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a b s t r a c t

Biological removal of sulfide, nitrate and chemical oxygen demand (COD) simultaneously from industrial
wastewaters to elementary sulfur (S0), N2, and CO2, or named the denitrifying sulfide (DSR) process,
is a cost effective and environmentally friendly treatment process for high strength sulfide and nitrate
laden organic wastewater. Kinetic model for the DSR process was established for the first time on the
basis of Activated Sludge Model No. 1 (ASM1). The DSR experiments were conducted at influent sulfide
vailable online 15 January 2010

eywords:
enitrifying sulfide removal systems
ctivated Sludge Model No. 1
odeling

concentrations of 200–800 mg/L, whose results calibrate the model parameters. The model correlates
well with the DSR process dynamics. By introducing the switch function and the inhibition function,
the competition between autotrophic and heterotrophic denitrifiers is quantitatively described and the
degree of inhibition of sulfide on heterotrophic denitrifiers is realized. The model output indicates that
the DSR reactor can work well at 0.5 < C/S < 3.0 with influent sulfide concentration of 400–1000 mg/L. At

de, ho
GSB >1000 mg/L influent sulfi

. Introduction

Biological removal of sulfide, nitrate and chemical oxygen
emand (COD) simultaneously from industrial wastewaters is a
ost effective and environmentally friendly process. Autotrophic
enitrifiers convert sulfide to S0 with available nitrate [1]. Wang et
l. [2] developed a simultaneous de-sulfurization and denitrifica-
ion (SDD) process utilizing a single autotrophic strain, Thiobacillus
enitrificans, in a CSTR. Reyes-Avila et al. [3] achieved maximum
emoval rates for nitrogen, sulfide, and COD from a single CSTR
f 0.209 kg-N/(m3 d), 0.294 kg-S/(m3 d), and 0.303 kg-C/(m3 d),
espectively. Chen et al. [4] utilized an expanded granular sludge
ed (EGSB) reactor for simultaneous removal of sulfide, nitrate,
nd organic carbon at 3.0 kg-S m−3 d−1, 1.78 kg-N/(m3 d), and
.13 kg-C/(m3 d), respectively. A compromising balance between
utotrophic and heterotrophic denitrifiers presents the pre-
equisite of success of the denitrifying sulfide removal (DSR)
rocess. Competition between the autotrophic and heterotrophic
enitrifiers under mixotrophic environment complicates system
ynamics and appropriate control system design [3,5].

Biological models, such as Activated Sludge Model (ASM) or

naerobic digestion model (ADM) developed by International
ater Association (IWA) [6–8], were developed to quantitatively

escribe the substrate degradation rates and the microbial growth
ates in wastewater treatment processes [9,10]. However, the

∗ Corresponding author. Tel.: +86 451 86282195; fax: +86 451 86282195.
E-mail addresses: waj0578@hit.edu.cn, hitsrb@163.com (A. Wang).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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wever, the DSR system will break down.
© 2010 Elsevier B.V. All rights reserved.

models for DSR process are still lacking to the authors’ best
knowledge.

This paper aims at developing the biological model on the
basis of ASM1 model for DSR tests conducted in an EGSB reactor
operated at C/S ratio of 0.75–1.26 and at influent sulfide concen-
tration of 200–800 mg/L. Then the calibrated model was utilized
to quantitatively study the effects of C/S ratio and influent sulfide
concentrations on DSR performance.

2. Materials and methods

2.1. The EGSB reactor

The bench-scale EGSB reactor used in this study was refined
from that used in Chen et al. [4] (Fig. 1). The EGSB reactor was made
up of a plexiglass column with an internal diameter of 6 cm and a
height of 180 cm. The working volume was 4.0 l (excluding head
space). The bottom of the column, with a height of 5 cm, was the
influent distributor. The middle part with a height of 140 cm and
a height-per-diameter ratio of 23.33 was the DSR reaction zone
filled with biological granules collected from an upflow anaero-
bic sludge blanket (UASB) reactor treating brewage wastewater of
70.6 mg/L suspended solids (SS) and 52.3 mg/L volatile suspended
solids (VSS). The top, with a height of 35 cm, was the three-phase

separator. An inverted funnel shaped gas separator was used to col-
lect the produced biogas. A liquid upflow of 5 m/h was maintained
for internal circulation. The EGSB reactor was kept at 30 ◦C. For
the granules, the specific gravity was 1.065; the physical strength,
expressed as integrity coefficient (the ratio of residual granules to

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:waj0578@hit.edu.cn
mailto:hitsrb@163.com
dx.doi.org/10.1016/j.jhazmat.2010.01.039
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ig. 1. The schematic of experimental reactor (1) feed tank, (2) influent pump, (3)
GSB reactor, (4) thermostat, (5) recycling pump, (6) gas sampler, (7) wet gas meter,
8) effluent water metering tank. A. water pipe, B: gas tube.

he total weight of the granular sludge after 5 min of shaking at
00 rpm on a platform shaker, expressed as percent), is higher than
5%. The reactor was set-up under mixotrophic conditions and dur-

ng the whole process all sludge was stabilized. The influent sulfide
nd the ratio of C/S/N were 200 mg S/L and 1/1/1, respectively. The
nfluent pH and hydraulic retention time maintained were 7.5 and
HRT) 10 h.

.2. Tests

Experiments were conducted to study the effects of C/S and
nfluent sulfide concentrations on the performance of the DSR-
GSB process. The effects of the ratios of C/S (0.75 mol/mol,
.0 mol/mol and 1.26 mol/mol) were investigated with influ-
nt sulfide and nitrate concentrations of 400 mg S2−/L and
75 mg NO3

−N/L (giving the S/N ratio of 1.0) at pH 7.5 controlled
y hydrochloric acid and hydraulic retention time (HRT) 10 h. With
rescribed C/S ratio, effects of sulfide concentrations on DSR pro-
ess performance were studied at concentration of 200–800 mg/L
or model calibration. During the study sodium sulfide, sodium
itrate and sodium acetate acted as sulfide, nitrate, and acetate,
espectively. And the headspace above the medium was flushed
ith N2 to exclude oxygen to prevent the chemical oxidation of

ulfide supply.

.3. Chemical analysis

An ion chromatography (Dionex ICS-3000, USA) measured the
oncentrations of acetate, nitrate, nitrite, sulfate, and thiosul-
ate in the collected liquor samples following 0.45-�m filtration.
ample separation and elution were performed using an Ion-
ac AG4A AS4A-SC 4 mm analytical column (Dionex, USA) with
arbonate/bicarbonate eluent (1.8 mmol/dm3 Na2CO3/1.7 mmol/L
aHCO3 at 1 cm3/min) and a sulfuric regeneration (H2SO4,

5 mmol/L at 5 cm3/min). The sulfide concentration was deter-
ined by potential titration using Sure-FlowTM Combination

ilver/Sulfide Electrodes (Tianli Biochem, China). The solution alka-
inity was measured via titration using diluted hydrochloric acid
HCl). A pH/ORP meter (pHS-25) determined the pH/ORP of the liq-
s Materials 178 (2010) 35–41

uid samples. The compositions in the gas phase were measured by
a gas chromatography (Agilent 4980 DGC, USA). S0 was qualita-
tively analyzed with hexahydropyridine and quantitative analyzed
by sulfur balance analysis (defined as the percent of S0 produced in
the influent total sulfur).

3. Experimental results

3.1. Effects of C/S ratio

The reactor was under anaerobic conditions as indicated of
−300 mV ORP. Fig. 2 shows the sulfide, nitrate and acetate removal
degree at C/S ratio 0.75–1.26 (stages I–III). At C/S = 1.0, the sul-
fide, nitrate and acetate were completely removed. At C/S = 0.75,
the organic carbon was insufficient for nitrate removal via het-
erotrophic denitrification. Hence, a 90% (about 0.38 kg-N/(m3 d))
nitrate-N removal rate was noted. At C/S = 1.26, the heterotrophic
denitrifiers overcompeted the autotrophic denitrifiers, yielding a
92%(about 0.89 kg-S/(m3 d)) removal rate of sulfide-S. The last
observation correlates with those by Oh et al. [11] and Lee et
al. [12] that the presence of organic compounds enhances the
nitrate removal under mixotrophic condition in a sulfur-utilizing
autotrophic denitrification system.

In the present test N2O and nitrite accumulation were not
noticeable, all nitrate reduced were converted to N2. There is no
CH4 produced, the organic substrate removal may mostly convert
to CO2. And this result was conforming to the study of Chen et al. [4].
Additionally, the S0 conversion rate was maintained at around 80%
(0.77 kg-S/(m3 d)). About 20% (0.19 kg-S/(m3 d)) influent sulfides
were converted to sulfate.

3.2. Effects of influent sulfide concentration

Fig. 3 shows the sulfide, nitrate and acetate removal degree with
influent sulfide concentration of 200–800 mg/L. The C/S ratio was
fixed at 1.0 and influent pH 7.5.

After the startup period, the EGSB reactor removed completely
the sulfide-S, the acetate–COD, and the nitrate-N. Further increase
in loading rates of sulfide, nitrate and acetate to 1.96 kg-S/(m3 d),
0.84 kg-N/(m3 d) and 0.72 kg-C/(m3 d), did not reduce the removal
rates. In most cases the sulfide was nearly completely converted to
S0 (Fig. 2a).

4. Kinetic model

4.1. Model development

The mathematical model for describing the reactor performance
is implemented in the well-established AQUASIM simulation soft-
ware [13]. The biological conversion processes were modeled using
a modified ASM1 with a consideration of carbon removal and den-
itrification [7]. The established model is calibrated and used to
simulate the biological reactions that occur in the DSR system, and
the simulation results are compared with the experimental data
obtained.

4.1.1. Biological reactions
The present DSR model adopted modified ASM1 reaction

scheme to account for the simultaneous COD oxidation and
SDD processes using nitrifier, denitrifier and aerobic carbon

removal bacteria. The denitrifiers, including autotrophic and
heterotrophic counterparts, were active only under anaerobic
condition. Autotrophic denitrifier conducted denitrification not
ammonification reaction. The heterotrophic denitrifiers completed
denitrification and carbon removal. A switch function was intro-
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ig. 2. Impact of C/S ratios on (a) S2− , (b) acetate and (c) NO3
−-N removal at C/S

atios of (I) 0.75/1, (II) 1/1, (III) 1.26/1.

uced to quantitatively describe the competition between the
utotrophic and heterotrophic denitrifiers for nitrate (described
ater).

The DSR model has ten components, i.e., heterotrophic
icroorganisms (XB,H), autotrophic microorganisms (XB,A), read-

ly biodegradable substrate (SS), soluble organic nitrogen (SND),
mmonia-N (SNH3 ), nitrate-N and nitrite-N (SNO), particulate read-
ly biodegradable organic nitrogen (XND), slowly biodegradable
rganic substrate (XS), particulate substances produced by biomass

ttenuation (XP), sulfide-sulfur (Ss2− ). This model has seven micro-
ial processes: (1) growth of heterotrophic denitrifier, (2) growth
f autotrophic denitrifier, (3) decay of heterotrophic denitrifier,
4) decay of autotrophic denitrifier, (5) ammonification of organic
itrogen, (6) hydrolysis of particulate organic carbon and (7)
Fig. 3. Impact of influent sulfide on (a) S2− , (b) acetate and (c) NO3
−-N removal at

S2− concentrations of (I) 200 mg/L, (II) 400 mg/L and (III) 800 mg/L, respectively.

hydrolysis of particulate nitrogen. The structure of the proposed
model is presented in Table 1. The tabular form indicates the chang-
ing rate (generation or utilization) of a model component for a
given biochemical process can be obtained through multiplication
of related process stoichiometry and kinetics [14,15].

4.1.2. Switch function and inhibition function
The kinetic equations for autotrophic and heterotrophic deni-

trification are stated as follows [16]:
S2− + 0.4NO3
− + 2.4H+ → S0 + 0.2N2 + 1.2H2O (1)

0.63CH3COOH + NO3
− + 0.37CO2 + 2.26H+

→ 1.63HCO3
− + 0.5N2 + 0.13H2O (2)
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Table 1
Stoichiometry and reaction kinetics of DSR system model.

Process j Component i Reaction kinetics �j

(mol l−1 s−1)

1 2 3 4 5 6 7 8 9 10

SS XS XB,H XB,A XP Ss2− SNO SNH SND XND

1 −1/YH 1 −(1 −YH)/2.86YH −iXB �1

2 1 −2/YH −(1 − YA)/2.86YA −iXB − 1/YA �2

3 1 − fp −1 fp iXB − fpiXP �3

4 1 − fp −1 fp iXB − fpiXP �4

5 1 −1 �5

6 1 −1 �6

7 1 −1 �7

Reaction kinetics �j

(mol l−1 s−1)

�1 = �̂H

(
SS

KS+SS

)(
NS

N
S2− +NS

)(
SNO

KNO+SNO

)
�gXB,H

�2 = �̂A

(
S

S2−
S

S2− +K
S2−

)(
N

S2−
NS+N

S2−

)(
SNO

K ′
NO

+SNO

)
XB,A

�3 = bHXB,H

�4 = bAXB,A

�5 = kaSNDXB,H
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We define the switch function as follows:

′ = NS

NS + NS2−
(3)

here NS is the moles of nitrate consumed by sulfide according to
q. (1), and NS is the moles of nitrate consumed by acetate according
o Eq. (2). When autotrophic denitrifier significantly overcom-
etes the heterotrophic denitrifier, s′ → 1; conversely, s′ → 0. The
witching function (Eq. (3)) describes the competition between the
utotrophic and heterotrophic denitrifiers.

Another parameter, inhibition function (�g) was introduced to
escribe the inhibition of high strength sulfide (up to 800 mg/L) on
eterotrophic denitrifier according to Chen et al. [4]. The inhibi-
ion function for ammonium and hydrogen on biological growth is

efined as follows, to incorporate the observation by Chen et al. [4]
hat strain inhibition occurs at S2− > 800 mg/L:

g = 1
1 + (Si − 0.8)/Ki

@ Si > 800 mg/L (4)

able 2
inetic and process parameters used in simulations.

Item Parameters Definition

Chemical stoichiometry

YH Heterotrophic yield coefficient from subs
Ya Autotrophic yield coefficient
fp Inert fraction of biomass leading to partic
iXB Mass N/mass COD in biomass
iXP Mass N/mass COD in products from biom

Kinetic parameters �̂H Maximum specific growth rate of substra
�̂A Maximum specific growth rate of substra
Ks Substrate half-saturation coefficient for h
KNO Nitrate half-saturation coefficient for het
bH Heterotrophic decay coefficient for forma
�g Correction factor for the growth of hetero

concentrations of sulfide
�h Correction factor for anoxic hydrolysis
kh Maximum specific hydrolysis rate
KX Half-saturation coefficient for hydrolysis

biodegradable substrate
ka Ammonification coefficient
K ′

NO Nitrate half-saturation coefficient for aut
bA Autotrophic decay coefficient for formati
KS2− Substrate half-saturation coefficient for a
(
XS/XB,H

KX+(XS/XB,H)

)
�h

(
SNO

KNO+SNO

)
XB,H

�7 = �6( XND
XS

)

where Si is the sulfide concentrations (g/L) of the DSR system, and
Ki was the inhibition coefficient (g/L).

4.1.3. The DSR model
The adopted EGSB reactor was operated under high recycling

rate (recycle ratio 30:1), so the reactor was modeled as a completely
mixed tank reactor (CSTR). Additionally, since the EGSB granules
were not compact in interior structure, the biological reaction rates
rather than substrate diffusional rates are taken as rate limiting
steps for the studied system. Hence, the DSR-EGSB model is stated
as follows:

V
dSi

dt
= qSi,in − qSi +

∑
�jvi,j (5)
j=1−10

V
dXi

dt
= qXi,in − qXi +

∑
j=1−10

�jvi,j (6)

Value Unit References

trate 0.67 gCOD g−1COD [6,7,14]
1.28 gCOD g-S This work (calculated)

ulate products 0.08 – [6,7,14]
0.084 gN g−1COD [6,7,14]

ass 0.06 gN g−1COD [6,7,14]

te for heterotrophs 4.0 d−1 [6,7,14]
te for autotrophs 4.25 d−1 This work (estimated)
eterotrophic biomass 3.8 gCOD g−1m−3 This work (estimated)
erotrophic biomass 0.5 NO3-N m−3 [6,7,14]
tion of particulate 0.3 d−1 [6,7,14]
trophs under high 1.0 – [6,7,14]

0.8 – This work(estimated)
3.0 gCOD g−1COD d−1 [6,7,14]

of particulate 0.1 gCOD g−1COD [6,7,14]

0.05 m3 g−1COD d−1 [6,7,14]
otrophic denitrifier 0.01 NO3-N m−3 This work (estimated)
on of particulate 0.05 d−1 [6,7,14]
utotrophic biomass 14.64 gS g−1 m−3 This work (estimated)
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The term
∑

j=1−10

�jvi,j is the sum of the specific kinetic rates for
rocess j multiplied by the associated stoichiometric coefficients
Table 2). V is the reactor volume, q is the influent and effluent of
he reactor, Si,in is the influent concentration of the soluble (Xi,in
or the particulate) components and St is the soluble (Xi for the
articulate) components in the reactor.

ig. 4. Model validation results of the measured and simulated data for (a) S2− , (b)
cetate and (c) NO3

−-N removal at S2− = 400 mg/L, C/S = 1 and N/S = 1/1.
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4.2. Model calibration

The AQUASIM [13] is used to perform the model calibration for
the established model. The parameter values are estimated by min-
imizing the sum of squares of the deviations between the measured
data and predicted values.

The objective function to be minimized in the parameter esti-
mation is as follows [17]:

F(p) =
(

n∑
i=1

(yexp,i − y(p)i)
2

)1/2

(7)

where yexp and y(p) are vectors of n measured value and model
prediction at time ti (i from 1 to n), respectively, and p is the
vector of the model parameters. In this study, the model is cali-
brated for the DSR system at influent sulfide of 200 mg S2−/L and the
ratio of C/N/S = 1/1/1. Preliminary numerical results for the estab-
lished model revealed that the following five parameters, Ya, Ua,
Ks, KS2− and K ′

NO, mostly affected the COD, S2−, and NO3-N profiles
measured. Hence, these five parameters were selected in model cal-
ibration. The steepest decent method was applied for parametric
fitting. The estimated parameter values are summarized in Table 2.

Model verification is based on the comparison between the
experimental results and model predictions under different input
model parameters (400 mg S2−/L, 87.5 mg NO3-N/L and 75 mg Ac-
C/L). The model satisfactorily describes the reactor dynamics
(Fig. 4).

5. Discussions

Influent sulfide concentration is an essential parameter for the
DSR system for its inhibition role on heterotrophic. Moreover, both
autotrophic denitrifier and heterotrophic denitrifier utilized nitrate
as electron acceptors, then the competition of electron acceptors
occurred while nitrate was limited. Autotrophic denitrifier utilized
sulfide as electron donor, heterotrophic denitrifier utilized acetate
as electron donor in the denitrifying sulfide removal system. So,
the ratio of C/S influences the DSR performance. The model was
used to predict DSR system performance at sulfide concentrations
of 800–1100 mg/L (the ratio of the ratio of C/N/S = 1/1/1) and C/S
(C = carbon from acetate and S = sulfide and both in moles) of 0.5/1

to 3/1.

The sulfide concentration has adverse effects on the removal
rates of sulfide, nitrate and acetate at S2− > 1000 mg/L (Fig. 5).
At S2− = 800 mg/L, the acetate–COD, nitrate-N and sulfide were
completely removed (about 1.92 kg-S/(m3 d), 1.92 kg-COD/(m3 d),

Fig. 5. Model simulation results for (a) S2− , (b) acetate and (c) NO3
−-N removal at

S2− concentrations of 800 mg/L, 1000 mg/L and 1100 mg/L.
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.84 kg-N/(m3 d)). The removal of acetate–COD was decreased
o 80% (1.90 kg-COD/(m3 d)) at S2− = 1000 mg/L. However, the
orresponding nitrate-N and sulfide-S removal were still com-
lete (about 2.4 kg-S/(m3 d), 1.05 kg-N/(m3 d). At S2− = 1100 mg/L,
he acetate–COD removal rate was almost completely inhibited,

nly 20% was removed (about 0.53 kg-COD/(m3 d)); while the
itrate-N and sulfide removal decreased to about 67% (about
.76 kg-S/(m3 d), 0.77 kg-N/(m3 d)). Restated, the 1100 mg/L sulfide
ffectively inhibits the activity of heterotrophic denitrifier, leading

ig. 6. Model simulation results for (a) S2− , (b) acetate and (c) NO3
−-N removal at

/S ratios of 0.5, 1, 2 and 3.

[

s Materials 178 (2010) 35–41

to an inhibition function of 0.4. The autotrophic denitrifier appar-
ently tolerates high levels of influent sulfide concentration.

The impact of C/S on DSR performance at different sul-
fide concentrations is shown in Fig. 6. The removal rates of
acetate and nitrate are increased with increasing C/S ratio and
with decreasing influent sulfide concentration. At S2− = 1000 mg/L,
the acetate removal rate was increased from 53% (0.64 kg-
COD/(m3 d)) at C/S = 0.5–78% (5.61 kg-COD/(m3 d)) at C/S = 3.0.
The corresponding nitrate removal rate is increased from 75%
(0.39 kg-N/(m3 d)) at C/S = 0.5–96% (0.50 kg-N/(m3 d)) at C/S = 3.0.
On the other hand, the sulfide removal rate is decreased with
increasing C/S ratio and influent sulfide concentration. This may
due to that much more influent carbon made more electron
acceptors (NO3

−) got by heterotrophic denitrifiers, then less for
autotrophic. For instance, at S2− = 400 mg/L the sulfide removal
rate was increased from 67% (0.64 kg-S/(m3 d)) at C/S = 3.0–98%
(0.94 kg-S/(m3 d)) at C/S = 0.5. The model predicts a satisfactory DSR
performance at 0.5 < C/S < 3.0 with influent sulfide concentration of
400–1000 mg/L. At >1000 mg/L influent sulfide, the DSR system will
break down.

6. Conclusions

This paper developed for the first time the kinetic model
for the DSR process on the basis of ASM1 Model. The DSR
experiments were conducted in an EGSB at influent sulfide con-
centrations of 200–800 mg/L, and C/S ratio of 0.75–1.26 to calibrate
the model parameters. The fit model correlates well with the
DSR process dynamics. With the introduced inhibition function,
the model reveals severe inhibition effects on the heterotrophic
denitrifiers at >1000 mg/L, thus leading to reactor breakdown.
This prediction correlates well with literature results. On the
other hand, at 0.5 < C/S < 3.0 with influent sulfide concentration of
400–1000 mg/L, the DSR reactor can work satisfactorily.
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