolism process during the model development and 

meanwhile SRB prefers the use of lactate for sulfate reduction over acetate, 

propionate and butyrate based on the Gibbs free energy of sulfate-reducing reactions 

[41]. 

In this study, we considered SRB in the bioreactors to be the incompletely degrading 

type that degraded organic compounds incompletely to acetate (Process 1), because 

no sulfate reduction was detected when acetate was used as the electron donor instead 

of lactate in serum bottle tests (data not shown). This result might be due to lactate (in 

excess) always being utilized as the electron donor during long-term cultivation in 

bioreactors. Likewise, we assumed that heterotrophic NRB utilized lactate rather than 

acetate to drive denitrification (Process 2). To describe the inhibition effect of sulfate 

reduction by nitrate, we employed a competitive-inhibition coefficient in the acceptor 

part of the dual-substrate Monod kinetics (Table 2). The observation that dissolved 

oxygen significantly inhibited the denitrification rate [39] was described by 

multiplying the corresponding kinetic rate by a substrate inhibition function for O2, 
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and this study employed one parameter (KI,O2
NRB ) to represent the O2 inhibition 

coefficient for both the denitratation and denitritation processes due to their relatively 

close values, as reported in Henze et al. [18] 

Process 1: Heterotrophic SO4
2- reduction 

SO4
2− + 2C3H5O3

− + 4OH− → S2− + 2CH3COO− + 2CO3
2− + 4H2O (R1) 

Process 2: Heterotrophic denitrification 

6NO3
− + C3H5O3

− → 6NO2
− + 3CO2 + OH− + 2H2O (R2) 

4NO2
− + C3H5O3

− → 2N2 + 3CO2 + 5OH− (R3) 

As indicated above, as there was sufficient support for elemental sulfur as the 

dominant end-product of sulfide oxidation when the electron acceptor was limited [25, 

26], SOB mediated sulfide oxidation to sulfate was ignored in our model. 

Process 3: S2--driven autotrophic denitrification 

S2− + NO3
− + 2H+ → S0 + NO2

− + H2O (R4) 

Process 4: Microaerobic S2- oxidation 

2HS− + O2 → 2S0 + 2OH− (R5) 

Additionally, hydrogen-utilizing methanogens were easily and rapidly out-competed 

by SRB due to their higher affinity and lower threshold values, and the analysis of 

microbial communities in Cultures 1 and 2 also indicated that relative abundance of 

acetate-utilizing methanogens (e.g., Methanosaeta, Methanosarcina) exceeded 98% 

(Table S1). Thus homoacetogens utilized COD as a substrate to produce only acetate 

but no hydrogen gas (Process 6) and methane production was almost completely via 

Process 5. The inhibitory effect of nitrate on methanogenesis was initially included in 
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the model, but impacted little on the result for the scenarios tested which was in 

accordance with previous findings [42, 43] and was therefore omitted to reduce the 

complexity of the model. The aerobic COD oxidation process performed by FB was 

considered based on the biochemical reactions R8 and R9 below. 

Process 5: Acetate-utilizing methanogenesis 

CH3COOH → CH4 + CO2 (R6) 

Process 6: Homoacetogenic reaction 

C3H5O3
− → 1.5CH3COO− + 0.5H+ (R7) 

Process 7: Aerobic lactate/acetate oxidation 

3O2 + C3H6O3 → 3CO2 + 3H2O (R8) 

2O2 + C2H4O2 → 2CO2 + 2H2O (R9) 

The initial conditions for the dynamic simulation were estimated as 

recommended by Rieger et al. [52]. In brief, the inoculums for batch tests were 

withdrawn from steady-state bioreactor, and according to the continuous bioreactor 

influent, sludge retention time (SRT), microorganism yield efficiency, specific 

maximum growth rate and decay efficiency, each microorganism concentration at 

steady state bioreactor (also initial microorganism concentration) can be estimated by 

Lawrence-McCarty formula. Herein, the initial concentrations of various biomass 

groups were estimated to be (in mg/L): 5900 (XSRB), 2100 (XNRB), 0.5 (XSOB), 1000 

( XMPA ), and 100 ( XFB ), respectively. The kinetics and stoichiometry of the 

interactions and transformations among model components are listed in Table 2. 

Table 3 lists the definition, values, and units of the parameters used in the model.  
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2.3 Parameter Estimation, Uncertainty Analysis and Model Validation 

Parameter estimation was performed using Matlab (2006) (Mathworks, Inc., 

USA). The parameter values were estimated by minimizing the sum of squares of the 

deviations between the measured data and the model predictions using the objective 

function [36]. The parameter uncertainty was evaluated according to the method of 

Batstone et al. [45], with a 95% confidence level for significance testing and 

parameter uncertainty analysis. The mean square error (MSE) of a fitting parameter, 

which was used to calculate the 95% confidence interval of a given parameter 

estimate, was calculated from the mean square fitting error and the sensitivity of the 

model to the parameter [36]. Detailed information on the method for parameter 

estimation is given in the SI. 

2.4 Sampling and Analytical Methods 

Mixed liquid samples were taken at given intervals using a syringe and were 

filtered through disposable Millipore filter units ( 0.22 μm  pore size) before 

measurement. Using a Waters High Performance Liquid Chromatography (HPLC), 

lactate and volatile fatty acid (e.g., acetate and propionate) concentrations were 

determined with a Bio-RAD Carbohydrate analysis column (Aminex, HPX-87P, 300

×7.8 mm) with deionized water eluent flowing at 0.6 mL min-1 and a Waters 2489 

UV/Visible detector at 220 nm. The concentrations of SO4
2−, NO3

−, NO2
−, and S2O3

2− 

were determined with a ion chromatography (ICS-3000, Dionex, Bannockbum, IL, 

USA) [12]. The concentration of aqueous sulfide was determined 

spectrophotometrically (UV759S, Shanghai, China) with N, 
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N-dimethyl-p-phenylenediamine [31]. The concentrations of gaseous species in the 

headspace (CH4, O2, N2) were determined with a gas chromatography (GC-6890, 

Agilent, Foster City, CA, USA) [12]. The measurement of MLVSS and COD was 

performed according to the Standard Methods [49]. ZnCl2 was added to the samples 

to eliminate sulfide-induced interference prior to COD measurement. The detailed 

procedure for microbial community analysis is given in SI. 

3. Results 

3.1 Carbon-Nitrate-Sulfate removal in batch tests 

Fig. 2 and Fig. 3 show the batch test results. Carbon, nitrate and sulfate were 

almost completely removed in both Cultures 1 and 2. NO2
− or S2O3

2− accumulation 

was not observed in all tests, suggesting that the bioreactor was not carbon-limited 

and that the sulfide oxidation observed in Culture 2 was mainly attributable to 

bio-oxidation process [29]. Furthermore, ammonium production was not detected in 

this study, although some SRB are capable of reducing nitrate to ammonium [44], and 

thus nitrate use by SRB was not included in the model. An inhibitory effect of nitrate 

on sulfate reduction was clearly shown in Culture 1 where an increase in the initial 

nitrate concentration prolonged the lag phase in sulfate reduction, which was 

consistent with previous findings [7, 30]. This observation was also consistent with 

the acetate profiles (Fig. 2), in which acetate was accumulated with decreased initial 

nitrate concentration, and acetate production was assumed to be mainly coupled with 

sulfate reduction. For Culture 2, a noticeable impact of ROS on sulfide oxidation was 

observed and this impact was increased with the increment of ROS (Fig. 3). ROS 
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determines the end-products of sulfide oxidation [25, 26]. At ROS=1.93, complete 

sulfide oxidation was observed. The stoichiometry 2H2S + O2 → 2S0 + 2H2O 

indicated that all sulfide could be converted to sulfur at ROS>0.5. The fact that 

complete sulfide conversion to sulfur was only observed at ROS of 1.93 or higher 

suggested that in addition to sulfide oxidation, part of the oxygen consumption was 

likely used for carbon oxidation [28, 31]. Furthermore, the micro-aerobic conditions 

resulted in a decreased nitrate reduction rate; however, a slight increase in sulfate 

reduction rate was also observed (Fig. 3). 

Methanogenesis is progressively inhibited with the increase of sulfide 

concentration in the substrate and this inhibition is related to the undissociated H2S 

concentration (affected by pH) [24]. In our tests, the pH of the medium was adjusted 

to 8.0 ± 0.1 by the addition of sodium bicarbonate, and the undissociated H2S 

concentration was ignored. Therefore the undissociated H2S inhibition showed little 

effect on methanogenesis. Moreover, methane production was observed in all tests 

regardless of ROS (Fig. 3). Although methanogens are extremely oxygen-sensitive, the 

presence of active methanogens indicated the formation of a local niche without 

oxygen, and oxygen was speculated to be consumed via chemical reduction with H2S 

that might be formed by the nearby SRB or through dissimilatory sulfur reduction 

process [32]. Methanogens have been found to survive in the presence of dissolved 

oxygen and to coexist with aerobic or microaerophilic organisms [33]. 

3.2 Model Calibration and Validation for Culture 1 

The four key parameters, μ
An,FB

, KS
SRB, KI,NO3

SRB , and KI,SO4
NRB  in this model were 
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estimated by fitting simulation results to the experimental data from Culture 1 with an 

initial nitrate concentration of 500 mg L-1 (Table 3). The close agreement between the 

model simulations and the measured sulfate, nitrate, sulfide, acetate, methane and 

lactate data (Fig. 2) confirmed the validity of the proposed model for describing the 

dynamics of sulfate reduction, nitrate reduction, carbon oxidation, acetate 

accumulation and methane production. The estimated μ
An,FB

(0.18 ± 0.03 h-1) was of 

the same order of magnitude and commensurate with a typical maximum FB growth 

rate value of 0.1-0.2 h-1 [34]. The calibrated KS
SRB value of 18.5 ± 2.0 mg COD L-1 

was much higher than KS
NRB (5.0 mg COD L-1), reflecting a higher carbon affinity 

for nitrate reduction than sulfate reduction. Competitive-coefficient (KI,NO3
SRB , KI,SO4

NRB ) 

parameters were incorporated in this model during nitrate and sulfate reduction. The 

competition between incompletely degrading type SRB and MPA was not considered 

in the model due to the excess of lactate as the sole organic carbon in the medium. 

Model validation was conducted based on model predictions and batch experimental 

data at initial nitrate concentrations of 200 and 700 mg L-1. The comparison in Fig. 2 

shows that the model predictions fit the measured data at the two different initial 

nitrate concentrations without systematic deviation. The correlation between the 

independent data sets and model predictions supported the validity of the developed 

model for C-N-S removal. 

3.3 Model Calibration and Validation for Culture 2 

The seven key parameters, μ
An,FB

, KS
SRB , KI,NO3

SRB , KI,SO4
NRB , KI,O2

SRB , KI,O2
NRB , and 

KI,O2
MPA that govern the sulfate and nitrate reduction in micro-aerobic conditions were 
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estimated by fitting the simulation results to the experimental data collected in batch 

test at ROS=1.16. Fig. 3 reveals the close correlation between the simulation and 

experimental results. In the model calibration, the data for elemental sulfur were 

estimated by mass balance calculation [13]. Additionally, parameter values related to 

sulfide oxidation and oxygen consumption were available in the literature and were 

adopted as provided. 

Calibrated parameters are listed in Table 3. The obtained parameter values of 

μ
An,FB

, and KS
SRBwere 0.16 ± 0.02 h-1 and 15.7 ± 3.5mg COD L-1, respectively, 

which were comparable to the values obtained for Culture 1. Nevertheless, the values 

of KI,NO3
SRB  and KI,SO4

NRB  obtained here deviated from the values obtained in Culture 1, 

whose mechanisms are discussed in Sec. 4.2. The oxygen inhibition coefficient for 

sulfate reduction (KI,O2
SRB) and methanogenesis (KI,O2

MPA) seemed notably higher than 

reported, indicating a high tolerance of SRB and MPA for oxygen herein. This result 

might be due to the rapid oxygen depletion by SOB and FB, limiting the exposure of 

SRB and MPA to oxygen and this oxygen shielding effect may explain the viability of 

constant methane production for the scenarios tested. Likewise, due to rapid oxygen 

consumption by several groups of microorganisms in the bioreactor, the oxygen 

inhibition coefficient for nitrate/nitrite reduction (KI,O2
NRB) was relatively higher than the 

reported values (0.087 and 0.1 mg L-1) [18]. This inhibition coefficient parameter 

represented a combined interaction between NRB and other oxygen-uptake 

microorganisms. The inhomogeneity of the culture, which may be attributed to 

clumping by the bacteria, has been considered to be responsible for the creation of 
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anaerobic micro-niches that allow denitrification. Bacteria coexist and interact with 

each other, forming consortia taht drive key biogeochemical cycles. Model 

predictions with best-fit parameters are shown in Fig. 3 for comparison with four data 

sets at ROS of 0.39, 0.77, 1.55, and 1.93. The model again properly described the 

C-N-S removal under micro-aerobic condition. 

 

4. Discussion 

4.1 Complexity and Identifiability of the Proposed Model 

Parameter identifiability was revealed by analyzing the 95% confidence intervals 

of the individual parameter estimate and the joint confidence regions for different 

parameter combinations [35]. Fig. 4 shows the parameter surfaces that bound the 95% 

confidence regions for all the pairs of parameter combinations from both Cultures 1 

and 2. The maximum anaerobic growth rate of FB (μ
An,FB

) was between 0.13 and 

0.23 h-1, with a narrow confidence interval (0.15-0.21 h-1) for Culture 1, and between 

0.13 and 0.19 h-1 with a narrow confidence interval (0.14-0.18 h-1) for Culture 2. The 

high-overlap confidence regions in Culture 1 and 2 indicated a good consistency of 

the calibrated μ
An,FB

 in different conditions. Conversely, the values of KI,NO3
SRB  and 

KI,SO4
NRB  were in the ranges of 225.8 ± 20.3 mg N L-1 (277.5 ± 18.9 mg N L-1, 

Culture 2) and 327.3 ± 68.7 mg S L-1 (267.1 ± 33.3 mg S L-1, Culture 2), with 

confidence intervals of 195-255 mg N L-1 (250-305 mg N L-1, Culture 2) and 240-425 

mg S L-1 (225-315 mg S L-1, Culture 2), respectively. The weak-overlap confidence 

regions observed in both cultures suggested a culture-specific characteristic of KI,NO3
SRB  
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and KI,SO4
NRB  and the estimation and application depended heavily on actual operating 

conditions. Overall, the 95% confidence regions for each of the pairs considered were 

bound by small ellipsoid with the mean value of the parameter estimates lying at the 

center, confirming the identifiability of these parameters (Fig. 4). Furthermore, none 

of the 95% confidence ellipsoids extended more than ±20% from the best-fit values 

(mostly <15%), and the 95% confidence intervals for each parameter did not extend 

more than ±30% from the best-fit values (mostly < 20%), which indicated good 

identifiability of these parameters (Fig. 4).  

4.2 Biomass at Steady States 

To better understand the microbial ecology of these relevant bacteria across 

different ROS conditions, we modeled the biomass distribution at steady state in a 

continuous reactor, with the same input conditions as in Culture 2 (Table 1). At steady 

state, the mass of solid components decayed from the sludge equaled the net yield 

production of all solid components in the biomass. Thus the steady-state biomass 

concentrations (i.e. XNRB, XSRB, XSOB, XMPA, XFB) at ROS ranging from 0.39 to 

1.93 were determined through calculations (iterations) in the model (adding an 

advective term, Q X0 V⁄ − Q X V⁄ , to the chemostat mass balance equation, where V 

is the liquid volume, Q is the flow rate, and X0 and X represent the initial and 

steady-state biomass concentrations). More details are available in Ni et al. [35] The 

estimated total biomass across the six steady states was as follows: 6 > 5 ≈ 4 ≈ 3 >

2 > 1. The SRB numbers were as follows: 3 > 2 > 4 > 5 > 6 > 1, indicating larger 

SRB populations in the presence of oxygen, which matched the experimental 
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observations. Anaerobic SRB can survive or even take advantage in the presence of 

molecular oxygen [37]. However, the estimated NRB numbers, 6 > 5 ≈ 4 ≈ 3 >

2 > 1, did not correlate with the experimental findings [38], and the most significant 

discrepancy lay in the fact that the estimated NRB numbers increased with ROS, while 

the observed nitrate reduction rate decreased with increasing ROS. One possible 

explanation for the inconsistency was that the increased NRB numbers could be 

attributed to oxygen supply. Restated, the shift of excess NRB to oxygen reduction 

instead of the nitrate reduction pathway decreased the nitrate reduction rate despite 

the substantial increase in NRB numbers with ROS. This possibility was proposed 

based on the fact that oxygen appeares to be available as an alternative and 

energetically preferable electron acceptor for facultative denitrifying bacteria, and has 

been shown to regulate the synthesis of nitrate reductase enzyme and inhibit 

denitrification in pure cultures of facultative denitrifying bacteria so that substrate 

electrons flow to oxygen cytochromes [39]. As expected, the SOB numbers followed 

exactly the same trends as the experiments and model: 6 > 5 > 4 > 3 > 2 > 1. 

Higher ROS led to higher SOB numbers, and the intensive sulfide oxidation level 

suggested a significant enhancement of SOB growth under limited-oxygen. 

4.3 Implication of This Work 

The proposed model was also feasible for evaluating other system dynamics, 

such as sulfate-reduction (SRB), sulfide-oxidation (SOB), sulfate-reduction, the 

sulfide-oxidation process (SR-SO), the denitrifying sulfide removal process (DSR) 

and the simultaneous desulfurization and denitrification removal process (SDD). Thus, 
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we performed further simulation using the proposed pathway (R1-R9) (switching off 

some pathways whenever needed) and calibrated the parameter values. For example, 

to model the SR-SO system, we set the initial nitrate concentration to zero and 

combined processes R1 and R5-R9 for modeling. The parameters for the model 

simulation are derived directly from Table 3, and parametric optimization could be 

performed as needed. Likewise, when we ran the model simulation for the DSR 

system, the initial conditions for simulation were the same as indicated above except 

that the initial sulfate concentration was zero and processes R2-R5 were combined. 

Fig. 5 plots the simulation results and experimental data (derived from Xu et al. [28] 

and Chen et al. [40]) for the SR-SO and DSR processes, respectively and once again, 

the good agreement between them suggested a feasible use of the proposed model.  

The ability to predict C-N-S removal by modeling provides an opportunity to 

explore the effect of operational parameters on removal dynamics and forms the basis 

for the design and operational optimization of a biological C-N-S removal process. In 

our model, methane production from H2 is not considered. This simplification may be 

revised in the future, if more information on the consumption of H2 by 

hydrogenotrophic methanogens becomes available. The model also ignores the 

occurrence of some precipitation in the presence of SO4
2- in real wastewater. As a 

result, the model may not be able to describe all experimental observations. 

Furthermore, in real wastewater, the organic carbon constituent is much more 

complex than lactate, and it may be not safe to apply the proposed model to capture 

C-N-S dynamics in real wastewater. However, these “weak points” can be improved 
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in future work on model calibration and validation with long-term studies and using 

different carbon sources representative of a large scale real system. While this model 

may not yet serve as a precise and quantitative predictor in various full-scale C-N-S 

removal applications (due to parameter value uncertainty), it can nevertheless serve as 

a tool to provide theoretical guidance for ongoing refinements and confirm the 

consensus mechanism of enhanced S0 production under limited oxygen condition. 

 

5. Conclusions 

A mathematical model considering the simultaneous removal of carbon, nitrogen and 

sulfur from industrial wastewater was developed by combination of ASMs and 

extended ADM1 accompanied with some extensions including oxygen/nitrate-driven 

sulfide oxidation processes. The kinetic behaviors of sulfur, nitrogen and carbon 

compounds with the growth of several functional bacteria including SRB, NRB, 

(NR-)SOB, FB and MPA were considered, and the model described the dynamic 

processes for C-N-S removal well. The model output under micro-aerobic conditions 

suggested a possible microbial structure response mitigating toxic sulfide emission to 

the environment. While this model may not yet serve as a precise and quantitative 

predictor in various full-scale applications (due to some simplifications made in the 

model), it can nevertheless serve as tool to explore the effect of operational conditions 

on performance and confirm the consensus mechanism of enhanced S0 production 

under limited oxygen condition. 
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Figure Captions 

 

Fig. 1. Simplified representation of the biochemical process associated with carbon, 

nitrogen and sulfur conversions. The red line and green line represents the process 

described in ADM and ASM model respectively, and the black line represents the 

process extended in our model. The dotted line represents the process induced by 

oxygen fed. 

 

Fig. 2. Model evaluation applied to Culture 1 (real data, symbols; model predications, 

lines): sulfate, nitrate, sulfide, lactate, acetate and methane profiles at initial nitrate 

concentration (mg L-1) of 500 (A-B) as model calibration, 200 (C-D) and 700 (E-F) as 

model validation. 

 

Fig. 3. Model evaluation applied to Culture 2 (real data, symbols; model predications, 

lines): sulfate, nitrate, sulfide, sulfur, lactate, acetate, methane and oxygen (30 oC, 1 

atm) profiles at initial ROS of 1.16 (A-B) as model calibration, 0.39 (C-D) and 1.93 

(E-F) as model validation. 

 

Fig. 4. The 95% confidence ellipsoids for kinetic parameters combinations in this 

model. Culture 1: A, B; Culture 2: C, D. 

 

Fig. 5. Model application for (A) Sulfate-Reduction, Sulfide-Oxidation (SR-SO), and 

(B) Denitrifying Sulfide Removal (DSR) processes. For SR-SO process, the initial 

substrate concentrations are SO4
2- = 616.8 mg L-1, and added oxygen volume = 46 mL 

(molar ratio of oxygen to sulfide, ROS = 2.0). For DSR process, the initial substrates 

concentrations are S2- = 538.5 mg L-1, NO3
--N = 313.1 mg L-1, and Ac- = 899.7 mg L-1. 

Both experiments were conducted in 300-mL sealed reactors and detailed operating 

information was the same as that in Culture 1 and 2.
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Fig. 1. Simplified representation of the biochemical process associated with carbon, 

nitrogen and sulfur conversions. The red line and green line represents the process 

described in ADM and ASM model respectively, and the black line represents the 

process extended in our model. The dotted line represents the processes induced by 

oxygen. 
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Fig. 2. Model evaluation applied to Culture 1 (real data, symbols; model predications, lines): sulfate, nitrate, sulfide, 

lactate, acetate and methane profiles at initial nitrate concentration (mg L-1) of 500 (A-B) as model calibration, 200 (C-D) 

and 700 (E-F) as model validation.  
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Fig. 3. Model evaluation applied to Culture 2 (real data, symbols; model predications, lines): sulfate, nitrate, sulfide, 

sulfur, lactate, acetate, methane and oxygen (30 oC, 1 atm) profiles at initial ROS of 1.16 (A-B) as model calibration, 0.39 

(C-D), 1.93 (E-F), 0.77 (G-H) and 1.55 (I-J) as model validation. 
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(A)                                                   (B) 

 

                           (C)                                                  (D) 

Fig. 4. The 95% confidence ellipsoids for kinetic parameters combinations in this model. Culture 1: A, B; Culture 2: C, D.
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Fig. 5. Model application for (A) Sulfate Reduction-Sulfide Oxidation (SR-SO), and 

(B) Denitrifying Sulfide Removal (DSR) processes. For SR-SO process, the initial 

substrate concentrations are SO4
2- = 616.8 mg L-1, and added oxygen volume = 46 mL 

(molar ratio of oxygen to sulfide, ROS = 2.0). For DSR process, the initial substrates 

concentrations are S2- = 538.5 mg L-1, NO3
--N = 313.1 mg L-1, and Ac- = 899.7 mg L-1. 

Both experiments were conducted in 300-mL sealed reactors and detailed operating 

information was the same as that in Culture 1 and 2.
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Table 1. Experimental Conditions Applied in Batch Tests Culture 1 and 2 
 

test 
 Organic carbona  Nitrate  Sulfate  Oxygen  

ROS 
 (mg L-1)  (mg L-1)  (mg L-1) (mmol)  (mL) (mmol)  

Culture 1 

 2700  200  1000 -  - -  - 

 2700  500  1000 -  - -  - 

 2700  700  1000 -  - -  - 

Culture 2 

 2700  500  1000 2.08  20 0.82  0.39 

 2700  500  1000 2.08  40 1.64  0.77 

 2700  500  1000 2.08  60 2.46  1.16 

 2700  500  1000 2.08  80 3.28  1.55 

 2700  500  1000 2.08  100 4.10  1.93 
aOrganic carbon concentrations were measured as chemical oxygen demand (COD). In this study lactate was used as organic carbon and was 

always kept above the limiting condition. 
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Table 2. Process matrix related to simultaneous C-N-S removal 
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Table 3. Kinetic and stoichiometric parameters of the model 

 

Parameter Definition Values Unit Source 

Kinetic parameters 

μSRB maximum specific growth rate of SRB 0.061 h-1 (3) 

μNRB
NO3 maximum SNO3-mediated specific growth rate of NRB 0.053 h-1 (2) 

μNRB
NO2  maximum SNO2-mediated specific growth rate of NRB 0.056 h-1 (2) 

μSOB
NO3 maximum SNO3-mediated specific growth rate of SOB 0.245 h-1 (8) 

μSOB
O2  maximum SO2-mediated specific growth rate of SOB 0.028 h-1 (7) 

μ
MPA

 maximum specific growth rate of MPA 0.005 h-1 (6) 

μ
An,FB

 maximum specific anaerobic growth rate of FB 0.18 ± 0.03 h-1 (1) 

μ
Ox,FB

 maximum specific aerobic growth rate of FB 0.25 h-1 (5) 

KSO4
SRB SSO4 affinity constant for SRB 6.67 mg S L-1 (3) 

KNO3
NRB SNO3 affinity constant for NRB 0.251 mg N L-1 (2) 

KNO2
NRB SNO2 affinity constant for NRB 0.810 mg N L-1 (2) 

KNO3
SOB  SNO3 affinity constant for SOB 0.20 mg N L-1 (4) 

KS2
SOB1 SS2 affinity constant for SNO3-mediated SOB 1.36 mg S L-1 (4) 

KS2
SOB2 SS2 affinity constant for SO2-mediated SOB 11.0 mg S L-1 (7) 

KS
SRB SS affinity constant for SRB 18.5 ± 2.0 mg COD L-1 (1) 

KS
NRB1 SS affinity constant for SNO3-mediated NRB 5.0 mg COD L-1 (2) 

KS
FB SS affinity constant for FB 20.0 mg COD L-1 (5) 

KS
NRB2 SS affinity constant for SNO2-mediated NRB 1.5 mg COD L-1 (2) 

KAC
MPA SAC affinity constant for MPA 52.5 mg COD L-1 (6) 

KO2
SOB SO2 affinity constant for SOB 200 mg O2L

-1 (7) 

KO2
FB SO2 affinity constant for FB 0.2 mg O2L

-1 (5) 

KI,NO3
SRB  SNO3 inhibiting coefficient for SRB 225.8 ± 20.3 mg N L-1 (1) 

KI,SO4
NRB  SSO4 inhibiting coefficient for NRB 327.3 ± 68.7 mg S L-1 (1) 
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KI,O2
NRB SO2 inhibiting coefficient for NRB 0.588 mg O2L

-1 (1) 

KI,O2
SRB SO2 inhibiting coefficient for SRB - mg O2L

-1 (1) 

KI,O2
MPA SO2 inhibiting coefficient for MPA - mg O2L

-1 (1) 

KI,H2S
MPA  SH2S inhibiting coefficient for MPA 0.285 g S L-1 (6) 

bSRB inactivation coefficient for SRB 0.035 h-1 (3) 

bNRB inactivation coefficient for NRB 0.026 h-1 (5) 

bSOB inactivation coefficient for SOB 10-5-10-6 h-1 (8) 

bMPA inactivation coefficient for MPA 0.0155 d-1 (6) 

bFB inactivation coefficient for FB 0.62 d-1 (5) 

Stoichiometric parameters 

YSRB yield coefficient for SRB 0.54 g VSS g-1 COD (3) 

YNRB yield coefficient for NRB 0.67 g VSS g-1 COD (5) 

YSOB yield coefficient for SOB 0.090 g VSS g-1 S2- (7) 

YMPA yield coefficient for MPA 0.026 g VSS g-1 COD (6) 

YFB Yield coefficient for FB 0.67 g VSS g-1 COD (5) 

fd fraction of biomass that is biodegradable 0.8 - (5) 

Source: (1) this study (Culture 1); (2) von Schulthess and Gujer [46]; (3) Moosa et al. [21]; (4) Cai et al. [47]; (5) Henze et al. [18]; 

(6)Kalyuzhnyi and Fedorovich [19]; (7) Xu et al. [28]; (8) Xu et al. [48] 

 

 

 


