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Abstract

Hydrolyzed polyacrylamide (HPAM) biotransformation in an up-flow anaerobic sludge blanket reactor including biodegrada-
tion performances, biodegradation mechanisms, key enzymes, and functional microorganisms was explored. Response surface
methodology was applied to further improve HPAM degradation. The predicted degradation ratios of HPAM and COD, were
46.2% and 83.4% under the optimal conditions. HPAM biodegradation ratio and total organic carbon removal ratio reached
40.5% and 38.9%. Total nitrogen concentration was dramatically decreased with the increasing fermentation time during the
fermentation, while low ammonia nitrogen (NH,"—N) and nitrite nitrogen (NO,™-N) were generated. NH,*-N and NO,-N
increased slightly on the whole. Enzyme activity change was correlated with HPAM biodegradation. Dehydrogenase activity
had a decline of 21.3-41.0%, and the minimum value occurred at 300 mg/L of HPAM. Urease activity was varied from 28.7
to 78.7% and the maximal inhibition ratio occurred at 200 mg/L of HPAM. Mechanisms for the biodegradation of HPAM
were also explored by FT-IR, HPLC, and SEM. The results indicated that long-chain HPAM was broken into micromolecule
compounds and the amide groups of HPAM were transformed into carboxyl groups. Based on the sequencing results on an
Illumina MiSeq platform, Proteobacterias, Bacteroidetes, and Chloroflexi were turned out to be the critical microorganisms
involved in HPAM degradation. This work lays a basis for HPAM-containing wastewater treatment and offers a support for
water saving and emission reduction. It is of great significance to the sustainable development of oilfield.

Keywords Hydrolyzed polyacrylamide - Up-flow anaerobic sludge blanket - Biodegradation mechanisms - Enzyme
activities - Key microorganisms
Introduction

Hydrolyzed polyacrylamide (HPAM) made of either acryla-
mide or a combination of acrylamide and acrylic acid [1]
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issue. In general, HPAM is considered as not toxic [4], but
the intermediates of HPAM degradation, especially the
acrylamide monomer (AMD) due to incomplete polymeriza-
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The results of HPAM biodegradation performance seem
contradictory. Haveroen et al. [8] illustrated that microbial
activities and methanogenesis could be stimulated by PAM
in anaerobic environments which lacked nitrogen sources.
However, it was shown that carbon backbone of PAM could
be broken and the amide could be used as nitrogen source in
anaerobic or aerobic process environments [8]. Grula et al.
[9] demonstrated that PAM could be transformed into poly-
acrylates through inducible amidase, but it cannot be used
by microorganisms as a carbon source.

Recent studies have mainly paid attention to the vari-
ous operation parameters and performance during the bio-
treatment process. Several reports can be found focusing on
the toxicity of HPAM and the intermediate products on the
performance of bio-treatment which is regarded as critical
factors. Enzyme and functional microorganism also could
sensitively characterize the performance of activated sludge
[10]. In general, microbial activity of activated sludge was
represented by enzyme, for example, urease, phosphatase,
and amidase [11] which tended to be restrained by toxic
substance [12]. When microbial community was exposed
to the noxious substance, its structure was often consider-
ably changed in activated sludge [13]. Due to the different
microbial species, microorganisms had varied affects on pol-
lutants’ biodegradation [14, 15]. However, the study about
improving the removal of HPAM by optimizing the structure
of microbial community in anaerobic activated sludge fer-
mentation systems has not been reported.

The objectives of this paper are to: (1) determine how
HPAM could be utilized by microorganisms; (2) reveal
the mechanisms of amide hydrolyzation and carbon chain
breakdown of HPAM under the optimal operating condi-
tions obtained from RSM; (3) clarify the effects of HPAM
concentration on enzymatic activity; and (4) explore the
effect of HPAM on the microbial community by the Illu-
mina MiSeq platform.

Materials and methods
Activated sludge sample, HPAM and wastewater

Activated sludge was collected from Qingdao Shazikou
Wastewater Treatment Plant. The main characteristic of acti-
vated sludge was as follows: 1-2 mm of average particle size,
pH 6.9+0.2, 31.2 of Sludge Volume Index (SVI), 12.8 g L™!
of volatile suspended solid (VSS), and 23.5 g L™ ! of total
suspended solid (TSS). The constitution of the laboratory
wastewater was as follows: 1500 mg L™'-1600 mg L™! of
chemical oxygen demand (COD¢,), 500 mg L~! of HPAM,
pH 6.5-7.5. The addition of glucose was to regulate COD,
and the addition of NaHCO; was to control pH value. With
NH,CI, KH,PO, and trace-element addition (Fe, Mn, Cu,
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Co, and Ni), the growth of microorganisms could be posi-
tively improved [16].

Experimental setup and start-up

The anaerobic biodegradation experiment of HPAM was
conducted in an UASB reactor. The working volume of
UASB whose height is 80 cm with an internal diameter of
8 cm was 7.5 L. The MLSS concentration in the UASB reac-
tor was maintained about 5000 mg L~!. Continuous opera-
tion was carried out during the whole experiment. In the
start-up period, the reactor was fed with the laboratory sew-
age as described above. In addition, the organic loading ratio
was gradually promoted by increasing a set of concentration
of HPAM from 50 to 500 mg L™!. During the whole accli-
mation period, HPAM degradation ratio and COD, removal
ratio were examined. The UASB reactor reached stable state
after 49 days. When HPAM removal was inclined to steady,
sludge and effluent samples were collected to assess HPAM
biodegradation, enzyme activity, and microbial community.

Determination of HPAM removal

In this paper, HPAM was examined via the method of
starch—-cadmium iodine [17]. CODg,, TN, NH, "N, and
NO, -N were measured by the standard methods. A TOC
analyzer (TOC-Vcpn, Shimadzu, Japan) was used for deter-
mining TOC. The preparation of HPAM samples for SEM,
HPLC, and FT-IR analysis was provided by Pi et al. [18].
The prepared samples were analyzed by SEM (Model
TM-1000, Hitachi, Japan), HPLC (Waters 2998, Agilent,
America), and FT-IR (Model Tensor 27, BRUKER, Ger-
many), respectively. The content and kind of VFAs from the
fermentation period were also detected.

Response surface methodology for optimizing
HPAM degradation

Traditional multi-factor optimization experiment ignored the
joint effect among influencing factors [19]. During the operat-
ing process of UASB, response surface methodology (RSM)
was applied to evaluate interactive influence of operating fac-
tors. The factors investigated were initial hydraulic retention
time (HRT) (A), pH (B), and temperature (C). Three-level and
three-variable box-behnken designs (BBD) were conducted to
achieve the highest biodegradation of HPAM and CODg, in
UASB reactor. The levels of independent variables determined
by single-factor experiments are illustrated in Table 1. To fit
the experimental data, a predictive quadratic model with multi-
ple regressions was selected. To graphically analyze the statis-
tical significance of the models, analysis of variance (ANOVA)
was employed. The model terms were estimated by the p
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Table 1 Experimental range and coded levels of the independent var-
iables

Coded levels Variable ranges

A, HRT (h) B, pH C, T(°C)
-1 12 7.0 20
0 24 7.5 30

36 8.0 40

value, which was recommended that low p value (<0.05) of
the quadratic model was appropriate for both responses [20].

Enzyme activity analysis

Dehydrogenase widely existed in the tissue of animals and
plant and the microorganisms’ cells. It can initiate enzy-
matic reactions which catalyze the oxidation of a wide
range of substrates. Oxidization capability of activated
sludge and microorganism activity [21] can be explored
by means of measuring dehydrogenase activity. It was
determined using 2,3,5-triphenyltetrazolium chloride
(TTC) [22]. Urease catalyzes urea hydrolysis to ammonia
and CO, [23]. Urease found in large-scale microorgan-
isms and plants plays a significant role in urea conver-
sion. The products of enzymatic reactions can provide
nitrogen source. Urease activity could describe the soil
N supplying capacity. It was tested by the amount of the
production of ammonia. Urease activity was determined by
the method of Yao et al. [15]. Due to widely existence of
phosphatase in soil organisms, it has also acted as an ordi-
nary biochemical indicator in characterization activity of
activated sludge. Phosphatase activity was measured using
the method of Joner and Johansen [24]. At the same time,
activities of dehydrogenase, urease, and phosphatase were
monitored. Each treatment was sampled for three times of
each enzyme activity, and average figures would be avail-
able for the three enzymes.

Determination of the critical microorganisms
of HPAM degradation

The samples of activated sludge from different operating’
stages of UASB (feed sludge, acclimated activated sludge, and
accumulated sludge after long-term UASB operation) were
collected to determine critical microorganisms for degrading
HPAM. The microorganisms were sequenced on an Illumina
MiSeq platform.

Results

Optimized biodegradation condition of HPAM
by response surface methodology

To optimize the operating parameter of UASB, RSM was
carried out with three variables at three levels and 17 runs.
The optimal combination of the initial HRT (A), pH (B),
and temperature (C) was explored by a Box—Behnken design
(BBD). The BBD design achieved the highest biodegrada-
tion of HPAM that was further validated. Two best fit model
equations for the biodegradation of HPAM (Eq. 1 and Eq. 2)
were generated as follows:

Rypam = 42.7 + 10.0A — 0.8B + 3.2C — 0.6AB + 2.6AC

1
—0.4BC - 9.1A* - 5.9B> - 7.7C?, M

Reop = 81.5+4.7A — 0.6B +2.7C — 0.2AB + 2.1AC

2
—0.2BC — 4.8A% — 4.0B*> — 4.8C?, @

where A, B, and C are independent factors described above;
RypaM degradation Means the predicted response of the biodeg-
radation ratio of HPAM; Rop gegradation Me€ans the predicted
response of the degradation ratio of COD,. Two models
of F reflected a fairly low p value (<0.05), indicating that
obtained models were significant and displayed a good pre-
diction for experiment data [25]. R? value was checked to
evaluate the adequacy of the models. R* value was gener-
ally recommended higher than 0.9 to make sure the model
to adjust the models to the experimental data [26]. The
values of the predicted R* (R*=0.995 for Ry;pay degrada-
tion, and 0.962 for Rcqp, degradation) and the adjusted R>
(R2adj =0.988 for Rypay degradation, and 0.914 for Rqp
degradation) indicated that the models were sufficiently
reliable. Adequacy precision ratio was evaluated to char-
acterize signal-to-noise (S/N), which was considered suffi-
ciently satisfactory for the model if the ratio was above four
(adequacy precision ratio =31.8 for Rypsp degradation and
adequacy precision ratio=11.1 for Rypsy degradation) [27].
If a model’s CV is no more than 10%, it can be considered
reasonably reproducible [28]. Consequently, the relatively
low coefficients of variation (CV =3.5% for Rypay; degrada-
tion, and 2.3% for R degradation) implied high accuracy
of fitting and the reliable prediction.

To explore the relationship between three variables,
3D surface graphs of RSM are displayed in Fig. 1. HPAM
removal clearly illustrated the significantly influence by the
combinations of factors. The optimal conditions (i.e., 7.5 of
pH, 31 h of HRT and 33 °C of temperature) were reached
maximum biodegradation ratio of HPAM and COD, simul-
taneously. With this condition, the predicted degradation
ratio of HPAM and COD, was 46.2% and 83.4%. However,
the optimum operating parameters are: 7.5 of pH, 31 h of
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Fig. 1 Three-dimensional surface for the degradation of HPAM and COD in UASB under different conditions

HRT and 33 °C of temperature considering the actual situ-
ation of production.

HPAM removal efficiency

To explore HPAM removal efficiency, ultraviolet spectro-
photometer and TOC analyzer were employed to test the
wastewater samples without other carbon source before and
after UASB treatment were analyzed. The HPAM biodegra-
dation ratio based on ultraviolet spectrophotometer under the
conditions of the optimum operating parameters can reach
about 40.5%, while the results of HPAM removal efficiency
based on TOC are shown in Fig. 2a. The HPAM biodegrada-
tion ratio was about 38.9% based on TOC analyzer. In addi-
tion, the effluent from the first two outlets of UASB which
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accumulated most of the activated sludge contributed more
to the HPAM biodegradation ratio based on TOC (Fig. 2a).

HPAM removal based on nitrogen transformation

The HPAM wastewater samples before and after biodegrada-
tion without other nitrogen source were analyzed to explore
the nitrogen biotransformation of HPAM. The TN was
approximately 5000 umol L™ and was found in the influ-
ent, while no NO,™—N, NO;™N, and NH4+—N was observed
(Fig. 2b). Regarding the effluent, TN concentration was dra-
matically decreased with the increasing fermentation time
during the fermentation, while low NH,"-N and NO, -N
were generated. NH,*-N and NO, -N increased slightly
on the whole.
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Fig.2 a TOC variation in the UASB (from bottom to top of UASB, the samples are effluent, outlet 1, outlet 2, outlet 3, outlet 4, outlet 5, efflu-

ent.); b variation of TN, NH,*, and NO,™ in the UASB

HPAM biodegradation based on SEM

For purpose of comparing the surface morphology change of
HPAM during the anaerobic fermentation processes, HPAM
of different stages, including solid, solution, after UASB
treatment, were observed via SEM (Fig. 3). SEM micro-
graphs revealed that the surface of HPAM solid was not
smooth, which had sharp corner (Fig. 3a), while the HPAM
solution (Fig. 3b) became flat; Fig. 3c shows that the HPAM
molecular was cleaved into short rod-like after anaerobic
fermentation, which can be be taken as an indirect evidence
that high-molecular HPAM could be furthered biodegraded
into small molecular fragments by microorganisms.

HPLC analysis before and after HPAM
biodegradation

Before and after the anaerobic fermentation processes with-
out other carbon resource, the HPAM wastewater samples
and a standard acrylamide monomer sample were character-
ized via HPLC to explore the structure change of HPAM and
whether the degradation product contained acrylamide mon-
omer. The HPLC profiles of HPAM before and after UASB
treatment are shown in Fig. 4a. In the liquid chromatogram

of the wastewater sample, the appearances of two peaks were
at 4.459 and 5.034 min of retention times, respectively. After
biodegradation, retention times of the two peaks transferred
to 4.346 and 4.943 min (Fig. 4a). In addition, the areas of
these peaks were reduced as well. As shown in Fig. 4a,
the peak of the acrylamide monomer (retention time was
6.897 min) had not been found in chromatogram of waste-
water after biodegradation. In addition, during fermentation
time, acetic acid was detected.

FT-IR analysis before and after HPAM
biodegradation

The samples incubated under the optimum operating condi-
tions were analyzed by infrared spectroscopy (Fig. 4b). The
changes of structure were determined through comparing
absorption peaks of samples. The peaks at 1475, 1564, 1120,
1666, and 3440 cm™! represented absorption peaks of N—H,
C-0, C-N, and C=0 bonds and amide group [29]. The peak
at 3440 cm™~! which represented amidogen became wider
after biodegradation. It indicated the amidogen level had
decreased. However, the peaks of C—N stretching vibration
(1120 cm™") were still found in the samples after biodeg-
radation, which indicated the present of amide groups and

Fig.3 SEM photos of different HPAM samples a HPAM solid; b HAPM solution; ¢ HPAM after biodegradation
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the appearance of partly hydrolyzed HPAM in the samples.
Simultaneously, the peak at 1666 cm™! disappeared and
became a weak peak at 1564 cm™!, indicating that amide
had been transformed into the carboxyl. Besides, peaks of
C-N (1120 cm™') and C=0 (1666 cm™ ") became weaker
after biodegradation than that before biodegradation.

Enzyme activity analysis in the process of anaerobic
HPAM degradation

The activities of phosphatase urease and dehydrogenase
varied with HPAM concentrations (Fig. 5a) and different
fermentation times (Fig. 5b). The enzyme activities were
also inhibited by different concentrations of HPAM and fer-
mentation times. In Fig. 5a, dehydrogenase activity had a
decline of 21.3-41.0%, and the minimum value occurred
at 300 mg L~! of HPAM. Urease activity was varied from
28.7 to 78.7% and the maximal inhibition ratio occurred
at 200 mg L™! of HPAM. In addition, phosphatase activity
declined slightly with HPAM concentration on the whole.
The enzyme activity with different fermentation times
and corresponding 500 mg L~! HPAM degradation ratio
is shown in Fig. 5b. In the first 7 days, the treatment of
500 mg L=! HPAM had slight inhibitory effect on dehydro-
genase activity compared with control group. During the
rest time, dehydrogenase activity increased with time up to
the 28th day and then showed slightly decrement. Compared
with the control, dehydrogenase activity was characterized

by significant inhibitory effect. In general, HPAM can inhibit
the activation of dehydrogenase in both the short term and
the long term, indicating that HPAM is harmful to indig-
enous microorganisms. Urease activity was significantly
activated by HPAM present in the 14th—35th day. In the 42th
day, urease activity tended to the level of control. In general,
the activation of urease can be lasted for a long time which
shows the stimulation effect on the indigenous microorgan-
isms. Except for the 7th day, phosphatase activity tended to
the level of control during the fermentation time of 42 days.
In addition, phosphatase activity was slightly activated in
the 7th day, which revealed that HPAM treatment had some
certain effects of activation on phosphatase.

Enzyme activity change was correlated with HPAM
biodegradation during fermentation. As shown in Fig. 5b,
the tendency of HPAM removal showed certain correlation
with the content of dehydrogenase, which indicated that
dehydrogenase activity change was well coincident with
HPAM removal. The tendency of HPAM biodegradation
was consistent with the change of urease which worked on
linear amide bond. Compared with the tendency of HPAM
removal, the trend of phosphatase showed in opposite direc-
tion, as shown in Fig. 5b.

Key microorganisms involved in HPAM degradation

To explore the relationship between microbial distribu-
tion characteristics and the biodegradation of HPAM, a

r100
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long-period running UASB of HPAM wastewater treatment
was carried. The samples were gathered under different
cultivation stages (the seed sludge, acclimated activated
sludge in UASB, accumulated activated sludge in UASB
after 10 months’ cultivation). In the UASB after fermenta-
tion stages, the microbial community structures were studied
on an Illumina MiSeq platform to evaluate bacteria biodi-
versity of sludge from different fermentation stages. Table 2
shows that the sequences of bacteria from different stages in
the UASB were identified to contain 2269, 2049, and 1522
OTUs, respectively.

The Shannon diversity index was applied to represent the
samples collected from the UASB under different cultiva-
tion stages (Table 2). Obvious differences were found in the
diversities of the three microbial populations. Seed sludge
had the highest diversity (6.0) followed by the accumulated
activated sludge (5.0) and the acclimated activated sludge
(4.1). This probably reflected part of microorganisms in the
seed sludge which could not adapt to the wastewater con-
taining HPAM were eliminated by complicated and chang-
ing wastewater environment, while part of microorganisms
in the seed sludge which adapted to high concentrations of
wastewater containing HPAM survived and then reproduced.

From Fig. 6, significant changes were observed in the
microbial communities of sludge to adapt to the operation
conditions and the HPAM environments. Proteobacteria,
Bacteroidetes, Planctomycetes, and Chloroflexi accounted
for 28.8%, 20.3%, 10.6%, and 7.4% in seed sludge, respec-
tively, whereas those in acclimated activated sludge were
determined to be 36.5%, 33.4%, 2.9%, and 4.0%, respec-
tively. Besides, Fusobacteria was also one of the predomi-
nant phyla in the acclimated activated sludge. Proteobac-
teria, Bacteroidetes, Planctomycetes, and Chloroflexi were
present in the accumulated sludge after long-term UASB
operation and accounted for 23.3%, 39.1%, 3.8%, and 4.3%,
respectively.

Discussion
HPAM biotransformation

Based on starch—cadmium iodine method, the removal of
HPAM exceeded that reported in the previous researches
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Fig.6 Phylum-level distributions of bacterial populations involved in
the biological hydrolysis of HPAM with different stages

[26, 30, 31]. HPAM removal under the same conditions con-
ducted by anaerobic baffled reactor (ABR) [32] can reach
48.1% higher than by UASB reactor, while the removal effi-
ciency based on TOC conducted by ABR [32] can merely
reach 32.9% lower than by UASB. Results of two methods
seem different. It can be explain by determination method
of HPAM biodegradation based on starch—cadmium iodide
method which only measures the amount of amide—N.
Results of TOC indicated C—C bond break was associated
with HPAM degradation, which is also reported in the litera-
ture [33]. TOC of HPAM sample after degradation decreased
dramatically manifested long-chain HPAM was partly bro-
ken into micromolecule compounds and inorganic sub-
stance. Similar to TOC analysis, the results of SEM (Fig. 3)

Table 2 Sequence diversity and
library coverage estimates

Different degradation conditions Seed sludge Acclimated activated ~Accumulated
sludge activated
sludge
Number of valid sequence 59,326 74,448 33,446
Operational taxonomic units (OTUs) 2269 2049 1522
Shannon index diversity 6.0 4.1 5.0
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suggested that high-molecular-weight HPAM could be bio-
transformed into small molecular organics by microorgan-
isms. As shown in Fig. 2b, the generation of NH,*-N and
NO, —N revealed that anaerobic biodegradation involved in
partial nitrification, which indicated that the amidogen of the
HPAM could be partly utilized by microorganism. Accord-
ing to HPLC analysis (Fig. 4a), it can be implied that HPAM
was biodegraded into smaller fragments after fermentation.
Furthermore, HPAM was the unique carbon source in this
system to biotransform acetic acid. The appearance of acetic
acid indicated that long carbon chains could be broken down
into short-chain micromolecule, which could be taken as the
evidence of how microorganisms utilize part of HPAM as
energy source for metabolism [34]. Meanwhile, no existence
of acrylamide implied HPAM biodegradation did not result
in the appearance and accumulation of acrylamide mono-
mers. During the biodegradation of HPAM, amide of HPAM
was transformed to carboxyl groups and is shown in Fig. 4b,
which was coincident with the previous studies [18, 35]. In
addition, the level of C-N and C=0 after biodegradation
became lower than that before biodegradation. It is verified
that the utilization of nitrogen and carbon source by microor-
ganisms contributed to HPAM biotransformation in anaero-
bic environment. Such a phenomenon was also observed
in other biological systems with PAM as the substrate [1].
According to the TOC, SEM, HPLC, FT-IR, and nitrogen
analyses, the results indicated that long-chain HPAM was
partly broken into micromolecule compounds and amide
of HPAM was transformed into carboxyl groups. Besides,
HPAM biotransformation did not accumulate acrylamide
monomers.

Change of enzyme activity

Dehydrogenase is related to the oxidation—reduction reac-
tions, which is an intracellular enzyme in the cell. Its func-
tion is to transfer H™ between metabolic intermediates using
various mediators in cells. The change of dehydrogenase
with different concentrations of HPAM and different fer-
mentation times (Fig. 5b) indicated that HPAM was involved
in metabolic pathways. The previous studies have reported
that dehydrogenase activity was the most sensitive micro-
bial parameter closely related to pollution [36]. During the
biodegradation, dehydrogenase involves in the reducing
reaction and improves the potential of H* and e release for
energy [37]. Alcohol dehydrogenase also can convert the
polyacrylic acid to acetyl-CoA during intermediate reactions
of HPAM biodegradation [38].

Urease is a type of amidase, which could transform
organic nitrogen to ammonium nitrogen by catalyzing the
hydrolyzation of the amido bond in an organic substance,
and thus, the content of i nitrogen in soil could be improved
[39]. The analysis of urease activity above (Fig. 5b) showed

@ Springer

urease content exhibited a highly significant correlation with
HPAM degradation and was increased by HPAM. Previous
reports showed that it was a similar situation for the aerobic
environments [40] and urease activity was improved by the
use of both organic and inorganic fertilizers [41]. Therefore,
it is suggested that urease is a best indicator of soil qual-
ity to evaluate existing conditions and potential changes in
activated sludge.

Phosphatase enzyme is associated with the transfor-
mation of organic and inorganic phosphorus compounds,
which is reported that its function is to inhibit substrate by
eliminating the phosphate group, where the substrate could
not be further degraded [37]. Lower phosphatase activity
observed with higher removal (Fig. 5b) supports high-effi-
ciency utilization of substrate promoting the potential of H*
and e~ release for energy. Thus, when substrate was highly
utilized, the content of phosphatase could be at low level.
The decrease of phosphatase activity with time was a good
indicator for utilizing substrate [42].

Preliminary hypotheses of HPAM degradation
mechanism

Based on these studies mentioned above, the metabolic
mechanism for the biodegradation of HPAM was proposed.
According to the proposed metabolic pathways (Fig. 7), the
C-N of HPAM was cut, which was catalyzed by amidase
such as urease analyzed above. Urease plays a role in soil N
supplying capacity. It is reported that amidase was identi-
fied in numerous genera of bacteria, such as Pseudomonas
and Bacillus [31] which was also observed in three samples
of activated sludge. The generation of NH,—N and NO,-N
(Fig. 2b) revealed that anaerobic biodegradation involved
in partial nitrification. The change in the concentration of
generated NO, N illustrated the consumption of NO, N,
which presumed denitrification or anaerobic ammonium oxi-
dation (ANAMMOX) [43]. —OH replaced -NH,, and then,
HPAM was hydrolyzed into acetyl-CoA and pyruvic acid by
dehydrogenase mentioned above. Besides, the carbon chain
of HPAM experienced the catalysis by monooxygenases oxi-
dation [29]. During HPAM biodegradation, the carbon chain
was broken and converted to smaller substances, which
could act as energy source for microorganisms. At last, the
degradation products of HPAM included volatile fatty acid
(acetic acid, propionic acid, etc.) and excluded acrylamide
monomer. The metabolites of VFSs resulted from the utili-
zation of long-chain fatty acids, and finally, all of the acids
were transformed to CH, and H,O [44].

Key microorganisms involved in HPAM degradation

After the operation of UASB for a long time, the relative
abundance of Bacteroidetes increased, and Proteobacteria
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Fig.7 Proposed metabolic
mechanism for HPAM biodeg-
radation (only the key enzymes
detected in this study are
labeled)
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was the most frequently encountered microbial group
from beginning to end (Fig. 6). Protebacteria and Bac-
teroidete were dominant microorganism in the microbial
communities of UASB, indicating that they might play a
key role during fermentation of HPAM, which was also
demonstrated by Yan et al. [40] and Dai et al. [38]. High
amounts of Chloroflexi in the reactor made filamentous
bacteria become another key microorganism besides Bac-
teroidetes and Proteobacteria. The filamentous bacteria
played the bridge roles among aggregates to make the
granules remain steady. The filamentous granules were
filled with bacteria which resulted in the formation of
compact granules [45]. Planctomycetes also accounted for
a certain proportion in the bacterial community structure,
but its function is still unknown [46], so further studies
would be required to determine the function of Plancto-
mycetes. Additionally, denitrification and higher utilization
of nitrogen source were primarily caused by the existence
of Nitrospirae. Methanogens such as Methanobacteria
and Methanomicrobia were also found in the samples,
which could increase the utilization of VFAs and convert
acetate to methane [47]. In a word, the phyla Proteobac-
terias, Bacteroidetes, and Chloroflexi were turned out
to be the significant microorganisms involved in HPAM
biodegradation.
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Conclusions

The predicted degradation ratios of HPAM and COD, were
46.2% and 83.4% under the optimal conditions (7.5 of pH,
31 h of HRT and 33 °C of temperature). Biodegradation
performance of HPAM in UASB was examined with the
parameters such as TN, NH4+—N, and TOC. HPAM biodeg-
radation ratio and TOC removal ratio reached 40.5% and
38.9%. TN concentration was dramatically decreased with
the increasing fermentation time during the fermentation,
while low NH,*-N and NO, N were generated. NH, "N
and NO, —N increased slightly on the whole. Dehydroge-
nase activity had a decline of 21.3-41.0%, and the minimum
value occurred at 300 mg L™! of HPAM. Urease activity
was varied from 28.7 to 78.7% and the maximal inhibition
ratio occurred at 200 mg L' of HPAM. In addition, phos-
phatase activity declined slightly with HPAM concentration
on the whole. Long-chain HPAM was broken into micro-
molecule compounds and the amide groups of HPAM were
transformed into carboxyl groups. Proteobacterias, Bacte-
roidetes, and Chloroflexi were turned out to be the critical
microorganisms involved in HPAM degradation.
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