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The effect of tetracycline (TC) antibiotic on biogas generation in anaerobic wastewater treatment was
studied. A lab-scale Anaerobic Baffled Reactor (ABR) with three compartments was used. The reactor
was operated with synthetic wastewater in the absence of TC and in the presence of 250 ug/L TC for 90
days, respectively. The removal rate of TC, volatile fatty acids (VFAs), biogas compositions (hydrogen
(H,), methane (CH,), carbon dioxide (CO,)), and total biogas production in each compartment were
monitored in the two operational conditions. Results showed that the removal rate of TC was 14.97-
67.97% in the reactor. The presence of TC had a large negative effect on CH, and CO, generation, but
appeared to have a positive effect on H, production and VFAs accumulation. This response indicated
that the methanogenesis process was sensitive to TC presence, but the acidogenesis process was
insensitive. This suggested that the presence of TC had less influence on the degradation of organic
matter but had a strong influence on biogas generation. Additionally, the decrease of CH, and CO,
generation and the increase of H, and VFAs accumulation suggest a promising strategy to help alleviate
global warming and improve resource recovery in an environmentally friendly approach.

Wastewater treatment plants (WW'TPs) have become an essential component to ensure necessary water sup-
plies. However, the operation of WWTPs requires a large amount of electricity, up to 0.3-0.8 kWh/m?>!. It has
been estimated that wastewater treatment accounts for about 3% of the total US electrical energy load?, whereas
the corresponding figure in China is 0.3% on average'. Consequently, a large amount of fossil fuels are used to
produce power to meet this need for electricity, which depletes fossil fuels resources and causes environmental
pollution®. Therefore, it is necessary to implement energy-saving in wastewater treatment*. Anaerobic wastewater
treatment is a technology that can meet this goal. With the characteristics of lower power consumption® and great
potential to recover renewable energy®”, anaerobic wastewater treatment has developed to be a leading suggestion
in wastewater treatment®.

Though anaerobic wastewater treatment has many advantages compared with other techniques, its adverse
environmental impact is inevitable. In the process of anaerobic wastewater treatment, both intermediates and
end-products of substrates have a significant impact on the environment. VFAs are intermediates of substrates in
anaerobic wastewater treatment. VFAs are good carbon resources for microbes and can be used as raw materials
to produce high value-added products in fermentation industry®. Additionally, VFAs can enhance electricity
generation in microbial fuel cell (MFC)*!°. The biogas, such as hydrogen(H,), methane(CH,), and carbon diox-
ide(CO,), are the end-products of substrates in anaerobic wastewater treatment. H, is a clean, recyclable, and
efficient energy carrier without adverse environmental impact and potentially plays a key role in sustainable
energy usage'!. Studies have been conducted to improve H, production to generate power to counter part of the
power consumption in wastewater treatment'>-'4. CH,, is also a renewable energy fuel form'®, which can be recov-
ered to replace the use of fossil fuels so that fossil fuels resources depletion and environmental pollution can be
relieved to some extent'®. But CH, is also a greenhouse gas. It has been reported that each molecule of CH, causes
about 25 times more global warming than a molecule of CO,". The emissions of CH, into the atmosphere will
have an adverse effect on the environment. Though CH, recovery has been started up in wastewater treatment®,
its emissions is still large. A recent study reported that the emissions of CH, in wastewater treatment is a major
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Figure 1. (A) Tetracycline concentration in the effluent of each compartment of the reactor. (B) The removal
rate of TC in each compartment.

source of CH, in the atmosphere'®. CO, is another major biogas produced in anaerobic wastewater treatment. It
is a well-accepted greenhouse gas and is widely considered to be the main cause of global warming!®?. A report
showed that the CO, emission of a wastewater treatment plant with a daily treatment capacity of 100000 tons
almost equals to total annual CO, emissions of 3856 households and 2603 medium-sized cars?!. In this point of
view, the emission of CO, in wastewater treatment greatly contributes to the global warming. Overall, the emis-
sion of biogas (H,, CH,, and CO,) in anaerobic wastewater treatment has a significant environmental impact.
Therefore, evaluation of the possible biogas generation (H,, CH,, and CO,) in anaerobic wastewater treatment is
of great significance.

However, contaminant antibiotics has been frequently detected in aquatic environment®?. The concentrations
of antibiotics range from ng/L to a few ug/L in WWTPs?? and a higher level of mg/L can be detected in certain
point sources such as hospital and pharmaceutical industry effluents?. The tetracycline (TC) group is one of the
most frequently detected antibiotics?. It is a broad-spectrum active compound, and can inhibit bacterial protein
synthesis by binding the 30S ribosomal subunit to prevent the association of the aminoacyl-tRNA to the ribo-
somal acceptor-A site resulting in a structural change of 16S rRNA%. TC is highly sorbable onto clay materials,
soil and sediments?*?’. Since TC is easily sorbed onto sewage sludge, it can inhibit the microbes in sludge and
alter biogas generation. Therefore, evaluation of the effect of TC on biogas generation in anaerobic wastewater
treatment will help to determine the potential bioresource for reuse and the environmental impact of anaerobic
wastewater treatment under TC pressure. To date, most studies of TC in wastewater focused on its removal effi-
ciency?~* and its sorption in sewage sludge®*2, but there has not been a comprehensive evaluation of biogas
generation (H,, CH,, and CO,) in anaerobic wastewater treatment under TC pressure.

As a high-rate anaerobic reactors, the anaerobic baftled reactor (ABR) has become an attractive option for
anaerobic wastewater treatment due to its multiple advantages®-¢. ABR is compartmentalized with baffles allow-
ing the partial separation of the processes of acidogenesis and methanogenesis longitudinally down the reactor so
these processes occur under their favorable conditions®, and biogas is efficiently generated.

The purpose of this study was to investigate the biogas generation under 250 pg/L TC in an ABR for a
long-term assessment of 90 days. The removal rate of TC, the levels of volatile fatty acids (VFAs), biogas compo-
sitions (H,, CH,, and CO,) and total biogas production in each compartment were monitored, and the environ-
mental impact of TC on anaerobic wastewater treatment was evaluated.

Results

Fate of tetracycline (TC) during the operation. TC was measured in the effluent and influent in each
compartment in order to ascertain its removal in the reactor. Measurement indicated that TC concentrations in
the effluent were always significantly lower than the corresponding influent as seen in Fig. 1. In C1, the removal
rate of TC ranged from 8.10-50.74% during operation, and it increased at the beginning of TC exposure. The
maximum TC removal rate (50.74%) occurred in the 12th day after TC addition, then it decreased. The rate of
this decrease slowed with time. In C2, the removal rate of TC ranged from 5.05-23.18% during operation. This
rate also increased in the first few after TC exposure. The maximum TC removal rate (23.18%) occurred the 9"
day after TC addition and then it slowly decreased and flattened out by the final 18 days of operation. In C3, the
removal rate of TC ranged from 2.52-17.71%, It reached the maximum level (17.71%) on the 15% day, plateaued
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Figure 2. Responses of VFAs in each compartment of the reactor. The data are presented as means £ SD from
triplicates for each determination, ANOVA significant at P <0.05. Separate test the significant value in TC-
absence and TC-presence wastewater condition. Different capital letters indicate significantly different values
among compartments at each monitored time, and different small letters indicate significantly different values
among exposure times in a particular compartment (DMRT, P <0.05). * and ** indicate the significant value of
T-test between TC-absence and TC-presence wastewater operation at P <0.05and P <0.01.

for a few days, increased slightly days 21-33, and then decreased and flattened out by the final 18 days of opera-
tion. Overall, the removal rate of TC was 14.97-67.97% in the reactor.

Effects of TC on volatile fatty acids (VFAs) in the ABR.  The performance of volatile fatty acids (VFAs)
under the two conditions is shown in Fig. 2. The detected VFAs were acetate and propionate, and propionate was
detected only in C1. The average concentrations of VFAs in C1, C2, and C3 were 45.33 mg/L, 27.81 mg/L, and
23.53mg/L, respectively, in the TC-absence wastewater.

The concentration of VFAs were at higher levels with TC exposure than in the absence of TC in C1 and C2:
45.99-54.80 mg/L (C1) and 29.12-39.93 mg/L (C2), corresponding to 1.01-1.35 times and 1.05-1.44 times the
average in the TC-absence wastewater. In C3, the response of VFAs was quite different from C1 and C2. In the ini-
tial 18 days with TC exposure, the concentration of VFAs was slightly higher than the average in the TC-absence
wastewater, and then showed a slight decrease during the operation. The corresponding averages of VFAs were
20.02-26.91 mg/L, which was 85.08-114.36% of the average in the TC-absence wastewater. T-test results showed
that TC has a significant effect on VFAs in days 1-18 and days 55-72 in C1, in days 19-36 and days 73-90 in C2,
and in days 73-90 in C3, and a very significant effect on VFAs in days 73-90 in C1, and in days 37-54 and days
55-721in C2.

Effects of TC on biogas compositions (H,, CH,, CO,) inthe ABR. The performances of gas composi-
tions (H,, CH,, CO,) are shown in Fig. 3. The monitored gases were H,, CH,, CO,, which are the dominant biogas
produced in anaerobic wastewater treatment process.

H, was only detected in C1 (Fig. 3A). The generation average of H, in C1 was 0.0102L/(g MLSS *d) in the
TC-absence wastewater. With TC exposure, the generation of H, in C1 showed a sharply increase. The averages
H, generation was 0.0413-0.0703 L/(g MLSS » d), which corresponded to 4.05-6.89 times that of the average in
the TC-absence wastewater. T-test results showed that TC had a very significant effect on H, generation in C1
during the exposure.

CH, (Fig. 3B) was produced in all compartments in the reactor. In the TC-absence wastewater operation, the
average generation of CH, was 0.3204L/(g MLSS+d), 0.1462L/(g MLSS *d), and 0.881L/(g MLSS +d) in C1, C2,
and C3, respectively. With TC addition, levels decreased to different extents in the different compartments. The
generation of CH, was 0.1407-0.2570L/(g MLSS d), 0.0398-0.1167 L/(g MLSS d), and 0.0337-0.0737 L/(g MLSS
d) in C1, C2, and C3 with TC exposure, which corresponded to 43.90-80.20%, 27.18-79.79%, and 38.24-83.70%
of the average in the TC-absence wastewater. T-test results showed that TC had a very significant effect on CH,
generation in all compartments during TC exposure except for days 1-18 in C3 (a significant effect).

For CO, (Fig. 3C), the average generation of CO, was 0.3970L/(g MLSS«d), 0.1364L/(g MLSS+d), and
0.0823L/(g MLSS+d) in C1, C2, and C3 respectively in the operation of TC-absence wastewater. With TC
exposure, the generation of CO, decreased to 0.1592-0.3095L/(g MLSS +d), 0.0349-0.0943 L/(g MLSS *d), and
0.0330-0.0472 L/(g MLSS « d) with TC exposure. That corresponded to 40.10-77.95%, 25.61-69.18%, and 40.07-
57.39% of the average in the TC-absence wastewater. T-test results showed that TC had a very significant effect on
CO, generation in all compartments during TC exposure.

Obviously, TC enhanced H, production and reduced CH, and CO, production, and the reduction of CH,
production was smaller than the effect on CO, production.

Effects of TC on the total biogas generation in the ABR.  The average total biogas generation in ABR
was 31.23L/d (18.62L/d, 8.06 L/d, and 4.55L/d in C1, C2, and C3, respectively) in the TC-absence wastewater
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Figure 3. Responses of biogas compositions (H,, CH,, CO,) in each compartment of the reactor: (A) H,;

(B) CH,; (C) CO,. The data are presented as means & SD from triplicates for each determination, ANOVA
significant at P <0.05. Separate test the significant value in TC-absence and TC-presence wastewater condition.
Different capital letters indicate significantly different values among compartments at each monitored time, and
different small letters indicate significantly different values among exposure times in a particular compartment
(DMRT, P <0.05). * and ** indicate the significant value of T-test between TC-absence and TC-presence
wastewater operation at P <0.05 and P <0.01.

while the corresponding average levels were 18.98 L/d (11.54L/d, 4.81L/d, and 2.63L/d in C1, C2, and C3, respec-
tively) in the TC-presence wastewater (Fig. 4). Obviously, TC showed a negative effect on the biogas generation in
our study. The total biogas decline rate was 39.23%, a combination of the increased H, production and decreased
CH, and CO, production.

Discussion
Quite different removal rate of TC either in WWTPs?”** or Lab-scale experiments have been reported?-31383,
For instance, a TC removal rate of 67.9-100% was reported by Karthikeyan and Meyer*® after secondary
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Figure 4. Responses of biogas generation in each compartment of the reactor: (A) C1; (B) C2; (C) C3; (D) Total
biogas generation in the reactor.

wastewater treatment in a WWTP. In the lab-scale experiments, Cetecioglu ef al.”® measured the removal rate of
TC as 40-90% in different phases in a anaerobic sequencing batch reactor before metabolic activities practically
declined and nearly ceased. Aydin et al.* found that TC removal efficiency ranged from 60-95%, and this rate was
lower than 3% when the COD removal efficiency and biogas production significantly decline after dosing with
an antibiotic mixture (containing TC). Kim et al.*' reported a TC removal rate of 78.4% in a sequencing batch
reactor spiked with 250 pg/L TC, and Matos et al.*® observed a 28% TC removal rate in a sequencing batch biofilm
reactor. In our present study, the overall TC removal rate was 14.97-67.97% in the reactor: 8.10-50.74% of Cl1,
5.05-23.18% of C2, and 2.52-17.71% of C3. The different results in these studies could be attributed to variations
in the anaerobic reactor types, the cultivation and operating conditions or antibiotic combinations and con-
centrations used in the studies. In our present study, the increase in the TC removal rate at the beginning of TC
exposure in all compartments and the temporary fluctuations of TC removal rate in C2 and C3 could be explained
by sorption mechanism. When sludge-solution equilibrium was reached, the TC removal rate in the relatively
balanced state could be explained by the biodegradation mechanism. As shown in Fig. 1, the TC removal rate in
all compartments increased at the beginning of TC exposure because the adsorption capacity of sludge was high
and the TC was easily sorbed onto sludge. As sorption continued, the adsorption capacity of sludge decreased,
resulting in a decrease in the TC removal rate. The TC removal rate in C2 and C3 declined slower than in C1. This
was probably due to the delay of reaching sludge-solution equilibrium in subsequent compartments due to the
influenced of the effluent from the prior compartment. The slight increase of TC removal rate in C3 during days
21-33 resulted because the increase of effluent TC concentration from front compartment forced the sludge to
absorb a lot of TC to reach a new sludge-solution equilibrium. With longer processing time, TC trended to reach
sludge-solution equilibrium in all compartments, and then TC removal rate reached a relatively balanced state.
During this time, sorption was in a dynamic balance and had very little to do with TC removal, so biodegradation
was responsible for the TC removal in this period. In general, sorption and biodegradation could explain the TC
removal rate in our study, and sorption was the main factor, which is consistent with most previous studies?.
VFAs were intermediate of substrates in the acidification processes of anaerobic biodegradation, and resulting
in the eventual production of H,, CH, and CO,. The determination of VFAs is an essential prerequisite to deter-
mine the impact of TC on metabolic activities under anaerobic conditions. In our present study, the detected
VFAs were acetate and propionate, and propionate was only detected in C1. This indicated that the fermentation
pattern in the reactor was typical of propionic-type fermentation, and the conversations of propionate to acetate
was more efficient in C2 and C3. As seen in Fig. 2, the concentrations of VFAs in C1, C2, and C3 on average
were 45.33 mg/L, 27.81 mg/L, and 23.53 mg/L, respectively, in the TC-absence wastewater. Obviously, VFAs con-
centration decreased longitudinally down the reactor due to the compartmentalization of the active processes
of acidification and methanogenesis, VFAs were produced during the acidification, so the front compartment
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would likely generate more VFAs. Additionally, the available substrates for acidification decreased and the effi-
cient conversations of VFAs to CH, and CO, increased longitudinally down the reactor. That is consistent with
the previous studies®*. With TC exposure, the concentration of VFAs in C1 and C2 corresponded to 1.01-1.35
times and 1.05-1.44 times higher than that of the average in the TC-absence wastewater. Similar findings were
reported by Aydin et al.*! who found that feeding an antibiotic mixture (containing TC) feeding in an anaerobic
sequencing batch reactor showed a greater accumulation of VFAs during anaerobic digestion compared with a
no-antimicrobial control. Stone et al.*? also reported that the concentration of VFAs increased in the presence of
oxytetracycline (a kind of TC antibiotic) during operation of an anaerobic digester. The accumulation of VFAs
resulted from change in the dynamic balance of generation from glucose acidification by acetogens and H,/CO,
conversion by homoacetogenic bacteria, and the utilization of acetate by aceticlastic methanogens to produce CH,
under anaerobic conditions'®. There are three reasons for the increased VFAs accumulation observed in our study.
First, acetate conversion would be inhibited because the presence of the antibiotic could have a dramatic effect
on aceticlastic methanogens*#4, this is consistent with the decrease of CH, production shown in Fig. 3B. Second,
the conversion of H,/CO, by homoacetogenic bacteria to acetate might be promoted because more H, (Fig. 3A)
was available with TC exposure, but this process required certain conditions and thus only made a small contri-
bution’®. Third, COD degradation efficiency was promoted in the TC-presence wastewater (see Supplementary
Information Figure S1), which indicated increased VFAs generation. That further suggested that acetogens could
survive and proliferatee under these conditions because sensitive species were inhibited, as demonstrated by
faster growth kinetics and a better adaption rate of antibiotics**. Additionally, the temporary fluctuations of VFAs
concentration matched the fluctuations of COD degradation (see Supplementary Information Figure S1), sug-
gesting which illustrated that glucose acidification played a role in the observed change in VFAs concentration.
In C3, the response of VFAs was quite different from that of C1 and C2 and the concentration of VFAs in the
TC-presence wastewater was 85.08-114.36% of the average in the TC-absence wastewater. Except for the initial
18 days of TC exposure, the concentration of VFAs was lower than the average in the TC-absence wastewater dur-
ing operation. The reasons were illustrated as follows. Glucose acidification was promoted in the initial 18 days
(see Supplementary Information Figure S1), which could explain the temporarily higher level of VFAs concen-
tration in the TC-presence wastewater than in the TC-absence wastewater during that time. With time increased,
glucose acidification was inhibited (see Supplementary Information Figure S1) and the VFAs generation was
decreased, which was mainly due to the inhibition of acetogens. C3 was a weak zone of acidification and aceto-
gens were vulnerable to TC inhibition under its continuous stress. Though VFAs accumulation can be enhanced
by the inhibition of the conversion of VFAs to CH, by aceticlastic methanogens, the inhibition generation from
glucose acidification by acetogens caused a decrease in VFAs, resulting in a lower concentration of VFAs in
TC-presence wastewater treatment.

H, was measured in C1, but it was not detected in C2 and C3. A similar was reported by Ban et al.** who
detected H, only in the front few compartments of ABR. In the ABR, the active zone of acidogenesis and meth-
anogenesis are longitudinally down the reactor. C1 was an active acidification zone and H, was effectively
produced. C2 and C3 show increasing active methanogenesis, in which H, can effectively transfer to CH, by
hydrogenotrophic methanogens. The measured H, was significantly promoted in C1 with TC exposure (Fig. 3A),
reaching levels 4.05-6.89 times of the average in TC-absence wastewater. H, is generated from glucose acidifi-
cation by acetogens, and homoacetogenic bacteria or hydrogenotrophic methanogenes can utilize H, to convert
acetate or CH,. As discussed in the VFAs section, glucose acidification was more efficient in the presence of TC
in C1 (see Supplementary Information Figure S1), which could enhance H, generation. Additionally, hydrogen-
otrophic methanogens were inhibited under TC pressure**, which reduced H, consumption and thus resulting in
an increase in H, accumulation.

CH, is the terminal end-product of glucose anaerobic digestion. Aceticlastic methanogens and hydrogen-
trophic methanogens are primarily responsible for this process. Aceticlastic methanogens transform acetate to
CH, (about 70% of the total CH,) and hydrogentrophic methanogens can utilize H,/CO, to produce CH, (about
30% of the total CH,)***’. The production of CH, in the TC-presence wastewater in C1, C2, and C3 corresponded
t0 43.90-80.20%, 27.18-79.79%, and 38.24-83.70%, respectively, that of the average in the TC-absence wastewa-
ter. TC reduced the production of CH, in all compartments. Similarly, a 25% reduction in CH, generation by the
presence of TC was reported in swine manure sequencing batch reactors*® and a 50% reduction in CH, generation
was reported in an anaerobic digestion in the presence of chlortetracycline (a kind of tetracycline antibiotic)®.
The inhibition of both aceticlastic methanogens and hydrogentrophic methanogens under TC pressure likely
explains the decrease of CH, production and the increase in VFAs (Fig. 2) and H, (Fig. 3A) accumulation in our
study resulted from this inhibition. This is consistent previous studies which suggested that methanogens are
more sensitive to changes than other microorganisms under antibiotic pressure in anaerobic digestion®*!.

Glucose acidification by acetogens and acetate conversion by aceticlastic methanogens are the two path-
ways for CO, generation in anaerobic condition. The utilization of CO, (by combining with H,) to convert CH,
(hydrogentrophic methanogens) or acetate (homoacetogenic bacteria) also affect the CO, accumulation. In our
study, CO, production in C1, C2, and C3 in the TC-presence wastewater corresponded to 40.10-77.95%, 25.61-
69.18%, and 40.07-57.39% of the average in the TC-absence wastewater. Obviously, TC reduced CO, production,
similar to the findings of Stone et al.>* who reported that chlortetracycline (a kind of tetracycline antibiotic)
resulted in a 28.4% reduction of CO, production during batch anaerobic swine manure digestion. Aceticlastic
methanogens and hydrogentrophic methanogens were both inhibited under TC pressure, but inhibition of these
organisms showed different effects on CO, generation®>*!. The inhibition of aceticlastic methanogens resulted
in the decreased CO, generation but the inhibition of hydrogenotrophic methanogens exerted a positive effect
on CO, accumulation (reduced CO, consumption). Overall, hydrogenotrophic methanogens were less sensitive
than aceticlastic methanogens®*>* and the accumulation of CO, from the inhibited H,/CO, conversion (hydrog-
enotrophic methanogens) made a smaller to CO, accumulation'. The process of H,/CO, conversion to acetate
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(homoacetogenic bacteria) only occurred under certain conditions similarly played only a small part in CO,
accumulation'. As the changes of hydrogenotrophic methanogens and homoacetogenic bacteria groups only
modestly affect CO, consumption. Therefore, the inhibition of aceticlastic methanogens was the best explanation
for the decrease in CO, production.

Overall, the TC removal rate was 14.97-67.97% in the reactor. TC had a large negative effect on CH, and CO,
generation, which caused a large decrease of total biogas production. However, the presence of TC apparently had
a positive effect on H, and VFAs accumulation. All this responses indicated that the methanogenesis process was
sensitive to TC presence, but the acidogenesis process was insensitive. This suggests that the presence of TC had
less influence on the degradation of organic matter but had a strong influence on CH, and CO, generation. The
reduced CH, and CO, production is beneficial for emission reduction in anaerobic wastewater treatment, which
can alleviate the greenhouse effect and global warming. Additionally, additional electricity can be produced from
the additional H, and VFAs accumulation, which can help reduce the use of fossil fuels. Also, VFAs can be used
as raw materials for production of higher added value fermentation products. Overall, the promoted H, and
VFAs accumulation can provide higher added values for resource recovery*->’, which is good for energy-saving.
Regardless of the inhibition of mechanism, the presence of TC in wastewater provides a new point of view for
energy-saving and emission reduction in anaerobic wastewater treatment. Therefore, methods can be used in
anaerobic wastewater treatment to avoid the negative effects of TC and benefit from TC’s positive effects.

Methods

Bioreactor System. A lab-scale Anaerobic Baffled Reactor (ABR) (455 x 150 X 400 mm, LWH) with a work-
ing volume of 21.0 L was employed for the investigation. It was separated into three compartments (named as C1,
C2, C3 in sequence) with a volume ratio of 1.5:1:1, and each compartment was further divided into down-flow
and up-flow sections, with a volume ratio of 1:3 by vertical baffles. A bottom edge slanted at 45° produced effec-
tive mixing and intimate contact between the wastewater and anaerobic sludge. Each compartment was set with
two sample outlets (the upper one for water sample collection and the bottom one for sludge sample collection)
on the side of up-flow section and one gas collection outlet on the center of the upper section. The reactor oper-
ated at 35(£1) °C in a dark environment in a calorstat and the feed was pumped into the reactor by a peristaltic
pump. The evolved biogas was collected from the gas collection outlet of each compartment and was daily meas-
ured by wet gas meters (Model LML-1, Changchun Filter Co, Ltd).

Seed sludge. The reactor was seeded with anaerobically sewage sludge taken from the anaerobic reactor of
Lijiao municipal sewage treatment plant (Guangzhou, China), which applied anaerobic-anoxic-oxic technology
to the treatment. It was sieved (0.3 mm) to remove debris and large particles at first, and then introduced into
compartments of one third volume of each compartment. The characteristics of inoculated sludge are described
as follow: MLSS (g-L™1), 24.67, MLVSS/MLSS (%), 61.33, pH, 6.58, moisture content (%), 97.3%.

After seeding, the reactor was sealed, and the head space above each compartment was flushed with nitrogen
gas to remove residual air from the system®.

Reactor started up and operating conditions. The system was started up at a hydraulic retention time
of 24h with an initial influent COD of 500 mg-L~! and then was increased to 2,000 mg-L~! stepwise. And the sys-
tem was fed by synthetic wastewater composed of glucose, ammonium chloride and a number of nutrients and
trace elements in order to provide a balanced feed to the reactors. The composition of synthetic wastewater was
as follows (in g-L™!): Glucose, 2; NH,Cl, 0.032; KH,PO,, 0.1316, FeSO,-7H,0, 0.014, MgSO,, 0.248. Additionally,
trace elements solution were used 1 milliliter per litre of synthetic wastewater, the composition of trace elements
solution were as follows (in mg-L™!): CaCl,-2H,0, 330, CoCl,-6H,0, 240, MnCl,-4H,0, 990, NH,Mo00,-4H,0, 9,
NiCl,-6H,0, 190, EDTA, 5000, H;BO,, 14, ZnSO,-7H,0, 430, CuSO,-5H,0, 250%*. NaHCO; was added to make
an influent pH value of 7.5+ 0.1. During an initial start-up period of 56 days, the ABR got stabilized. After sta-
bilization, the reactor was operated in the synthetic wastewater in the presence and absence of TC for 90 days,
respectively.

Analytical methods. The reactor was monitored daily for total biogas generation, COD (chemical oxygen
demand). Gas compositions (H,, CH,, CO,), volatile fatty acids (VFAs), MLSS (mixed liquor suspended solids)
were measured every 6 days, and the soluble TC concentration were measured every 3 days.

Total biogas generation was measured by the wet gas meter (Model LML-1, Changchun Filter Co, Ltd). COD,
and MLSS were determined according to the Standard Methods™®.

Biogas compositions (H,, CH,, CO,) and VFAs were analyzed by a gas chromatograph (Agilent Technologies
7820 A, USA) equipped with a thermal conductivity detector (TCD) and a flame ionization detector (FID). Biogas
compositions (H,, CH,, CO,) were determined by the thermal conductivity detector (TCD) equipped with stain-
less steel column (2m x 3.2 mm) packed with TDX-01 (80/100 mesh)*, the operational temperatures of injector,
oven and detector were kept at 100, 100, and 200 °C, respectively. N, was used as a carrier gas at a flow rate of
35mL/min. The sample injection volume was 1 mL. Volatile fatty acids (VFAs) were analyzed in the soluble phase
by using the flame ionization detector (FID) equipped with a HP-FFAP capillary column (30 m x 0.32 mm inter-
nal diameter)®. The operational temperatures of injector and detector were kept at 220 °C and 250 °C, respec-
tively. The oven temperature programme started at 90 °C and after 3 min was increased by 20 °C/min to 120°C
and then held for 6 min. N, was used as a carrier gas at a flow rate of 40 mL/min. The sample injection volume
was 1pL.

SPE (Oasis HLB cartridge, 500 mg, 6 mL, Waters, Milford, MA) and HPLC-MS/MS (Agilent 1200 Series,
Agilent QQQ 6410, USA) were used to analyze soluble concentrations of TC. An Agilent XDB-C18 analytical col-
umn (2.1 x 150 mm, 3.5 pum) was used, and the column temperature was 23 °C. Solvents B and C were acetonitrile
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and 0.2% formic acid in nanopure water, and the flow rate was 0.4 mL/min. The percentage of solvent B and C
were 15% and 85%, respectively. The sample injection volume was 3 uL. TC were ionized in the positive ionization
mode and analyzed with the following parameters: capillary voltage 4000 V; nebulizer pressure 35 psi; drying gas,
N,, 8 L/min; gas temperature 350 °C.

Statistical analysis. Average and standard deviation values were calculated according to standard proce-
dures. Two-way analysis of variance (ANOVA), i.e. Duncan’s multiple range test (DMRT) and T-test, were used to
compare mean values and to assess the significance of the differences between mean values. All statistical analyses
were carried out using the SPSS statistical software, version 19.0.
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