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Highlights

e The two-stage A/O process treating polyester resin wastewater was evaluated

e High degradation rates of COD, phenol and PTA were achieved

e The removal for organics were monitored by GC-MS analysis

e 16S rRNA high-throughput sequencing provides new insight on bacterial

community

Abstract

This study investigated organics removal and microbial community in a two-stage
alternating anaerobic/aerobic (A1/01/A2/02) process for polyester resin wastewater
treatment. It was found that chemical oxygen demand (COD) concentration could be
reduced to below 500 mg L' from 12,880 mg L' with average COD removal rate of
2.79,4.37,0.50 and 0.97 kg m> d’! in four reactors, respectively. Two important
chemical compounds in the wastewater, namely, purified terephthalic acid (PTA) (625
mg L) and phenol (480 mg L"), did not display inhibitory effects on COD removal
while they were almost completely degraded in the first-stage A/O process. Further, the
majority of esters, alkanes, phenols, acids and alcohols could be removed in the system.
However, two hazardous refractory compounds, 5,5-dimethyl-1,3-dioxane and

1,4-dioxane, were still present as major components in the final effluent. 16S rRNA



high-throughput sequencing results revealed that a distinct preference of selected
bacterial groups towards anaerobic/aerobic reactors and operating conditions. High
abundance of Lewinella genus (2.4-34.0%), which was correlated to ester-hydrolyzing

ability, may play an important role in the high efficiency of organics removal.

Keywords: Polyester resin wastewater; Alternating anaerobic/aerobic; Purified

terephthalic acid; Phenol; Microbial community

1. Introduction

Unsaturated polyester resins have a good balance of mechanical, electrical, thermal
and chemical resistance properties at relatively low cost, hence the global industrial
market demand for polyester resins continues to grow substantially in a variety of
applications, ranging from automobile and electronic equipment to packaging and
building materials [1, 2]. However, in polyester resin production, approximately 0.2-0.3
m?® wastewater per ton polyester resin is generated with the chemical oxygen demand
(COD) concentration of 3-20 g L''. The polyester resin wastewater is very
chemical-intensive in which two global important chemical compounds, purified

terephthalic acid (1,4-benzenecarboxylic acid) (PTA) and phenol, are the main



pollutants. Besides, it contains other synthesis-related chemicals and their derivatives
which greatly increase its organic loads during wastewater treatment [3]. These
compounds have a serious environmental impact due to their high toxicity [4].

Therefore, it is important to remove these organics from the polyester resin wastewater.

Considering the complex characteristics of polyester resin wastewater, many
physicochemical methods, such as air stripping, incineration, electric oxidation and
Fenton oxidation, have been investigated for its wastewater treatment [S]. However,
these methods are very expensive. In comparison, the biological process seems to have
clear advantages due to its ability to effectively remove pollutants in a more
environmentally friendly and cost-effective way [6]. However, to date, very few
successful biological applications have been developed for high strength polyester resin

wastewater.

In the past, the majority of studies have focused on biological treatment of
wastewater containing PTA or phenol which was also identified as main components in

polyester resin wastewater. Macarie et al. [7] documented that anaerobic treatment of

PTA wastewater was successfully applied in fixed film reactor at the removal rate of
1.41 kg COD m™ d!. However, they also observed that the process was easily inhibited

in the up flow anaerobic sludge blanket reactor (UASB). Kleerebezem et al. [8] further

confirmed that components like benzoate and acetate in PTA wastewater inhibited the
anaerobic degradation of terephthalate. Under this condition, recent studies reported

encouraging results for solving bottleneck of terephthalate degradation. Kleerebezem et




al. [9] proposed a two-stage anaerobic bioreactor for high-rate treatment of PTA
wastewater, which consisted of the first stage for pre-removal of acetate and benzoate,

and the latter stage for terephthalate degradation. Tsuno and Kawamura [10] developed

an expanded-bed anaerobic reactor with the high adsorptive function of granular
activated carbon (GAC), in which more than 90% of COD could be removed at the
loading rate of 4 kg COD m™ d''. Similarly, phenol is commonly present in various
types of industrial wastewaters, including petrochemical refineries, coke production and
chemical compounds production. It is also a toxic substrate for many microorganisms
and has shown to severely inhibit the biological treatment at the concentration higher
than 50 mg L' [11]. Compared with PTA wastewater, the inhibitory effect of phenol on

the bacterial activity seems higher. Rosenkranz et al. [12] only obtained the maximum

removal rate of 0.18 kg phenol m™ d™! with anaerobic sequencing batch reactor.

Although many anaerobic approaches have been reported to mineralize PTA or
phenol, a growing body of evidence suggests that many problems (strong inhibition of
anaerobic digestion in the presence of other organic matter, sensitivity to loading shocks,
and long recovery periods after shocks) were still encountered in practical application [9,
13], thus requiring process improvements. In addition, the interactive effects of several

kinds of toxic pollutants may further deteriorate the organics removal [14].

Polyester resin wastewater contains high concentrations of PTA, phenol, as well as
many unfavorable impurities like polyester at low molecular weights. Considering the

composition of polyester resin wastewater, a distinction can be made between



compounds that are readily degradable (PTA and phenol) and compounds (low-weight
polyester) that can only be degraded at very low rates. In order to obtain high-efficiency
in organic compounds removal, a two-stage alternating anaerobic/aerobic (A/O) process,
which is composed of a first stage A/O for readily degradable compounds removal, and
a second stage A/O for enhanced degradation of non-readily degradable compounds, is
perhaps the most logical strategy. Compared with one-stage A/O process, the two-stage
alternating A/O process could enrich various kinds of functional bacteria in the different
reactors, and separately favored the degradation of readily degradable in the first A/O
and non-readily degradable compounds in the second A/O, respectively, thus higher

effluent quality could be obtained.

The aims of this paper are: (1) to study the removal performance of the two-stage
alternating A/O process fed with high-strength polyester resin wastewater, (2) to
characterize in detail organic chemical compositions in the individual reactors, (3) to
assess the relationship between pollutant removal and the structure of microbial

community developed in the process.

2. Materials and methods

2.1 Experimental set-up and operating conditions

The schematic diagram of the two-stage alternating A/O process is shown in Fig. 1.
The experiments were carried out in a sequential system of anaerobic reactor (A1), an

aerobic reactor (O1), a clarifier, a second anaerobic reactor (A2), followed by a second



aerobic reactor (02), and a final clarifier. The working volume of reactors A1, O1, A2
and O2 was 8.5L,6.5L, 9.5 Land 6.5 L, respectively. In the anaerobic reactors (Al
and A2), mechanical mixers were equipped in the bottom of reactors, and polyethylene
carriers were packed for biofilm growth. In the aerobic reactors (O1 and O2), aeration
was provided with fine bubble air diffusers, and dissolved oxygen (DO) was controlled
at about 1.0 — 2.5 mg/L and 2.0 - 4.0 mg L', respectively. Two clarifiers following the
aerobic reactors had an identical working volume of 3 L. The system was operated at an
external effluent flow from the clarifier to holding tank in which raw wastewater
dilutions, pH adjustments and nutrients addition were carried out. Effluent from the
holding tank was continuously fed into subsequent reactors at a constant rate of 5 L d™',
resulting in hydraulic retention time of 1.7d, 1.3d, 1.9dand 1.3 d in A1, O1, A2 and
02, respectively. Temperature in the bioreactor was about 21 + 1 °C. The sludge
retention time (SRT) of reactor O1 and O2 was maintained at about 10 d and 26 d,
respectively. Mixed liquor suspended solids (MLSS) concentration in the reactor O1

and O2 was 4000 + 1300 and 4400 + 1100 mg L™

As part of the start-up phase, the system was inoculated with the anaerobic sludge
from polyester resin wastewater treatment plant (WWTP) (Linan, China). After a 20 day
start-up in the lab, a relatively steady-state operation of the system at low COD
concentrations was first assessed (Phase 1). In Phase I (day 1-55), COD concentration in
the holding tank was in the range of 8,180-9,480 mg L. Afterward, the degradation
capacity of the system at elevated COD concentrations was investigated in Phase II (day

56-114). COD concentration in the holding tank was gradually increased until the
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effluent COD concentration was higher than 500 mg L™ (discharge limit for industrial

wastewater in China).

2.2 Characteristics of polyester resin wastewater

Polyester resin wastewater was collected from Transfar Chemicals Co. Ltd, one of
the largest polyester resin manufacturing factories located in the southeast of China. The
wastewater was produced from a mixture of various manufacturing processes using
PTA, neopentyl glycol, isophthalic acid, methylpropanediol, ethylene glycol,
diethyleneglycol, trimellitic anhydride and hexanedioic acid in the decreasing order. Its

physical and chemical properties are shown in Table 1.

2.3 Chemical analysis

Collected samples were filtered through a 0.45 pum membrane filter prior to the
analysis of soluble fraction of water samples. COD were measured by the Hach COD
kits TNT 822 (Hach, USA). Phenol was analyzed with 4-aminoantipyrine
spectrophotometric method at the wavelength of 510 nm on a spectrophotometer
(TU-1810, Persee, China) [4]. PTA was analyzed with the ultraviolet
spectrophotometric method at the wavelength of 240 nm [10, 15]. The pH was
measured with a pH meter (SG2, Mettler-Toledo, Greifensee, Switzerland) and DO by
an oxygen probe (YSI 550A, YSI, Ohio, USA). Phosphorus (PO4>-P) and MLSS were
analyzed according to the standard methods (Method 4500-P and 2540D, respectively)

for the examination of water and wastewater [16].



Gas chromatograph-mass spectrometer (GC-MS) was used to analyze the samples
with liquid-liquid extraction pretreatment using CH2Cl; as described in Sun et al. [17].
In brief, 200 mL filtered sample was extracted using 10 mL of CH>Cl; (chromatogram
pure grade, Fisher, USA) three times at neutral, alkaline and acidic conditions,
respectively. Then, a 1 mL extracted sample was analyzed by GC-MS system
(6890N/5975B, Agilent, USA). A DB-5MS capillary column (Agilent, USA) with an
inner diameter of 0.25 mm and a length of 30 m was used in the separation system. The
GC column was operated in a temperature programmed mode by maintaining the
temperature at 40 °C for 4 min, then increasing to 300 °C with an increment of 8 °C
min’!, and total run time was 43 min. The electron impact energy was set at 70 eV.
Organic compounds analysis was undertaken with reference to the instrument NIST 08
library and the compound was deemed identified and reported if the match percentage

was higher than 70%.

2.4 Illumina high-throughput sequencing

Microbial community structure was determined using the Illumina MiSeq. 13 activated
sludge (AS) samples were periodically taken from bulk liquid in the reactors for DNA
extraction. Specifically, eight AS samples were taken from reactors Al, O1, A2 and 02
at two low loading phases (L1A1, L101, L1A2 L102, and L2A1, L201, L2A2, L202)
and four samples were from the elevated loading phase (HA1, HO1, HA2 and HO2),
respectively, as indicated by the inverted triangle in Fig. 2. One AS sample was taken

from the seed sludge (SS). DNA extraction of the samples was carried out in duplicate



using the Power Soil DNA isolation kit (MoBio Laboratories, Inc., Carlsbad, CA, USA)

following the manufacturer’s protocol.

DNA extracts of the samples were amplified in triplicate with primer pair 520F and
806R with different barcodes for the V4 region of 16S rRNA gene [18]. The PCR was
performed at 94 °C for 5 min; 35 cycles of 94 °C for 30 s, 50 °C for 30 s, and 72 °C for
30 s; and a final extension at 72 °C for 5 min. PCR products were examined on a 2%
agarose gel and the band was purified by the AxyPrepDNA Gel Extraction Kit (Axygen,
CA, USA). Amplicons were pooled in an equimolar mix and sent out for sequencing on
the Illumina MiSeq platform at the Personal Biotechnology Co., Ltd (Shanghai, China).

Sequencing raw reads were deposited in the NCBI under accession number SRP065107.

Data were processed following the procedure described previously [19]. Paired-end
reads were joined by Flash, and sequences of low quality were then trimmed using
Quantitative Insights into Microbial Ecology (QIIME). Chimera was detected by
MOTHUR software (V 1.31.2) using UCHIME method, and the resulting high-quality
sequences were clustered and assigned to operational taxonomic units (OTUs) using the
QIIME implementation of UCLUST with a threshold of 97% sequence similarity. A
representative sequence from each OTU was submitted to the RDP Classifier to identify

bacterial taxa. The average length of all bacterial sequences without the primers was

225 bp.

The bacterial composition of the samples was compared at the family level and at

the approximate genus level. Multivariate statistical analyses were performed with
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Canoco 5 (Biometris—Plant Research International, Wageningen, NL) [20]. Principal
Coordinates Analysis (PCoA) was used to examine the dissimilarity between samples
using Bray-Curtis distance [21]. Redundancy Analysis (RDA) at the genus level was

also employed to visualize the relationship between different reactor samples, microbial
functional groups and main process operational variables. Rare genus, with less than 0.5%
abundance, were excluded from the analysis. The significance of each operational
variation on the microbial community was evaluated using the Monte Carlo permutation
test (999 replicates). Pearson's correlation between two parameters under different

conditions was performed using the software SPSS 18.0.

3. Results

3.1 System performance

Due to the variation of COD compositions and concentrations in the influent, a
responsive mode, which was operated with adjusting influent COD concentration
according to the effluent COD concentration, was developed in this study to accomplish
discharge level regulations (500 COD mg/L). Fig. 2 presented the time course of COD
concentration and COD removal rate in four reactors. During Phase I, COD
concentration in the feed was kept at 8,656 + 447 mg L', Effluent COD concentrations
from the reactors Al, O1, A2 and O2 were 6,585 + 614 mg L', 1,393 + 657 mg Dl
1,319 =393 mg L' and 429 + 56 mg L', respectively. The average COD removal rates
in these four reactors were calculated as 0.80, 3.09, 0.03 and 0.55 kg m= d’!,

respectively. The total COD removal efficiency could reach as high as 93%.
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In the elevated phase (Phase 1), COD concentration in the feed was stepwise
increased. At the beginning of Phase II (day 56-69), when COD concentration in the
feed was increased to 11,610 mg L', an abrupt increase in the effluent COD
concentration of reactor O2 occurred and COD concentration exceeded the discharge
level of 500 mg L. After 8 days, effluent COD concentration gradually decreased to
lower than 500 mg L. From day 70 to 90, the final effluent COD concentration
remained stable. COD concentrations in four reactors averaged 6,218 = 1,652 mg ¥,
2,162+ 777 mgL", 1,484 £ 314 mg L' and 388 + 58 mg L', respectively. Overall, the
effluent COD concentrations in Phase II were more variable, especially in reactor Al.
The main reason could be that with the elevated COD concentrations in the influent, the
anaerobic sludge has not adapted to perform high efficiency. From day 92, COD
concentration in the feed was further increased to 14,580 mg L. On day 100, effluent
COD from O2 concentration increased to 507 mg L™ (p < 0.05). The increase of
effluent COD concentration reflected the highest capability of the process. As a result,
the average COD removal rate of 2.79, 4.37, 0.50 and 0.97 kg m~ d"' was achieved in
reactors Al, Ol, A2 and O2, respectively. To prevent deterioration of COD removal
performance, COD concentration of the holding tank was again decreased to 12,880 mg
L' on day 104. As a result, the reactors again recovered good performance and effluent

COD concentration from reactor O2 declined to lower than 500 mg L.

3.2 Biodegradation of phenol and PTA

As described, phenol and PTA were two important toxic pollutants in polyester resin
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wastewater. The effluent phenol and PTA concentrations of each reactor were recorded
in Fig. 3. During the operational period, phenol concentration in the feed tank was
gradually elevated to 483 mg L' with the increase of COD loading (Fig. 3A). Similar to
COD, effluent phenol concentration in reactor Al increased and became more variable
with the elevated feeding concentration and an average concentration of 120 mg phenol
L was removed in reactor Al. Phenol concentration in the reactors O1, A2 and O2
always remained low, which were about 9.9, 5.5 and 0.9 mg L' on average, respectively.
During the shock loading of COD on days 70-90, low phenol concentration in the
reactor O2 was consistently achieved, irrespective of an increase in COD concentration.
The average phenol removal rates in reactors Al and O1 was 0.07 and 0.18 kg m™ d!,

respectively (Fig. 3C).

The removal pattern of PTA was similar to that of phenol. As seen in Fig. 3B, the
system also exhibited high efficiency for PTA removal. PTA concentration of reactor Al
fluctuated with feeding concentration, and an average of 140 mg PTA L' was removed
in reactor Al and the majority of PTA was decomposed in reactor O1. During the whole
experimental period, effluent PTA from reactor O2 remained at a constant concentration
of 22+ 9 mg L', and the average removal rate of PTA in reactors A1, O1, A2 and O2

was 0.06, 0.20, 0.02 and 0.01 kg m d”', respectively (Fig. 3D).

During the study, both PTA and phenol concentrations in the effluent were very low,
implying that the process showed good performance for PTA and phenol removal.

When PTA and phenol concentrations in the feed were elevated to 625 and 483 mg L™,
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PTA and phenol concentrations in the reactor O1 increased coinstantaneously, reaching

its peak on day 111.

3.3 Biodegradation of other organic compounds

In order to gain more insight into the composition of organic compounds in the
polyester resin wastewater and explore the remaining component of organic chemicals
in each reactor, GC-MS analysis was carried out with samples collected on days 3, 55
and 114. The details of organic compounds are summarized in Table 2. It appears that
certain compounds, such as the alkanes (5,5-dimethyl-1,3-dioxane,
4-ethyl-4-methyl-2-pentadecyl-1,3-Dioxolane), esters (butanoic acid, hexyl ester,
propanoic acid, 2-methyl-butyl ester, propanoic acid, 2-methyl-,
2-ethyl-3-hydroxyhexyl ester), 3-thiol-5-methyl-1H-1,2,4-Triazole, and alcohols
(2,2-dimethyl-1,3-propanediol, 3-chloro-2,2-dimethyl-1-propanol), which each covered
more than 5% of integration area, dominated in the raw wastewater, whereas other
compounds were the minor species. These organic compounds in the influent are
generally composed of polyester resin synthesis-related chemicals and their derivatives.
After the treatment by reactor Al, many compounds were degraded or converted, such
as 2,2-dimethyl-1,3-propanediol, 3-buten-1-ol. It is interesting to note that the
abundance of many esters, such as butanoic acid, hexyl ester, propanoic acid,
2-methyl-butyl ester, propanoic acid, 2-methyl-, 2-ethyl-3-hydroxyhexyl ester, declined
greatly. Meanwhile, it was observed that some new intermediates, benzoic acid,

2-methyl-propanoic acid, butanoic acid, were produced, indicating that several esters
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were probably converted due to the hydrolysis/acidification in reactor Al.

The residual compounds from the A1 effluent were removed at the aerobic stage of
reactor O1. It can be seen from Table 2 that a considerable amount of benzene series
organics and alkanes, which were hardly biodegraded at the anaerobic stage, were
degraded in aerobic tank. Similar to previous phenol removal analysis, phenol was
removed completely in reactor O1. Furthermore, the majority of new intermediates
produced from reactor A1 were removed at reactor O1. However, it could also be
observed that the relative abundance of two compounds, 5,5-dimethyl-1,3-dioxane and

1,4-dioxane, increased to up to 32.4 and 20.3%, respectively.

In the second stage of A/O process, some new intermediates, such as
para-methoxybenzenethiol, 4-methyl- phenol, benzeneacetic acid, and n-Hexadecanoic
acid, were produced in reactor A2. The majority of the residual compounds in the A2
effluents were further degraded in the reactor O2. However, two compounds,
5,5-dimethyl-1,3-dioxane and 1,4-dioxane, corresponding to 14.1-37.1% and 21.2-26.2%

of the total integration area, respectively, were quite stable in the system.

3.4 Taxonomic complexity of the bacterial community

Microbial community analysis demonstrated that the communities in the reactor
differed substantially from the original inoculum. The selected effective bacterial and
archaeal sequences yielded for 13 samples were assigned to different taxa levels using

the RDP Classifier at 50% threshold. Fig. 4 summarizes the relative bacterial
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community abundances on the phylum level for each sample. In the sample SS,
Firmicutes was the most abundant phylum, accounting for 33.6% of all detected OTUs.
Bacteroidetes, Chloroflexi, Thermotogae and Proteobacteria, were more abundant
groups, comprising 13.8%, 9.9%, 9.1% and 6.7% of the reads, respectively. After the
operation in the two-stage alternating A/O process, AS samples exhibited a similar
pattern in which marked change in community structure was observed. In reactor
samples Al (L1AI1, L2A1 and HA1), Bacteroidetes, Firmicutes and Proteobacteria
were three abundant phyla comprising 13.2-35.2%, 18.0-34.0% and 19.5-22.7% of the
reads, respectively. In contrast, in the other 9 reactor samples, Bacteroidetes and
Proteobacteria were still highly represented groups (38.1-54.1% and 13.0-47.5%).
However, Firmicutes and Chloroflexi were comprised of only 0.6 to 5.1% and 0.9 to 7.4%
of the reads, respectively. Overall, these four phyla represented approximately 61.0 to

93.6% of bacteria detected within the 12 reactor samples.

At the class level (Table S1), the class Clostridia within the phylum Firmicutes, was
most dominant in reactor A1 (L1A1, L2A1 and HA1, 14.1, 23.3 and 18.0%) and
samples SS (30.2%), less abundant in reactor A2 (2.0, 4.0 and 3.4%), but was only a
minor component of AS samples from reactor O2 (L102, L202 and HO2, 0.6, 0.3 and
0.6%). Within the phylum Bacteroidetes, two classes, Sphingobacteria (4.3-36.3%) and
Bacteroidia (0.5-23.7%) was highly represented in all reactor samples. Within the
phylum Proteobacteria, the classes Betaproteobacteria (4.7-34.8%),
Alphaproteobacteria (3.6-14.2%) and Deltaproteobacteria (1.0-6.9%), fluctuated in

reactor samples and exhibited higher abundance in aerobic reactors.
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The relative bacterial community abundances on the genus level for each sample
were shown in supplementary Table 3. At the genus level, it was found that Lewinella, a
genus within the family Saprospiraceae and the phylum Bacteroidetes, was highly
represented (2.4-34.4%) in all AS samples, particular in reactor O1, A2, O2. In addition,
the members of Hydrogenophaga, Thauera and Terrimonas were also common genera
(abundance > 0.5%) in all samples. Except these four shared genera, other abundant
populations in each sample were further analyzed. For reactor A1 samples, the
abundance of top genera was in the range of 2.5-7.5% and no core genus was observed.
However, the abundant genera under different COD loadings showed a different pattern.
Three genera extensively reported in sewage AS, that is Trichococcus, and
Acinetobacter, were more abundant in LA1, whereas in HA 1, Sedimentibacter and
Azotobacter were more abundant genera. With regard to other reactors, the more
abundant genera in LO1 were Sediminibacterium and Zoogloea, while members of
Brevundimonas and Rhodococcus were positively enriched in HOI. In the reactor O2,
several genera such as Bosea, Plesiocystis, Thauera and Ohtaekwangia, greatly

enriched.

3.5 The relationships between bacterial community and operating process

To visualize the similarities of bacterial communities among four successive
reactors and examine whether bacterial communities correlate with critical operational
parameters under three operating conditions, PCoA together with RDA analysis at the
genus levels were conducted. The PCoA analysis (Fig. SA) showed that the two first

ordination axes explained 29.2 and 17.1% of the variability observed in community
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structure based on bacterial genus relative abundances. It was observed that the
community structure of AS samples from reactor A1 is different from those from other 3
reactors. To further explore the possible association of high-rank genus (> 0.5% in any
AS sample) in response to critical operational parameters (COD concentration, pH and
DO concentration), an RDA analysis was performed, as indicated in Fig. SB. According
to the permutation test, COD concentration and pH were two significant factors (p <
0.05) explaining the variations of bacterial structure. From Fig. 5B and Table 3, it is
also possible to confirm that several abundant genera, such as Lewinella, Thauera,

Azoarcus and Acetobacterium was associated to different operational parameters.

4. Discussion

This work shows that the two-stage alternating A/O process appears to be an
attractive technological option for polyester resin wastewater treatment. There are no
other comparative studies for polyester resin wastewater treatment, but removal rate
values observed can be compared with values reported for similar industrial wastewater
systems in the literature. The COD removal rate in this study was comparable to the

value reported by Tsuno and Kawamura [10] with anaerobic expanded-bed GAC reactor

for treating PTA wastewater. The maximum influent COD concentration in the present
study could reach up to 12880 mg L™, which was much higher than previous studies [10,
22]. Under this condition, the final biological effluent could meet the national discharge
standard of water pollutants for industrial wastewater in China (COD < 500 mg L),

and was discharged to municipal WWTP for further treatment. However, the influent
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COD concentration of 14800 mg L' deteriorated the final effluent quality probably due

to the accumulation of more recalcitrant organics.

Phenol is a common toxic contaminant in polyester resin wastewater that may have

significant effects on reactor performance. Fang et al. [23] reported that over 99% of

phenol was effectively degraded in UASB at 55 °C with HRT of 40 h for a raw

wastewater containing 630 mg phenol L. Rosenkranz et al. [12] found that influent

phenol concentration lower than 800 mg L' had little effect on the phenol removal
efficiency with the removal rate up to 0.18 kg m™ d"'. Our study is similar to these
studies in terms of adaptation to increased phenol concentration, indicating that the

influent phenol concentration of 500 mg L' had little effect on reactor performance.

PTA is another important toxic substance in polyester resin wastewater. In previous
studies, the presence of readily degradable compounds in wastewater, such as benzoic
acid, had strongly rate limiting effects on terephthalate degradation [9]. Only in the
absence of readily degradable compounds in the influent, substantial terephthalate
degradation can be achieved. In the present study, such inhibitory effect may be

negligible, since the removal of COD, phenol and PTA occur simultaneously.

The majority of esters, alkanes, phenols, acids and alcohols could be removed in the
system (Table 2). However, there are many refractory contaminants present in the final
effluent which may reduce the water quality. Although the relative abundances of
5,5-dimethyl-1,3-dioxane and 1,4-dioxane changed due to COD concentration

variations, in fact, these two compounds were not effectively degraded or converted in
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the system, which in turn led to higher COD concentration in the final effluent with
step-wise increased loading. In addition, 1,4-dioxane was frequently detected in
industrial effluents including polyester wastewater [24-26]. It is a well-known
hazardous waste and falls under the priority pollutant regulations of the Environmental
Protection Agency (EPA), which has set a discharge limit of 30 pg L', In addition, this
compound was among the most refractory compounds due to its high resistance to
biotransformation. Therefore, advanced oxidation processes such as electrochemical

oxidation and O3/H20; are recommended to further polish the effluent.

[llumina high-throughput sequencing indicated that after operated with alternating
A/O process, microbial community structure changed greatly. In the AS samples from
SS and reactor A1, Firmicutes, Bacteroidetes, Chloroflexi, Thermotogae and
Proteobacteria were top 5 abundant phyla, which were frequently found in soil and
wastewater communities [27, 28]. Many members of these phyla were the main groups
in anaerobic environment related to hydrolysis and fermentation and could utilize a
wide range of carbon sources including phenol and phenolic derivatives [21, 29]. In
other reactors, Bacteroidetes and Proteobacteria become more enriched phyla, which
showed no distinct different pattern from AS samples treating municipal wastewater [30,
31]. At the class level, Sphingobacteria within the phylum Bacteroidetes was more
abundant in all reactor samples which is consistent with a few previous results from pet

food, petroleum refinery and whey processing industry (35-50%) [21].

Specific taxonomic comparison down to the genus level revealed that the genus
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Lewinella within the class Sphingobacteria was highly presented in all reactors and was
relatively associated to the WWTP that treated wastewater from the polyester resin

synthesis plant. According to previous report by Ibarbalz et al. [21], this genus was

present in particular systems such as the whey processing industry WWTP, in which
Lewinella displayed high abundance of 23.6% of the total sequences, while it showed a
rather low abundance in municipal WWTPs [30]. The reason could be that Lewinella, is
a hydrolyser-related genus that played an important role in the breakdown of complex
organic compounds, such as starch, CM-cellulose, casein, gelatin, as well as the
polysorbate Tween detergents [32, 33]. According to GC-MS analysis results (Table 2),
many different kinds of esters were highly presented in polyester resin wastewater, and
were removed in the system. Thus, the high abundance of Lewinella supported that
these genera might be crucial for high efficiency of organics removal in this study. The
observation of Thauera, Azoarcus group suggests that these genera are also important in
the aromatics removal of the alternating A/O system [34]. Further isolation and
enrichment of these understudied groups of bacteria may be helpful for enhancing

process performance with potential biotechnological application.

Besides, the results also show close similarity between the bacterial compositions of
samples from two low loading rates. RDA results revealed that COD concentration was
correlated most strongly to the variance of bacterial communities and the bacterial
compositions. It is possible to infer that appropriate COD concentration and loading

should be maintained for an efficient and stable system performance.
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5. Conclusions

Results demonstrate that the two-stage alternating A/O process appears to be an
effective technological option for polyester resin wastewater treatment. At the influent
COD concentration up to 12880 mg L', the effluent COD concentration lower than 500
mg L' was achieved in the system. Two important chemical compounds presented in
the wastewater, PTA and phenol, were mainly degraded in the first-stage A/O. The
majority of esters, alkanes, phenols, acids, alcohols could be removed in the system.
However, two hazardous compounds, 5,5-dimethyl-1,3-dioxane and 1,4-dioxane, total
corresponding to 42.2-59.3% of relative mass percentage, were the major components
in the effluent. Specific comparison down to the genus level revealed that the relative
high abundance of Lewinella related to ester-hydrolyzing ability may play an important

role in highly efficient organic removal.
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Table 1

Characteristics of polyester resin wastewater observed during the experiment study

Item

Range

pH

COD (mg LY
Phenol (mg L)
PTA (mg L")

PO4*-P (mg L")

3.40-4.35
31,400-36,000
714-887
861-1,114

0.26-1.00
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Table 3

Abundances of the most abundant genus in each AS sample.

SS
Lewinella 0.45
Coprothermobacter 2.88
Soehngenia 2.87
Methanothermobacter 2.82
Sedimentibacter 2.66
Syntrophomonas 2.62
Thauera 0.77
Acholeplasma 0.73
Azoarcus 0.21
Hydrogenophaga 0.17
Ohtaekwangia 0.11
Ignavibacterium 0.1
Acidovorax 0.09
Brachymonas 0.07
Bosea 0.06
Terrimonas 0.04
Rhodococcus 0.03
Acetobacterium 0.03
Gp2 0.03
Zoogloea 0.02
Sediminibacterium 0.01
Trichococcus 0.01
Nannocystis 0.01
Byssovorax 0.01
Azotobacter 0.01

2.68[3485 4.9216.57

0.01
0.02
0.03

32

0.6
3.53
0.01
0.52
0.55
0.25
0.27
0.18
0.15
0.27
0.87
0.32
6.87
0.58
273
1.04
7.51
0.02
0.01
0.31

0.01

0.1
0.01
0.02
0.13
4.59
0.03
0.73
2.44
0.34
1.38
1.36

0.8

0.9
2.77
0.27
0.02
0.01
0.62
0.28
0.01
0.02
0.03
0.01

3.46 21.88 23.68 31.63 15.53

0.01
0.09
0.01
398
0.11
0.36
0.05
0.06
4.24
0.13
0.07
0.44
0.09
0.33
2.38
1.66
0.64
0.02
0.13
0.25
0.1
0
0.01
2.5

0
0.05
0.01
0.05
0.11
1.51
.21

0.2

0.6
245
0.53
0.42
0.09
0.56
1.07
1.11
0.02
0.03
0.09
0.17

0
0.01
0.48

0

0
0.01
0.01
0.01

0

3.7
0.01
1.14
3.85
0.05
0.09
4.46

3.2
0.36

32
0.08
0.03
0.05
0.45
0.14
0.01
1.94

0

0

0.02
0.07
0.02
0.02
0.02
7.15
0.04
1.96
1.39
0.12
0.26

0
0
0
0.03
0
0.93
0.02
1.34
4.54
0.67
0.15

1.85 12.65

0.39
0.41
1.32
0.31
0.02
0.02
0.41
0.02

0
1.96

0
0.01

0.14
1.6
1.1
0.5

0.08

0.04

3.58

3.09

0.03

0.01

0.01

0

L1A1 L1A2 L2A1 L2A2 HA1 HA2 L101 L102 L201 L202 HO1 HO2

237 134933199

0.31
0.01
0.01
0.31
0.16
0.01
0.01
0.29

0

0
0.13
0
0.09
0.02
0.41
0.71
0.21
1595
0.11
0.07
0.83
0.21
0.9
1.67
2.31
0.07
0.03
0.38
127
0.01
0.01
0.01
0.04

0
0.01
0.01
0.01

0
437
0.01
0.42

1

8.6
0.13
0.29
0.08
1.04
0.35
0.82
0.01

0.1

0.1
0.26
0.01
0.06
2.92
0.01

Note: The abundance is presented in terms of percentages of the total sequences in a sample. Green color

intensity, key provided underneath, indicates the particular genus relative abundance in each sample. TOP

5 genera in each sample is shown. Abbreviation: SS, seed sludge; L1A1, L101, L1A2, L102 indicate the

samples from reactor Al, O1, A2 and O2 at low loading rate 1; L2A1, L201, L2A2, L.202 indicate the

samples from four reactors at low loading rate 2; HA1, HO1, HA2, HO2 indicate the samples from four

reactors at high loading rate.

34



