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a b s t r a c t

The influence of pH and substrate shocks was investigated on the performance of anaerobic reactor for
simultaneous sulfide and nitrate removal. The performance was noticeably affected by the transient pH
or substrate shocks. Unlike substrate shocks, the reactor was more sensitive to pH shocks. The effluent
sulfide concentration was a sensitive parameter, which increased up to 31 times of that at steady state,
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so it could be used as an indicator of the reactor performance. The performance recovered from the
disturbances during all the shocks applied. The recovering velocity was relatively stable, which did not
increase with the increasing intensity of the shocks. The reactor was easier to recover from pH shocks
than substrate shocks.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

A number of industries such as petrochemical plants, tanneries,
iscose rayon, etc. generate sulfides containing waste streams. The
ulfides cause a number of deleterious effects including corrosion
f sewer infrastructure, noxious odor, and human health problems
1,2]. The physicochemical and biological processes may be applied
or the treatment of sulfides [3]. Physicochemical processes are
ostly and generally require high energy input. In contrast, bio-
ogical processes operate at prevailing environmental conditions

ithout any requirement for expensive chemicals and catalysts [4].
Oxygen injection is an attractive option to control sulfide emis-

ions which requires energy. As an alternative to oxygen, nitrate
r nitrite can be used to control sulfide generation while treating
he S-containing wastewaters [5]. Nitrate and nitrite are usual con-
tituents of many wastewaters, or can be generated separately in
nitrification reactor [6]. Compared to oxygen, nitrate and nitrite
ave the added advantage of being highly soluble in water. Thus the
se of nitrate or nitrite does not require the application of an exter-
al gas flow; consequently, there will be less stripping of gaseous

ulfide. The feasibility of using nitrate and nitrite as electron accep-
ors for sulfide oxidation has been successfully demonstrated in
everal reactor studies [7–14].

∗ Corresponding author. Tel.: +86 571 86971709; fax: +86 571 86949320.
E-mail address: pzheng@zju.edu.cn (P. Zheng).
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Wastewater treatment processes are vulnerable to variations
in one or more operational parameters (such as pH and fluctu-
ating loads) which affect the overall performance of the reactor.
Even some of these variations can be predicted or controlled; the
reactor’s performance would still be deteriorated due to extreme
disturbances in these operational parameters. If the shock lasts for
a longer time, acclimation may be observed. In most cases the per-
formance would revive in the end. The transient shocks are very
common in the industrial operations, such as mechanical prob-
lems. Literature review suggested that a few reports highlighted
the role of pH and transient shocks in affecting the hydrogen
sulfide oxidation [15,16]. Thus the present study was designed
to elucidate the effect of transient substrates and pH shocks
on the simultaneous sulfide and nitrate removal in anaerobic
reactor.

2. Materials and methods

2.1. Inoculum and enrichment of microbial communities

Inoculum was taken from the anaerobic methanogenic reac-
tor of Dengta wastewater treatment plant (WWTP) located in
Hangzhou City of China. Its total solids (TS) and volatile sus-

pended solids (VSS) were 95.03 g/L and 68.68 g/L, respectively, with
VSS/TS ratio of 0.72. The anoxic sulfide oxidizing reactor was oper-
ated under lithoautotrophic conditions where sulfide was used as
electron donor and nitrate as electron acceptor to accomplish deni-
trification. For the initial 1 month the reactor was fed with synthetic

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:pzheng@zju.edu.cn
dx.doi.org/10.1016/j.jhazmat.2009.09.031
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ig. 1. Flow chart of anaerobic sulfide and nitrate removal process. ((1) influent
ank, (2) pump, (3) recycle stream, (4) UASB reactor, (5) effluent tank, (6) gas outlet
nd (7) water seal).

astewater in order to acclimatize the bacteria to the new sub-
trates and sludge enrichment.

.2. Synthetic wastewater

The reactor was fed with synthetic influent containing NaHCO3,
gCl2, KH2PO4, (1 g/L each), (NH4)2SO4 (0.24 g/L) and trace ele-
ent solution (1 mL/L). The composition of trace element solution
as used according to Mahmood et al. [14]. The nitrate-nitrogen

nd sulfide-sulfur concentrations were added in the form of sodium
ulfide (Na2S·9H2O) and potassium nitrate (KNO3), respectively,
ith their concentrations varying according to the type of experi-
ent conducted. 0.1 M HCl solution was used to adjust pH value.

.3. Reactor

The anaerobic sulfide oxidation (ASO) reactor was an upflow
eactor with biomass retention in a continuous operational mode
Fig. 1). The reactor was made of perspex with a working volume
f 1.3 L. The synthetic influent was pumped through a peristaltic
ump from a 10 L influent vessel to the reactor. A recycling pump
as employed to mix the influent (substrate) and sludge (biocata-

yst) well and hence to decrease possible substrate inhibition. The
atio of recycling flow to the influent flow was set to about 2.5–3.
he temperature of the reactor was controlled between 29 ◦C and
1 ◦C.

.4. Experimental design

The anaerobic reactor for simultaneous sulfide and nitrate
emoval was operated stably for more than 4 months before
onducting shock loading tests. When the influent pH was
bout 7.0 at hydraulic residence time (HRT) of 4 h, the sulfide-
ulfur and nitrate-nitrogen concentrations in the influent were
20 mg/L and 95.5 mg/L, respectively; the removal rates of sulfide-
ulfur and nitrate-nitrogen were 6.23 kg/(m3 d) and 1.04 kg/(m3 d),
espectively. While the effluent sulfide-sulfur and nitrate-nitrogen
oncentrations were 0.51 mg/L and 8.92 mg/L, respectively. Under
hese circumstances, nitrite was not detected in the effluent.

Keeping other operational parameters at constant level, a way
f simulating shock loading was to increase the influent substrate
oncentrations or pH values abruptly. Based on the range of safe

actors, the substrate shock load intensities were set at 2.0, 2.5
nd 3.5 times of the original influent concentrations, while the pH
hock loads intensities included the rise in the influent pH from
.0 to 8.0, 9.0 and 10.0. We did not choose pH value higher than
0 because it was harmful to the performance of the reactor. Each
aterials 174 (2010) 162–166 163

shock load lasted for 2 h. After shock loadings, the influent substrate
concentrations were decreased to the original level. The pH and the
substrate concentrations were determined every 30 min until the
reactor performance recovered completely.

2.5. Analytical procedures

Influent and effluent ammonium-nitrogen, nitrite-nitrogen,
nitrate-nitrogen, pH, sulfide and sulfate were analyzed during the
operation of ASO reactor. Ammonium-nitrogen (NH4

+-N) was mea-
sured by phenate method [17], nitrite-nitrogen (NO2

−-N) through
colorimetric method and nitrate-nitrogen (NO3

−-N) was analyzed
through ultraviolet spectrophotometric screening method [17] on
daily basis using spectrophotometer (Unico UV-2102 PC and 722S,
China). The sulfide was determined by iodometric method and sul-
fate was measured through turbimetric method [17]. Sulfide-sulfur
and nitrogen were calculated according to principle of mass con-
servation. The pH was determined following standard method [17].
A three-point calibration of pH meter was performed daily. Total
solids (TS) concentration was determined according to gravimetric
method at 103 ◦C [17] and volatile solids were analyzed through
gravimetric method at 550 ◦C [17].

3. Results

3.1. The performance of reactor under shock loads

When the influent sulfide and nitrate concentrations were
increased from 520 mg/L and 91 mg/L to 1040 mg/L and 182 mg/L
(2.0 times), respectively, the reactor showed an immediate rigorous
response: the effluent pH increased rapidly and reached 8.94 which
persisted even after an hour of the shock load. The effluent sul-
fide and nitrate concentrations increased from less than 1 mg/L and
8.90 mg/L to 6.78 mg/L and 20.97 mg/L, respectively. Upon increas-
ing the influent sulfide and nitrate concentrations to 2.5 and 3.5
times over the original one, the responsive curves for pH and the
substrates concentrations to the high intensity of shock loads were
similar to one when exposed to the low intensities, and the respon-
sive strength increased with the increasing shock load intensity
(Figs. 2A–4A

When the influent pH was increased from 7.0 to 8.0 abrup).
When the influent pH was increased from 7.0 to 8.0 abruptly,

the reactor pH escalated from 7.50 to 7.96 within half an hour, then
stabilized. Until an hour after the shock load, the reactor pH reached
at the highest value 8.57 whereby the effluent sulfide and nitrate
concentrations increased from less than 1 mg/L and 7.60 mg/L to
7.46 mg/L and 15.94 mg/L, respectively. In the situation when the
influent pH was increased to 9.0 and 10.0, the responsive curves
of pH and the substrate concentrations to the high intensity shock
loads were similar to ones exposed to low ones, and the respon-
sive strength went high with the increasing shock load intensity
(Figs. 2B–4B).

Sensitivity can be used to indicate the effect of operational con-
ditions on the performance of the reactor [18]. Table 1 showed that
the effluent sulfide concentration was a more sensitive parameter
in response to pH and substrate shocks than the nitrate. Com-
pared with the substrate shock loads, the pH shock loads had more
adverse effects on the effluent sulfide. When the reactor was run
under the pH 10.0 shock load, the effluent sulfide concentration
was 31 times over the stable concentration. Thus, it could be used
as performance indicator parameter.
3.2. The performance of reactor after shock loads

The application of the substrate shock load of 2.0 times over
the original one, the reactor pH started to decrease slowly, and
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Fig. 2. The response of effluent pH to different shocks.

Fig. 3. The response of effluent sulfide concentration to different shocks.
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Fig. 4. The response of effluent ni

t returned to 7.74 after 21 h. The sulfide and nitrate concen-
rations in the effluent decreased to 0.59 mg/L and 8.56 mg/L,

espectively. When the influent sulfide and nitrate concentrations
ere increased to 2.5 and 3.5 times over the original one, pH and

he substrates concentrations could recover to the normal stable
ondition, however, the recovery time increased with the increas-

able 1
ffects of different shock loads on the responsive index.

Intensity Max response

Effluent pH Effluent sulfide (mg/L)

Substrate shock loads 2.0 times 8.94 6.78
2.5 times 8.99 7.80
3.5 times 9.13 10.13

pH shock loads pH 8.0 8.57 7.46
pH 9.0 8.94 14.53
pH 10.0 9.03 16.44

I = (Omax − On)/On.

I , selectivity index; Omax, the maximum substrate concentration in the effluent; On, the n
oncentration to different shocks.

ing shock load intensity. It took 22 h and 30 h to recover 2.5 and 3.5
times of shock load, respectively (Figs. 2A–4A).
When exposed to the pH shock load of pH 8.0, the reactor pH
continued to increase which returned to 7.86 after 21 h. The efflu-
ent sulfide decreased rapidly, and it recovered to stable state after
6 h (less than 1 mg/L). The effluent nitrate decreased slowly, and it

Sensitive index (SI)

Effluent nitrate (mg/L) Effluent pH Effluent sulfide Effluent nitrate

20.97 0.17 12.29 1.35
22.77 0.18 16.06 1.55
25.43 0.19 18.86 1.85

15.94 0.13 13.63 0.79
22.83 0.18 27.49 1.56
25.52 0.19 31.24 1.86

ormal substrate concentration in the effluent.
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Table 2
Effects of different shock loads on the recovery indices.

Intensity Recovery time Recovery velocity

Absolute
value (h)

Relative
value (HRT)

pH value (1/h) R2 Sulfide (mg/(L h)) R2 Nitrate (mg/(L h)) R2

Substrate shock loads 2.0 times 21 5.25 0.06 0.9882 0.18 0.8775 0.54 0.9428
2.5 times 22 5.50 0.07 0.9865 0.33 0.9943 0.76 0.9740
3.5 times 30 7.50 0.07 0.9203 0.31 0.7737 0.75 0.9538
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pH shock loads pH 8.0 21 5.25 0.04
pH 9.0 23 5.75 0.05
pH 10.0 24 6.00 0.06

eturned to stable state after 22 h (7.18 mg/L). When the influent pH
alues were increased to 9.0 and 10.0 times over the original one,
oth pH and the substrates concentrations could recover to the nor-
al and stable condition, although the recovery period increased
ith the increasing shock load intensity. The recovery process took

bout 24 h (Figs. 2B–4B).
Recovery time is an important index to evaluate the recover-

bility of the reactor [19,20]. Table 2 shows that the greater was the
ntensity of shock load, the longer was the required recovery period.
he reactor performance could be recovered by allowing sufficient
ecovery time. But it was just suitable up to a limited extent. Once
he intensity of shock load exceeded the tolerable range (such as
he substrate shock load of 3.5 times), the performance was hard
o recover.

Recovery velocity is negatively correlated with recovery time,
hich can also indicate the recovery process of the reactor’s per-

ormance. Origin software was used to linear fit the curve, in which
he ordinate was the performance indices of the reactor (effluent
H values, sulfide and nitrate concentrations) and the abscissa was
he recovery time. The slope of the curve was the recovery velocity
Table 2). When the reactor was exposed to the substrate shock
oads, the maximum recovery velocities for the pH, sulfide and
itrate were 0.07 h−1, 0.33 mg/(L h) and 0.76 mg/(L h), respectively.
uring the pH shock loads, the maximum recovery velocities of

he pH value, sulfide and nitrate were 0.06 h−1, 6.48 mg/(L h) and
.99 mg/(L h), respectively. It implied that the reactor had a stronger
ptitude to recover from pH shock loads than substrate shock loads.

However, when the shock load intensities were 2.5 and 3.5
imes, the recovery velocities of these indices were not significantly
ifferent (keeping confidence interval of 95%). The situation of pH
hock loads was similar to that of substrate shock loads. When the
ntensities of pH shocks were 9.0 and 10.0, the recovery velocities
f the indices were not significantly different also (at confidence
nterval of 95%). It implied that the recoverability of the reactor

as limited, which did not increase with the increasing intensity.
he reason of such limited recoverability under increasing shock
ntensities needs further investigations.

. Discussion

Usually, shock load is regarded as an important motive that
ould cause the performance instability of a reactor [18]. It seems

hat shock load overloads the reactor that results in the perfor-
ance deterioration [21]. Usually, the overloads are abrupt and

nstantaneous; consequently the reactor performance cannot be
ynchronized. In order to avoid the instability under shock loads,
he operational conditions should be controlled stably along with

imely eliminating the fluctuations of environmental factors. On
he other hand, the “carrying capacity” of the reactor should also
e considered. If the reactor suffers from the shock loads, the extra
carrying capacity” of the reactor can take up the overload part to
olerate the negative effects caused by the fluctuations.
0.9660 3.20 0.9135 0.61 0.9987
0.9405 6.48 0.9366 0.99 0.9929
0.9525 6.10 0.9724 0.98 0.9199

The microorganisms are the essential part of the biologi-
cal wastewater treatment processes. The stability of the reactor
depends on the stabilized microbial growth and metabolism [22],
which needs proper growth conditions, such as environmental
conditions and nutrient demands. Any change in the prevailing
conditions may influence the microbial metabolism, which would
affect the performance of the reactor. The interactions among the
conditions are very complex; any change in one condition may
induce some undesirable changes. In this way, the shock load is
“the fuse”. Any abrupt change in one condition may result in the
whole change of the reactor’s performance, finally leading to the
deterioration of the reactor’s performance.

According to Jin et al. [18], there are two aspects of the stability
of a bioreactor. One is resistibility which means the ability to resist
any disturbance; the other is resilience, i.e. the ability to recover
from the disturbance. It is an abstract concept, which cannot be
considered as judgment index. In the present paper, the authors
used two specific indices to make the concrete concept. The sen-
sitivity index and the recovery velocity were used to estimate the
ability of the reactor to maintain the general stability. These param-
eters represent the response of the reactor to the shock loads and
the recovery process.

The effluent pH is an important parameter used to the judge
stability of a reactor [23]. The sensitivity indices showed that, the
effects caused by pH shock on the performance of the reactor were
greater than the substrate shock loads. The reason behind such
behavior might be that simultaneous sulfide and nitrate removal
was an alkalinity-producing process (Eq. (1)). A high reactor pH
will have adverse effects on the overall performance of the reactor.
The reactor performance did not start to recover just after the sub-
strate shock loads, but continued to deteriorate resulting from the
pH value outside the optimum range for the microbial metabolism:

5HS−+2NO−
3 + 7H+ → 5S0+N2 + 6H2O �G�

m = −1264 kJ/mol

(1)

The recovery velocity is the function of substrate concentrations
or pH in the reactor and the recovery time, which can be used to
induce resilience. The recovery velocities showed that the reac-
tor performance recovered faster from the pH shock loads than
the substrate shock loads. After applying a pH shock of 10.0, pH
decreased below 8.75 in 6 h, while the reactor suffering from 3.5
times shock loads took 11 h for its recovery (Fig. 2). When pH shock
loads decreased, the microbial biomass would return to their opti-
mum growth condition quickly.

It is interesting to note that though pH shock load caused signifi-
cantly larger effects on the reactor performance than shock loading,
it easily recovered from it. It means that the microorganisms that
simultaneously removed sulfide and nitrate were very sensitive to

environmental conditions, particularly pH variations. The change of
pH can immediately affect the microbial metabolism through inac-
tivation of enzymes and the dissociation states of the substrates. So
pH shock had serious and significant effects on the performance of
the reactor. Once the pH shock load was over, the inhibition caused
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y pH was relieved quickly. According to Lettinga et al. [24], the pro-
ess efficiency recovers almost immediately from pH shock loads
hen the influent pH is returned to the optimal range. The same
as observed during the pH shock investigation in our study.

Substrate shock load is different from pH shock. Increased sub-
trate concentration does not affect the microbial activities directly.
lthough the substrate concentration increased in the reactor, the
ell membranes acted as physical protection barriers preventing
he entry of excess substrate into the cell for a while, thus reliev-
ng the substrate shock loads. That is why substrate shock load had
ess significant effects than pH shocks. With the continued sub-
trate shock loads, the reactor pH increased. It would aggravate
he intensity of substrate shock loads. So the reactor was hard to
ecover from the substrate shock loads.

. Conclusion

1) When the reactor suffered from substrate or pH shock loads,
the reactor performance fluctuated considerably. The pH values
aggravate the intensity of substrate shock loads. The perfor-
mance of the reactor was more sensitive to pH shock loads than
substrate shock loads. Among pH values and substrate concen-
trations, sulfide was the most sensitive index, whose effluent
concentration was 31 times higher than the stable concentra-
tion. Thus, effluent sulfide can be used as indicative parameter
of the reactor performance.

2) The reactor could recover from substrate or pH shock loads in
the tested range. After applying substrate shock loads of 2.0–3.5
times and pH shock loads of 8.0–10.0, pH and substrate concen-
trations could return to the original state, and the recovery time
was less than 30 h. The recovery velocities of the pH values and
substrate concentrations were constant after the shock loads.
The performance recovery of the reactor after pH shock was
faster than that after the substrate shock loads.
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