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ABSTRACT

This study aims to investigate the diagnosis of acidification and efficient recovery of a labo-
ratory-scale anaerobic sequencing batch reactor (ASBR) which treats synthetic glucose
wastewater under mesophilic conditions (35°C). The diagnosis of the ASBR showed that
acidification occurred on the seventh day after adding 20 mmol/L of sodium 2-bromoe-
thanesulfonate into the reactor. A three-step recovery strategy was employed to recover the
acidified reactor efficiently and to study its restoration process. Results indicated that the
acidified ASBR can be revived in approximately 50d. The specific methanogenic activities
of the sludge, which were based on the substrate of acetate, propionate, and butyrate, were
restored at 0.85, 0.67, and 0.51 (gCOD-CHy,)/(gVSS-d), respectively. The fluorescent observa-
tion images revealed large amounts of Methanosarcina-like and rod-shaped methanogens
distributed in the sludge flocs after reactor restoration, thus ensuring that the fermentative,
acidogenic, and methanogenic processes proceeded effectively in the anaerobic system.

Keywords: Anaerobic sequencing batch reactor; Methanogenic inhibitor; Acidification; Three-

step recovery strategy; Specific methanogenic activities

1. Introduction

As early as 1966 at the Iowa State University,
Dague and his colleagues had already conducted an
anaerobic experiment on a batch-feed discontinuous
anaerobic reactor which was renamed as anaerobic
sequencing batch reactor (ASBR) by Dague in 1991.
Since then, the ASBR has gradually gained ground in

*Corresponding author.

scientific research and has become widely used in
wastewater treatment [1]. ASBR is operated in four
steps: feed, reaction, settle, and withdrawal. The sub-
strate concentration in the reactor reaches the highest
point and stimulates the highest possible metabolic
activity of bacteria after the feeding period. After the
reaction period, the bulk concentration becomes low
which benefits bacteria flocculation. In the settling per-
iod, the mixing stops and the reactor serves as a static
sedimentation tank which stimulates sludge-liquid
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separation. After settling, the supernatant is with-
drawn and prepared for the next cycle. ASBR is easier
and more flexible to operate than other high-rate
anaerobic reactors (i.e. UASB and EGSB), because it
has no solid-liquid—gas separator. Moreover, the influ-
ent can be injected directly into the reactor, and no
special distribution equipment is required. These char-
acteristics make ASBR very attractive to industries,
particularly those treating small volumes of wastewa-
ter in which anaerobic digestion processes are
expected to be installed [2,3]. Many reports have
shown evidence for the successful application of ASBR
in treating industrial wastewater, such as slaughter-
house wastewater, landfill leachate, and some low-
strength industrial wastewater [4-6].

Stability is a critical factor in the operation of an
anaerobic digester. Many factors which interfere with
the methane formation will cause unstable perfor-
mance and even failure of the anaerobic system [7].
The accumulation of volatile fatty acids (VFAs) is the
main reason for the anaerobic process instability. Pre-
vious studies suggested that high VFAs accumulation,
low alkalinity levels, or the loss of methanogens may
result in the anaerobic system failure. Furthermore,
organics, pH, and other parameters also influence the
digester performance [8,9]. Inhibitors and other envi-
ronmental changes result in an imbalance in the anaer-
obic food chain and in the accumulation of fatty acids,
such as acetate, propionate, and butyrate [10].

Neutral pH conditions at a generally accepted opti-
mum range of 6.8-7.2 are conducive to methanogens.
Conditions beyond this range steeply decrease the
methane production rate, which in turn causes an
imbalance in the syntrophic relationship between
acetogens and methanogens, and results in VFAs
accumulation [11,12]. Inhibitors, including sodium
2-bromoethanesulfonate, nitro-ethane, and ethyl trans-
2-butenoate, which interfere with methane formation
cause VFAs accumulation, which in turn results in a
series of problems, such as a reduction in pH and gas
production, sludge rising, and deterioration of effluent
quality. This type of phenomenon is known as acidifi-
cation of the anaerobic reactor, an important factor
which limits the development and promotion of the
anaerobic process [13-16]. Therefore, exploring an
effective recovery strategy for anaerobic acidification
is significant for the steady operation of the anaerobic
process.

This study aims to investigate the acidification and
stability recovery process of a laboratory-scale ASBR.
Several key parameters, particularly biogas produc-
tion, methane content, pH value, VFAs concentration,
and sludge-specific methanogenic activities (SMAs),
are proposed to evaluate the reactor performance and
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diagnose the acidification of the reactor. A three-step
recovery strategy was also suggested for the efficient
recovery of the acidified reactor.

2. Material and methods
2.1. Inoculum and feed solution

The sludge investigated in this study was
inoculated from synthetic glucose wastewater
(CODip¢=3,000 mg/L) treatment ASBR previously
operated at a steady-state condition. The pH value of
the reactor was controlled in the range of 6.8-7.2,
COD removal efficiency of up to approximately 98%,
biogas production of 6.2L/d, and methane content of
54-56%. The sludge inoculum was found predomi-
nantly in flocs, and its initial SMAs in the presence of
acetate, propionate, and butyrate were 0.87, 0.65, and
0.52 gCOD/(gVSS-d), respectively.

Synthetic wastewater with glucose as the sole car-
bon source was fed into the reactor during ASBR opera-
tion. The composition of synthetic wastewater under a
steady state is as follows (in mg/L, except for the trace
element solution): COD (3,000), NH,CI (191), KH,PO,
(44), NaHCO; (3,000), MgCl-6H,O (30), NaCl (72),
Na,SO, (25.8), and trace element solution of 150 ul./L.
During the recovery process of the reactor, each compo-
nent was added to the synthetic wastewater in accor-
dance with the proportions mentioned above. The trace
element used in this study is shown in Table 1.

2.2. Experimental setup and operation

The laboratory-scale ASBR was made of tempered
glass, which had a headspace of 1.5L, liquid volume
of 45L, height of 30 cm, and diameter of 18 cm
(Fig. 1). The liquid was mixed by an axial continuous
agitation at a speed of 90 rpm, ensuring the full and
timely mixing of the liquid and biogas release. The
biogas production was measured by a wet gas flow
meter. The ORP, temperature, and pH were monitored
online by the probes (Mettler-Toledo, Switzerland),
which were connected to a data acquisition system. To
reduce the disturbance of the pressure fluctuations in
the biological metabolism and the biogas measure-
ment, an air dunnage bag was installed between the
ASBR and the gas flowmeter.

The ASBR was operated at a constant temperature
of 35+ 1°C for an 8 h cycle that consisted of 30 min
feeding, 420 min reaction (including 30 min feeding),
30 min sedimentation, 10 min withdrawal, and 20 min
idle time. The exchange ratio was controlled at 1/3,
which corresponded to a 24 h of hydraulic retention
time. The solid retention time covered 20 d.
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Table 1
Trace element solution components
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Components Concentration (g/L) Components Concentration (g/L)
FeSO,-7H,0 8 H;BO; 0.1
MnCl,-4H,O 0.5 EDTA 0.05
CoCl,:6H,0 0.88 NiCl,-6H,O 0.036
CuCl,-2H,0 0.035 (NH4)sMo07;0,4-4H,0 0.64
ZnSO4-7H,O 0.1 MgSO,47H,0 5
Motor equipped with a DB-WAX capillary column
pH probe Ij Gas meter (B0 m x 0.32 mm x 0.50 pum) and a flame ionization
ORP probe — Termp.controll detector. The temperatures of the injection port and
p.controlier
_I detector were 230 and 250°C, respectively. The oven of
‘ the GC was programmed to begin at 100°C and stay
I for 2 min, increase at a rate of 3°C/min up to 160°C,
Peristaltic = Peristaltic and then remain constant at 160°C for an additional
pump1 P pump 2 10 min. Nitrogen was selected as the carrier gas and
the flux was 20 mL/min. The burning gases were
Influent L level Effluent H,/air at 30/300 mL/min flow rate. The sample injec-
é — tion volume was 1.0 pL.

Fig. 1. Schematic diagram of the ASBR.

To investigate the acidification of ASBR by sodium
2-bromoethanesulfonate (BES) addition and its recov-
ery process, an experimental study was designed as
follows: The ASBR was initially operated at a steady
state for 10 d (CODj,¢= 3,000 mg/L) after which
20 mmol/L of BES was added into the reactor on the
11th day. The performance of the reactor was subse-
quently monitored, and acidification occurred in the
later week. Finally, a comprehensive three-step recov-
ery strategy (described in detail in the following sec-
tion) was implemented in the acidified ASBR
beginning on the 18th day.

2.3. Analytical methods

COD was determined through titration according
to the standard method [17]; pH was measured by the
electrode method; biogas production was measured
with a wet gas flowmeter; The methane content of the
biogas was analyzed using a gas chromatograph
according to a previously described method [18]; The
microscopic examination of the methanogens in the
ASBR was performed using an Olympus-BX51 fluores-
cence microscope (Japan).

The composition of the VFAs was determined
using a gas chromatograph (Agilent 6890 N GC)

2.4. Specific methanogenic activity test

A serum bottle test was used to examine the varia-
tions of sludge SMAs during the acidification and
recovery of the reactor. Acetate, propionate, and buty-
rate were used as the substrate. The initial concentra-
tion of each substrate was prepared at 2000 mg/L, and
the sludge concentration in the three serum bottle was
approximately 3 g-VSS/L. The pH of the substrate
solution was adjusted to the range of 6.8-7.2 before it
was added into the test bottles. CH, production was
measured at a regular time interval (once every 1 h)
after the test was initiated. At the end of the SMA test,
the biomass was precisely quantified using the gravi-
metric method [17]. The SMAs were calculated accord-
ing to the previously presented equation [18].

3. Results and discussion
3.1. Acidification characteristics

The pH value is a crucial indicator of the stable
operation for an anaerobic digestion system. The pH
in the reactor should be maintained in the range of
6.8-7.2 to ensure that the anaerobic metabolism pro-
ceeds successfully, particularly in the methanogenic
stage. When a small amount of BES is added to the
system, the balance of the anaerobic metabolism is dis-
turbed, which results in decreases in the pH value,
biogas production, and organic removal efficiency.
Results showed that under the steady-state conditions,
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the COD removal efficiency reaches up to 98%, and
effluent COD concentration is about 52 mg/L. The
effluent COD further increases and reaches as high as
573 mg/L on the seventh day after adding BES. The
pH value of the liquid drops from 7.01 to 6.25, and
the effluent VFAs concentration substantially
increases. The concentration of acetate increases from
28 to 309 mg/L, and the propionate concentration also
increase from 10 to 254 mg/L. These results indicate
that acidification has occurred in the ASBR.

3.2. Recovery strategy

Reducing the influent organic loading is a com-
monly used method for restoring the acidified reactor.
However, previous reports showed that this method
must be applied along with the alkali dosing method,
because that reducing the influent substrate concentra-
tion alone could not lead to an effective recovery [14].
The addition of NaHCO; could adjust the pH value to
an appropriate range without interfering with the sen-
sitive physical and chemical equilibrium of the micro-
organisms. Moreover, the CO, content of the biogas
would also be less affected, and the fluctuation of pH
is smaller than that of other chemical additions. From
these findings, the following three-step remedy strat-
egy was adopted in this study. (1) The sludge sample
is elutriated with oxygen-free water to remove the
residual BES. The high concentration of accumulated
VFAs can also be displaced and diluted in this step,
thereby reducing the toxic effects of the high concen-
tration of VFAs on the methanogens. (2) The pH value
of the mixed liquor is quickly adjusted to 6.8-7.2
through NaHCO; addition to reduce the adverse effect
of low pH on the methanogens. (3) Methanogenic
activity is recovered by gradually increasing the con-
centration of the influent substrate according to the
following sequence: 500, 1,000, 1,600, 2,000, and
3,000 mg/L.

3.3. Restoration and reconstruction process
3.3.1. Reactor performance variation

Fig. 2 illustrates the variations in the performance
of the ASBR in terms of COD removal, biogas produc-
tion, and methane content of the biogas. Under
steady-state conditions, the effluent COD concentra-
tion is as low as 52 mg/L, biogas production 6.2L/d,
and the methane content 54-56%. Adding BES into the
ASBR on the 11th day affects the performance of the
reactor in terms of the continuous decline in the COD
removal efficiency and methane production. On the
seventh day after adding BES, the effluent COD
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increases to as high as 573 mg/L, biogas production
decreases to 1.3L/d, and the methane content
decreases to 24.5%. These changes indicate that the
performance of the reactor is seriously affected and
that acidification occurs in a week after adding BES.

The recovery process of the ASBR is also shown in
Fig. 2. The sludge in the acidified situation is washed
with oxygen-free water until the high concentration of
the residual substrate is displaced. Since the COD con-
centration in the reactor decreases to 54 mg/L, the
influent substrate concentration is reduced to 500 mg/L
and then increased through five steps to restore the
acidified reactor. In the early stage of each step, the
effluent COD concentration increases by a certain
degree. Continuous running under the same organic
loading rate gradually decreases the effluent COD
until it is stabilized at a relatively low level. These
findings lead to the conclusion that micro-organisms
are unable to adapt immediately to a rise in substrate
concentration in the initial period of each stage, and
the performance of the reactor can be improved
gradually with the adaptation and recovery of the bac-
teria. Once the effluent COD is reduced and kept in a
normal range, the substrate concentration increases
again to initiate the next recovery stage. After about
50 d of recovery operation, the feeding concentration
of the ASBR reactor increases to 3,000 mg/L, the
effluent COD concentration is maintained at
approximately 53 mg/L and the organic removal effi-
ciency reaches as high as 98%. Biogas production and
methane content are also continuously recovered to
the normal level.

3.3.2. Change characteristics of the effluent pH value
and VFAs concentration

Fig. 3 presents the pH value and VFAs concentra-
tion in the ASBR effluent during the study period. The
effluent VFAs of the ASBR exhibit a profile similar to
that of the effluent COD during the recovery process.
Under the steady-state conditions, the effluent acetate
and propionate concentration are approximately 28
and 10 mg-COD/L, respectively. After adding BES on
the 11th day, the VFAs concentration constantly
increases and the pH of the liquid drops from 7.01 to
6.25. Adding BES into the ASBR inhibits the activity of
the methanogens, and thereby increases the concentra-
tion of acetate and H,/CO, in the reactor. The high
concentration of accumulated hydrogen affects the
degradation process of propionate, because the anaer-
obic degradation of propionate into acetate and H, is
thermodynamically unfavorable under standard condi-
tions (Gibbs free energy, AG"=+76 k] /mol).
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Fig. 2. Variations in the performance of the ASBR during acidification and recovery.
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Fig. 3. Variations in the effluent VFAs and pH value during acidification and recovery of the ASBR.

The accumulation of VFAs causes decrease in the
effluent pH value, which is unfavorable to the growth
and metabolism of methanogens, the ideal neutral pH
condition of which is an optimum range of 6.8-7.2.
Therefore, NaHCO; is selected as the buffer agent to
adjust the pH value to the favorable range when acidi-
fication occurs in the reactor. The pH value is always
maintained in the range of 6.8-7.2 by adjusting the
NaHCOj; dosage later in the recovering process, thus
providing an appropriate pH environment for the
recovery of methanogenic activity. After the recovery
of the ASBR, the concentration of the influent sub-
strate concentration increases to 3,000 mg/L, and the

acetate and propionate contents in the effluent
decrease to 30 and 12 mg-COD/L, respectively.

3.3.3. Restoration of the sludge SMAs

Sludge SMAs are an important parameter in evalu-
ating the methanogenic potential of an anaerobic diges-
tion system. Fig. 4 shows the changes in the sludge
SMAs during the study period. Under steady-state con-
ditions (CODjy¢ = 3,000 mg/L), the sludge SMAs based
on the substrate of acetate, propionate, and butyrate are
0.87, 0.65, and 0.52 (gCOD-CH,)/(gVSS+d), respectively.
After the acidification of the reactor, the sludge SMAs
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1.0 ‘ substantially decrease to 0.14, 0.10, and 0.12
Sludge activity decling Sludge activity recovery (gCOD-CH,)/(gVSS+d), respectively. Immediately after
N }- SMA-acetate . oomel. fidd.il’}g BES, the? act.ivity of methan(?genic organisms is
~ Sy e | 2 SA-propionate e inhibited, resulting in the accumulation of VFAs. A high
) | utyrate . N
b | concentration of accumulated VFAs lead to a significant
% 07 | 1600mg/L decrease in the pH of the reactor, which further impact
8 T } n the methane production rate of the anaerobic sludge in
K} N | 1000mg/L. subsequent operations. According to the recovery strat-
a egy used in this study, the SMAs of the sludge recover
2 3000mer. 3" to the normal level, such as that in the steady-state con-
2 iﬁij;i"cfmn ditions, after about 50 d of recultivation.
00 0 0 2 30 4 5 6 70 3.3.4. Observation of methanogens
Time (@ As a specific enzyme, the coenzyme F420

) S (7, 8-didemethyl-8-hydroxy-5-deazaribolfavin deriva-
Fig. 4. Variation in the sludge SMAs (mg/L refer to COD  jye) consists of an electron transport involved in
concentration of the glucose substrate). . s . . .

methane formation, and it is widely distributed in

Fig. 5. Photomicrographs taken under phase contrast and then with ultraviolet excitation. (a) Typical sludge flocs under
acidified conditions, phase contrast. (b) Same field as (a), photographs under ultraviolet. (c) Methanosarcina under
steady-state conditions, phase contrast. (d) Same field as (c), photographs under ultraviolet. (e) Rod-shaped methanogens
under steady-state conditions, phase contrast. (f) Same field as (e), photographs under ultraviolet.
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methanogens [19]. Coenzyme F420 radiates a typical
blue—green fluorescence with a strong absorption at a
wavelength of 420 nm, which is the autofluorescence
characteristic attributed to methanogens [20,21]. There-
fore, the typical blue—green fluorescence exhibited by
methanogenic organisms can be used to detect metha-
nogens with a fluorescence microscope [22].

In this study, anaerobic sludge was taken from the
ASBR under acidified and steady-state conditions, and
was observed through the fluorescence detection method.
Phase contrast and fluorescence photomicrographs of the
sludge flocs are presented in Fig. 5. When the reactor
acidifies, only a few of micro-organisms are detected as
methanogens in the sludge flocs (Fig. 5(a) and (b)).
However, Methanosarcina predominate in the ASBR
under steady-state conditions (Fig. 5(c) and (d)), and cer-
tain amounts of rod-shaped methanogens are distributed
in the anaerobic sludge (Fig. 5(e) and (f)). Residual
bacteria in the flocs that are not fluoresced are deduced to
be the fermentative and acidogenic microbes. Substantial
methanogenic archaea can be found distributed in the
anaerobic sludge after the reactor recovers, thus ensuring
that the anaerobic digestion proceeds efficiently.

4. Conclusions

In this study, acidification occurred in the ASBR
on the seventh day after 20 mmol/L of BES were
added into the reactor. Several important parameters,
such as the effluent COD concentration, biogas pro-
duction and the methane content, pH value, and VFAs
concentration, were monitored and used to estimate
the acidification in the reactor. The sludge activity was
initially inhibited because of the addition of BES into
the ASBR, which resulted in the accumulation of
VFAs. The accumulation of VFAs to a high concentra-
tion led to a significant decrease in the pH of the reac-
tor, which further affected the methane production
rate of the anaerobic sludge in the later stages of the
operation. A three-step recovery strategy was pre-
sented, and results showed that the acidified reactor
could be restored to a normal level within about 50 d.
Sludge fluorescent images showed that much Methan-
osarcina-like and rod-shaped methanogenic archaea
were distributed in the ASBR under steady-state con-
ditions, thus ensuring that the anaerobic digestion
proceeded efficiently.
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