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Abstract: The rapid development of the resin industry has led to a large amount of high-concentration
resin production wastewater, which has created serious water pollution problems while limit-
ing the development of related enterprises. In this study, a combined pretreatment hydrolysis
acidification/two-stage anaerobic oxic (AO) process for high-concentration resin production wastew-
ater was constructed, and the effect of operation time on the treatment efficiency of the hydrolysis
acidification and the two-stage AO unit was investigated using chemical oxygen demand (COD),
total nitrogen (TN), and NH3-H (ammonia nitrogen) as indicators. The effect of operation time on
the treatment efficiency of the hydrolysis acidification and the two-stage AO unit was investigated.
Results showed that the pretreatment of “alkaline digestion + ozone oxidation” could effectively
remove volatile phenols and phenolic organic pollutants from the wastewater. The average removal
rates of COD, TN, and NH3-H (ammonia nitrogen) of resin production were 91.96%, 85.35%, and
85.67%, respectively. The average concentrations of final biochemical effluent were 404.7, 21.4, and
11.4 mg/L, respectively.

Keywords: pretreatment; hydrolysis acidification; two-stage AO; process optimization; resin produc-
tion wastewater

1. Introduction

In the process of rapid economic development, the industrial sector has made great
contributions to the national economy, but at the same time, industrial energy consumption
has caused a serious crisis for the environment, with industrial wastewater being one of
the main sources of water pollution [1]. Most industrial wastewater contains toxic and
harmful substances that directly threaten the water environment and human health, and so
industrial wastewater has been the focus of monitoring and treatment [2]. Resin wastewater
is a typical high-concentration organic chemical wastewater [3]. In recent years, as a result
of energy reforms and constant acceleration of the low-carbon economy, the demand has
grown for composite materials, including polyester resin, having a simple production
process and reactants, chemical corrosion resistance, and desirable mechanical and electric
properties. These materials have been widely used in automobile, petrochemical, textile,
shipbuilding, equipment manufacturing, and electronic information industries, among
others [4]. The rapid development of the resin industry has resulted in the production
of a large amount of high-concentration organic wastewater. Environmental problems
in the production process of resin, especially the pollution of high-concentration organic
wastewater, have become one of the constraints to the sustainable development of the
resin industry in China [5]. In terms of conventional water quality indexes, polyester resin
production wastewater has a high COD concentration and poor biodegradability [6]. This
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wastewater contains a large number of aromatics, phenols, epoxy alkanes, and various
intermediates that are difficult to degrade. Aromatic, phenolic, and epoxy alkanes are
the main biodegradation-limiting pollutants in the wastewater, and they have a strong
toxicity and inhibition effect on microorganisms. Therefore, the treatment of this kind of
wastewater is urgent [7].

To date, various methods have been used to study the treatment of resin wastewater at
home and abroad, and a series of research results have been achieved. The main treatment
methods are physical and chemical, biological, and the combination of physicochemical and
biological treatments [8]. The commonly used physical and chemical treatment methods of
high-concentration resin production wastewater include the condensation procedure, ad-
sorption, extraction, micro-electrolysis, Fenton oxidation, catalytic ozonation, coagulation
precipitation, and other advanced oxidation methods [9]. Among these, catalytic ozonation
technology is a new type of water treatment technology aimed at enhancing the oxidation
performance of ozone and improving the utilization efficiency of ozone. There are two main
reaction pathways for ozone in water: one is direct oxidation of ozone; the other is free
radical oxidation through the formation of hydroxyl radicals, that is, advanced oxidation.
Physical and chemical treatment can effectively remove COD and some organic pollutants
in polyester wastewater and improve the biodegradability of the wastewater [10]. However,
physical and chemical methods generally have problems such as high energy consumption
and operation cost and difficulty in achieving a standard treatment, and they can easily
cause secondary pollution [11]. Biological treatment methods can be divided into anaerobic
biological treatment, aerobic biological treatment, and the combined anaerobic/aerobic
treatment process [12]. The method of biological treatment of organic sewage using aerobic
fungi in the presence of oxygen is called biological integration treatment. Biological oxi-
dation treatment includes the activated sludge method, trickling filter method, aeration
method, and intermittent sand filtration method. The first stage of biological oxidation is
the decomposition of carbides into carbon dioxide and water, and the formation of nitrogen
into hydrogen. At the same time, flocs are produced due to the action of microorganisms.
The second stage is the oxidation of ammonia and some or even all of the flocs to nitrates
and carbonates. Biological treatment can be used to efficiently treat wastewater from
resin production [13]. However, the wastewater from high-concentration resin production
contains a large number of phenolic toxic organic compounds and oil esters, which lead to
problems of poor anti-impact ability and unstable operation of the traditional biological
treatment process in practical engineering application [14]. In addition, resin wastewater
contains a large number of toxic substances that have a great inhibitory effect on microbial
life [15]. It is also difficult to use biological treatment directly, making it necessary to carry
out some physical and chemical treatment before biological treatment [16].

The treatment of resin production wastewater by a single physical or biological treat-
ment method often has problems. Therefore, based on the research of physical and biolog-
ical treatment methods, the mainstream trend of resin wastewater treatment technology
research has been to develop a combined treatment process by organically combining
the advantages of both methods [17]. Compared with the single treatment method, the
physicochemical–biochemical combination treatment method has more obvious advan-
tages. Early physical and chemical treatment can remove part of the organic matter in
polyester resin wastewater, reduce the COD of the wastewater, reduce the organic load of
the subsequent biochemical treatment unit, improve the biodegradability of the wastewater,
and ensure the stable operation of the subsequent biochemical unit [18]. Ozone, as a chemi-
cal oxidation technology, is often used for pretreatment prior to biological treatment [19].
Ozone oxidation technology treats the highly difficult components in organic wastewater,
improves the biodegradability of the wastewater, and ensures the wastewater reaches the
level of biochemical treatment [20]. Resin production wastewater has a high concentration,
and the use of anaerobic or aerobic technology alone cannot achieve a high-efficiency
treatment effect. Thus, the combination of anaerobic and aerobic technology has become
the preferred method.
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In this study, the resin production wastewater of an enterprise in Henan was taken as
the research object, and the high-concentration resin production wastewater was treated by
the combined physicochemical–biochemical process. In the early stage, “alkali hydrolysis +
ozone oxidation” advanced oxidation technology was used to treat the resin production
wastewater, which effectively reduced the content of volatile phenol formaldehyde and
other organic pollutants in the resin wastewater. The suitable alkaline hydrolysis agent
was selected by comparing the removal effects of NaOH and Ca(OH)2 alkaline hydrolysis
reagents on COD, volatile phenol, and formaldehyde in phenolic resin wastewater. In the
later stage, the “hydrolysis acidification/two-stage AO” biochemical treatment process was
constructed to investigate the removal effect of COD, TN, and NH3-N in resin production
wastewater through the hydrolysis acidification/two-stage AO biochemical process. Gas
chromatography/mass spectrometry (GC/MS) was used to reveal the biodegradation and
transformation behavior of organic pollutants in the resin production wastewater by this
biochemical process. The goal was to develop a treatment process for highly concentrated
hard-to-degrade resin wastewater that is efficient, stable, and economical.

2. Materials and Methods
2.1. Experimental Materials

Potassium bromide, potassium bromate, concentrated hydrochloric acid, soluble
starch, sodium hydroxide, hydroxylamine hydrochloride, potassium dichromate, ferrous
ammonium sulfate, silver sulfate, concentrated sulfuric acid, etc., were all analytically
pure and purchased from Sinopharm Chemical Reagent Co. The wastewater used in the
experiment was taken from the wastewater of a polyester resin production process in
Henan. The wastewater has a brown, translucent, and thorny appearance, and its COD
concentration is high. The main organic pollutants are volatile phenol and formaldehyde,
and the pH value is 4–6. The main water quality indicators are shown in Table 1.

Table 1. Main quality indexes of resin wastewater.

Projects pH COD
(mg/L)

Volatile Phenol
(mg/L)

Formaldehyde
(mg/L)

Saline Matter
(mg/L)

Numerical value 4–6 30,000–33,000 2700–2900 2600–2700 3000–6500

2.2. Experimental Process

In the studied process, on the basis of the research on the physicochemical and bio-
chemical treatment methods, the advantages of the two methods are organically combined,
and the combined method is used to treat the polyester resin production wastewater. In
view of the water quality characteristics of resin production wastewater, a resin wastewater
treatment test device was designed by combining the constructed treatment process and
relevant design standards. The device is made mainly of plexiglass, and there are combined
fillers in the anaerobic tank and the aerobic tank. The anaerobic tank is equipped with a
stirring device, and the bottom of each aerobic tank is equipped with an aeration plate. The
effective volume of the hydrolysis acidification tank is 1.2 m3, the effective volume of the
two anoxic tanks (A1, A2) is 1.0 m3, the effective volume of the two aerobic tanks (O1, O2)
is 0.5 m3, and the effective volume of the anaerobic tank is 0.5 m3. The physicochemical
treatment unit builds the “alkali hydrolysis + ozone catalytic oxidation” pretreatment
technology. First, alkali hydrolysis of resin wastewater by adding NaOH can effectively
remove most of the phenolic organic pollutants in the wastewater. After alkaline hydrolysis,
ozone catalytic oxidation technology is used to further remove part of the COD and volatile
phenols in the wastewater, which reduces the organic load of the subsequent biochemical
treatment unit. Resin wastewater contains cyanide ions. The alkaline hydrolysis method
+ ozone catalytic oxidation technology in this study can remove 92% of cyanide. The
biochemical treatment unit adopts hydrolysis acidification, primary AO, and secondary AO
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processes in series to efficiently remove COD, TN, and NH3-N in wastewater and stabilize
the quality of the subsequent effluent. The specific process flow is shown in Figure 1.
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Figure 1. Pretreatment hydrolysis acidification/AO combined process flow chart.

2.3. Water Quality Analysis

COD was measured by a Hach analyzer (COD analyzer, DR1010, Hach Company,
Loveland, CO, USA). The UV/visible spectrophotometer (UV-5500PC, Shanghai Yuan
Analysis Instrument Co., Ltd., Shanghai, China) was used to measure the in and out UV full
band of resin wastewater. The contents of volatile phenols, formaldehyde, TN, and NH3-N,
among others, were determined according to relevant national standard methods. The main
organic pollutant components in wastewater were analyzed by GC/MS (GCMS-QP2010
Ultra, Shimadzu Instruments, Kyoto, Japan).

3. Results and Discussion
3.1. Effect of Pretreatment on the Removal Effect of Volatile Phenols and Formaldehyde

For the pretreatment, 1500 mg/L of NaOH and Ca(OH)2 were added to raw resin
wastewater to compare the removal effects of these two basic reagents on phenolic and
other organic pollutants in polyester resin production wastewater. As shown in Figure 2,
with the addition of Ca(OH)2 in the process of alkaline hydrolysis, COD concentration
gradually decreased from 30,148 to 29,589 mg/L. The concentration of volatile phenols
decreased from 2609.2 to 2295 mg/L, and the concentration of formaldehyde decreased
from 2743.2 to 18.5 mg/L. After ozone catalytic oxidation, the concentration of COD in
wastewater continued to decrease to 25,303 mg/L, the concentration of volatile phenols
decreased to 18.3 mg/L, and the concentration of formaldehyde slightly increased to
155.7 mg/L. According to Figure 2b, with the addition of NaOH, COD concentration in
resin wastewater decreased from 30,148 to 29,142 mg/L, volatile phenol concentration
decreased from 2609.2 to 2463 mg/L, and formaldehyde concentration decreased from
2743.2 to 7.6 mg/L. After ozone catalytic oxidation, the concentration of COD in wastewater
continued to decrease to 25,899 mg/L, the concentration of volatile phenols decreased to
10.9 mg/L, and the concentration of formaldehyde increased to 184.6 mg/L.

Figure 2 shows that in the alkali-hydrolysis stage, the two alkali-hydrolysis agents
degrade COD, volatile phenols, and formaldehyde to varying degrees. The removal effect
of formaldehyde is the best, with a removal rate of 99.2%, which is basically completely
removed, while the removal effects of COD and volatile phenols are not obvious [21].
This is because the formaldehyde containing active α-hydrogen atoms in the wastewater
under the catalytic action of alkaline reagent underwent nucleophilic addition to obtain
β-hydroxyl aldehyde, or further dehydration to obtain α, β-unsaturated aldehydes ketone
through the aldol condensation and the formation of new carbon bonds in the molecule
to achieve the removal of formaldehyde in the wastewater. The removal effect of NaOH
on COD, formaldehyde, and volatile phenols was slightly better than that of Ca(OH)2, so
NaOH was selected as the alkaline hydrolysis reagent in the alkaline hydrolysis unit in
the pretreatment [22]. The removal rates of volatile phenol and COD were up to 99.0%
and 19.6%, respectively. This is because ozone can remove target pollutants by generating
hydroxyl radicals, ·OH, which can open and break the chain of difficult-to-degrade sub-
stances, such as volatile phenols in wastewater [23]. After ozone-catalyzed oxidation, the
concentration of formaldehyde in the wastewater increased slightly compared with that in
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the alkali-hydrolysis stage, which may be due to the fact that some of the olefin produced in
the alkali-hydrolysis process was formed during the ozone-oxidized process [24]. Although
formaldehyde can be removed via reaction with ·OH, the removal rate is far less than its
generation rate, so formaldehyde will accumulate after the ozone-oxidized process.
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3.2. Effect of Running Time on Treatment Efficiency of the Hydrolysis Acidification Unit

As shown in Figure 3a, the entire hydrolysis and acidification unit was operated for a
total of 77 days. During the entire operation period, the effluent COD was relatively stable
and maintained at about 2000 mg/L. The COD removal rate increased with the increase in
the influent COD concentration, where the highest COD removal rate was 76.81% and the
average COD removal rate was 51.22%. As shown in Figure 3b, the influent TN remained
relatively stable during the entire operation period. The average influent concentration of
TN was 67.1 mg/L, and the effluent could be reduced to a minimum of 27.2 mg/L. The
average removal rate of TN in the system was 29.13%. In the first 58 days, the TN removal
rate of the system gradually increased with the increase in operating time in a certain
range. The TN removal rate reached its peak on the 58th day and then decreased slowly.
As shown in Figure 3c, during the whole operation period, when the average influent
concentration of NH3-N was 41.6 mg/L, the average effluent concentration was 35.3 mg/L
and the average removal rate of NH3-N was 15.21%. Similarly, the NH3-N removal rate of
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the system increased gradually with the increase in operation time by a certain magnitude.
It reached a peak at day 58 and then began to decrease slowly.

Water 2022, 14, x FOR PEER REVIEW 6 of 16 
 

 

in the alkali-hydrolysis stage, which may be due to the fact that some of the olefin pro-
duced in the alkali-hydrolysis process was formed during the ozone-oxidized process 
[24]. Although formaldehyde can be removed via reaction with ∙OH, the removal rate is 
far less than its generation rate, so formaldehyde will accumulate after the ozone-oxidized 
process. 

3.2. Effect of Running Time on Treatment Efficiency of the Hydrolysis Acidification Unit 
As shown in Figure 3a, the entire hydrolysis and acidification unit was operated for 

a total of 77 days. During the entire operation period, the effluent COD was relatively 
stable and maintained at about 2000 mg/L. The COD removal rate increased with the in-
crease in the influent COD concentration, where the highest COD removal rate was 
76.81% and the average COD removal rate was 51.22%. As shown in Figure 3b, the influ-
ent TN remained relatively stable during the entire operation period. The average influent 
concentration of TN was 67.1 mg/L, and the effluent could be reduced to a minimum of 
27.2 mg/L. The average removal rate of TN in the system was 29.13%. In the first 58 days, 
the TN removal rate of the system gradually increased with the increase in operating time 
in a certain range. The TN removal rate reached its peak on the 58th day and then de-
creased slowly. As shown in Figure 3c, during the whole operation period, when the av-
erage influent concentration of NH3-N was 41.6 mg/L, the average effluent concentration 
was 35.3 mg/L and the average removal rate of NH3-N was 15.21%. Similarly, the NH3-N 
removal rate of the system increased gradually with the increase in operation time by a 
certain magnitude. It reached a peak at day 58 and then began to decrease slowly. 

 

Water 2022, 14, x FOR PEER REVIEW 7 of 16 
 

 

 

 

Figure 3. Effect of running time on treatment efficiency of the hydrolysis acidizing unit: (a) COD, 
(b) TN, and (c) NH3-N. 

Figure 3a shows that with the increase in running time, the COD removal rate rose 
steadily and the effluent COD tended to be stable, although the water quality of COD 
concentration fluctuation was bigger. While the concentration of the reactor can adapt to 
a larger impact, this experimental hydrolysis acidification unit of mixed water has a strong 
resistance to impact load capacity and COD removal was not affected. Figure 3b shows 
that the TN removal rate gradually increased in an unstable trend with the increase in 
operating time. The TN removal rate reached a peak on the 58th day, and the highest 
removal rate was 63.48%. After the 58th day, the TN removal rate showed a downward 
trend. An insufficient carbon source may be the main reason for the decline in denitrifica-
tion efficiency in the later stage. Figure 3c shows that the NH3-N removal rate fluctuated 
greatly. In general, the NH3-N removal rate increases with the increase in operating time 
and starts to decrease gradually when it reaches a certain peak value, which may be due 
to the increase in hydraulic retention time. The increase in the number of heterotrophic 
anaerobic microorganisms forms a competitive relationship with the possible existing 

Figure 3. Effect of running time on treatment efficiency of the hydrolysis acidizing unit: (a) COD,
(b) TN, and (c) NH3-N.



Water 2022, 14, 2949 7 of 14

Figure 3a shows that with the increase in running time, the COD removal rate rose
steadily and the effluent COD tended to be stable, although the water quality of COD
concentration fluctuation was bigger. While the concentration of the reactor can adapt to a
larger impact, this experimental hydrolysis acidification unit of mixed water has a strong
resistance to impact load capacity and COD removal was not affected. Figure 3b shows that
the TN removal rate gradually increased in an unstable trend with the increase in operating
time. The TN removal rate reached a peak on the 58th day, and the highest removal
rate was 63.48%. After the 58th day, the TN removal rate showed a downward trend.
An insufficient carbon source may be the main reason for the decline in denitrification
efficiency in the later stage. Figure 3c shows that the NH3-N removal rate fluctuated greatly.
In general, the NH3-N removal rate increases with the increase in operating time and
starts to decrease gradually when it reaches a certain peak value, which may be due to the
increase in hydraulic retention time. The increase in the number of heterotrophic anaerobic
microorganisms forms a competitive relationship with the possible existing anammox
bacteria, resulting in a decrease in the activity of anammox bacteria and a decrease in the
removal effect of ammonia nitrogen [25]. From the 40th to the 77th day, when the influent
NH3-N concentration was relatively stable, the effluent NH3-N concentration fluctuated
greatly. This outcome is likely be related to the change in temperature, which may affect
the growth in anaerobic microorganisms’ activity and result in the instability of NH3-N in
the effluent.

3.3. Effect of Running Time on Treatment Efficiency of Primary AO Unit

As shown in Figure 4a, during the whole operation period, the influent COD was basi-
cally maintained at about 2000 mg/L, the effluent COD concentration remained relatively
stable after the 10th day, and the average COD removal rate was about 68.62%. The COD
removal rate increased initially and then decreased and was the largest on the 39th day,
reaching 83.15%. As shown in Figure 4b, the influent TN mass concentration fluctuated in
the range of 27.2–74.0 mg/L, and the average TN removal rate was 48.83%. From the 1st
to the 30th day, the TN removal rate showed a gradual upward trend and finally reached
72.95%; from the 30th to the 60th day, the TN removal rate was extremely unstable and
generally showed an initial decline and then an increase. Days later, with the increase
in influent TN concentration, TN removal first decreased and then increased. As shown
in Figure 4c, the mass concentration of NH3-N in the influent fluctuated in the range of
19.7–48.8 mg/L, and the average removal rate of NH3-N was 59.83%. With the increase in
operating time, the removal rate of NH3-N fluctuated within a certain range and showed a
trend of first rising and then decreasing, and finally tending to be stable. On the 29th day,
the removal rate of NH3-N was the highest, reaching 90.38%.

Water 2022, 14, x FOR PEER REVIEW 8 of 16 
 

 

anammox bacteria, resulting in a decrease in the activity of anammox bacteria and a de-
crease in the removal effect of ammonia nitrogen [25]. From the 40th to the 77th day, when 
the influent NH3-N concentration was relatively stable, the effluent NH3-N concentration 
fluctuated greatly. This outcome is likely be related to the change in temperature, which 
may affect the growth in anaerobic microorganisms’ activity and result in the instability 
of NH3-N in the effluent. 

3.3. Effect of Running Time on Treatment Efficiency of Primary AO Unit 
As shown in Figure 4a, during the whole operation period, the influent COD was 

basically maintained at about 2000 mg/L, the effluent COD concentration remained rela-
tively stable after the 10th day, and the average COD removal rate was about 68.62%. The 
COD removal rate increased initially and then decreased and was the largest on the 39th 
day, reaching 83.15%. As shown in Figure 4b, the influent TN mass concentration fluctu-
ated in the range of 27.2–74.0 mg/L, and the average TN removal rate was 48.83%. From 
the 1st to the 30th day, the TN removal rate showed a gradual upward trend and finally 
reached 72.95%; from the 30th to the 60th day, the TN removal rate was extremely unsta-
ble and generally showed an initial decline and then an increase. Days later, with the in-
crease in influent TN concentration, TN removal first decreased and then increased. As 
shown in Figure 4c, the mass concentration of NH3-N in the influent fluctuated in the 
range of 19.7–48.8 mg/L, and the average removal rate of NH3-N was 59.83%. With the 
increase in operating time, the removal rate of NH3-N fluctuated within a certain range 
and showed a trend of first rising and then decreasing, and finally tending to be stable. 
On the 29th day, the removal rate of NH3-N was the highest, reaching 90.38%. 

 Figure 4. Cont.



Water 2022, 14, 2949 8 of 14

Water 2022, 14, x FOR PEER REVIEW 9 of 16 
 

 

 

 

Figure 4. Effect of running time on processing efficiency of the first-level AO unit: (a) COD, (b) TN, 
and (c) NH3-N. 

Figure 4a shows that the COD mass concentration of the influent water was not stable 
during the whole operation period. With the slight recovery of temperature, the mass con-
centration of the influent COD mass gradually became stable after the 60th day. The COD 
removal rate generally showed a trend of increasing first and then decreasing, which in-
dicated that the microorganisms in the primary A/O unit needed a certain adaptation pro-
cess to increase the load; this trend may also be related to the change in ambient temper-
ature [26]. Figure 4b shows that, from the 1st to the 30th day, the TN removal rate gradu-
ally increased with the increase in operating time, which was the result of nitrification by 
nitrifying bacteria in the primary AO unit, effectively removing TN from the wastewater. 
From the 30th to the 77th day, the mass concentration of TN in the influent gradually 
decreased, and the removal performance of the system to TN was in an unstable state, 
which may be related to the content of carbon sources in the system [27]. In the case of 
sufficient carbon sources, the removal of TN was stable. Therefore, it is appropriate to add 
carbon sources (e.g., methanol) to provide sufficient supply energy for the biological ni-
trogen and phosphorus removal process and improve the activity of the sludge [28]. 

Figure 4. Effect of running time on processing efficiency of the first-level AO unit: (a) COD, (b) TN,
and (c) NH3-N.

Figure 4a shows that the COD mass concentration of the influent water was not stable
during the whole operation period. With the slight recovery of temperature, the mass
concentration of the influent COD mass gradually became stable after the 60th day. The
COD removal rate generally showed a trend of increasing first and then decreasing, which
indicated that the microorganisms in the primary A/O unit needed a certain adaptation
process to increase the load; this trend may also be related to the change in ambient
temperature [26]. Figure 4b shows that, from the 1st to the 30th day, the TN removal rate
gradually increased with the increase in operating time, which was the result of nitrification
by nitrifying bacteria in the primary AO unit, effectively removing TN from the wastewater.
From the 30th to the 77th day, the mass concentration of TN in the influent gradually
decreased, and the removal performance of the system to TN was in an unstable state,
which may be related to the content of carbon sources in the system [27]. In the case of
sufficient carbon sources, the removal of TN was stable. Therefore, it is appropriate to
add carbon sources (e.g., methanol) to provide sufficient supply energy for the biological
nitrogen and phosphorus removal process and improve the activity of the sludge [28].
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3.4. Effect of Running Time on Treatment Efficiency of the Two-Stage AO Unit

As shown in Figure 5a, the influent COD quality concentration was unstable in the
early operation period, and the COD quality concentration was stable between 338 and
585 mg/L in the late operation period. The COD removal rate generally showed a trend of
decreasing first and then increasing and then stabilizing, with an average COD removal rate
of 15.51% and a maximum COD removal rate of 37.88%. As shown in Figure 5b, the mass
concentration of TN in the influent water decreased first and then became stable during the
whole operation period. The TN removal rate was not stable, and the fluctuation range
jumped. The maximum TN removal rate was 61.06%, and the average removal rate was
29.24%. In general, the TN removal rate showed an upward trend. As shown in Figure 5c,
the influent NH3-N concentration is the same as that of TN during operation. In general,
the influent NH3-N concentration first decreases and then tends to be stable. The variation
range was between 3.3 and 49.0 mg/L. The effluent NH3-N mass concentration was better,
and the average effluent concentration of NH3-N was 7.4 mg/L. The NH3-N removal rate
fluctuated more obviously after the 30th day, but the overall trend first rising and then
stabilizing, and the average NH3-N removal rate was 27.28%.
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As shown in Figure 5a, the influent COD concentration decreased from 1374 mg/L
at the beginning to 338 mg/L and then became flat. The COD removal rate fluctuated in
a certain range during the operation. From the 1st to the 28th day, the COD removal rate
dropped from 37.88% to 6.65%. This effect may be due to the poor quality of the resin
wastewater that had just entered the secondary AO unit. The activated sludge in the reactor
is also extremely unsuitable for the resin wastewater quality, resulting in a decrease in
the COD removal rate [29]. This outcome reflects that the resin wastewater may have a
toxic inhibitory effect on the microbial activity in the secondary AO unit, and the reactor
needs a certain time to adapt to the resin wastewater environment to reach a relatively
stable state [30]. Figure 5b shows that from the 1st to the 34th day, the TN removal rate
fluctuated and increased, and the highest TN removal rate was 61.06%. After the 34th
day, the TN removal rate fluctuated greatly and showed a downward trend as a whole,
which may be related to the insufficient carbon source in the reaction unit. In the biological
denitrification system, the period of nitrifying bacteria is long and the growth rate is slow.
Sufficient sludge age is required to ensure the number of nitrifying bacteria. In addition,
the growth in denitrifying bacteria is mainly carried out under anoxic conditions, and there
must be a sufficient carbon source to provide energy and promote the smooth progress of
denitrification [31]. Therefore, having a sufficient carbon source and sludge age directly
affect the nitrification and denitrification processes and have an important impact on TN
removal [32]. From Figure 5c, it can be seen that the NH3-N removal rate increased steadily
in the early operation period, and the highest NH3-N removal rate was 60.87% at day 32.
This removal rate then decreased gradually after day 32, and the lowest removal rate was
4.48%. The decrease in NH3-N removal rate in the secondary AO unit in the late operation
may be related to the lack of dissolved oxygen in the water [33].

3.5. Exploration of Organic Matter Degradation in the Water Treatment Process

According to the analysis results in Table 2, a total of 60 substances were detected in
the wastewater, of which 14 substances with relative content greater than 0.9% could be
categorized into eight types of substances. Among them, alkanes accounted for 25.32%,
esters for 32.35%, phenols for 4.36%, and aldehydes for 3.87%. There were also many kinds
of long-chain and cyclic alkanes and many kinds of acids and ketone organic substances in
the wastewater, most of which belong to organic substances that are difficult to biodegrade
or having biological toxicity [34]. The GC/MS spectrum analysis results of the water
samples were compared with the raw water quality test results in Table 2, which can clearly
reflect the degradation and transformation of the main organic pollutants in the resin
production wastewater. The results are shown in Table 3.
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Table 2. GC/MS analysis results of resin production wastewater.

Category Name Chemical Formula

Alkanes
Diethylsilane C4H12Si

1-Methyl-1-silacyclobutane C4H12Si
Phospholane C4H9P

Acids
Boronic acid, ethyl-diethyl ester C6H15BO2

1-Butaneboronic acid C4H11BO2

Epoxy alkanes 1,3-Dioxolane, 2,4,5-trimethyl C6H12O2
1,4-Dioxane C4H8O2

Phenols Phenol C6H6O

Esters
Butylisocyanatoacetate C7H11NO3

Methyl nicotinate C7H7NO2
Nitrobenzene Paradinitrobenzene C6H4N2O2

Ketones Cyclopentanone C5H8O
Aldehydes Pentanal,3-methyl- C6H12O

Table 3. Summary of main organic compound categories (mass percentage) by GC/MS analyses of
treated water from each unit.

Type of Substance Number of Species Relative Content/%

Raw Water Effluent Water Raw Water Effluent Water

Alkanes 9 3 25.32 8.74
Epoxy alkanes 7 7 16.07 67.25

Esters 13 5 22.79 11.23
Phenols 3 1 8.36 1.76

Aldehydes 2 0 8.04 0.00
Acids 2 4 10.13 3.64

Ketones 6 3 4.07 1.63
Nitrobenzene 2 1 3.56 1.89

Others 16 6 1.67 3.86

As shown in the table, there were large changes in the distribution of the number of
organics and their relative contents in both raw water and treated effluent water samples.
Sixty organic compounds were detected in the raw water, and after the treatment of each
unit, there was a significant decrease in their quantity, and the final number of organic
compounds in the effluent water was reduced to 30. Further analysis showed that after
the treatment of the reaction unit, the relative content of all the organic compounds in the
effluent water sample was significantly reduced, except for the relative content of epoxy
alkanes, which was significantly increased [35]. Overall, it seems that the aldehydes were
completely removed from the resin production wastewater after the combined treatment
of “pretreatment/hydrolysis acidification/two-stage AO,” and the relative contents of all
kinds of organics, except epoxy alkanes, were significantly reduced. Among the final efflu-
ent organic components, epoxy alkanes and esters became the most important components,
with relative contents of 67.25% and 11.23%, respectively. Therefore, it can be inferred
that the epoxy alkanes and esters are the important factors explaining the difficulty of
stabilizing COD in the effluent of the secondary AO unit [36].

As shown in Figure 6, the influent of resin production wastewater and the effluent
treated by the combined process have obvious absorption peaks between 190 and 320 nm.
The peak of the incoming water is at 268 nm, and the absorbance is 5.0012. After the
combined process, the peak of the effluent is at 242 nm, the absorbance is 5.0000, and the
peak of the effluent is slightly lower than the peak of the influent.
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In the ultraviolet region, unsaturated organic compounds, especially organic com-
pounds with cyclic conjugated systems, have both E and B absorption bands. The E
absorption band is the characteristic absorption band of aromatic compounds, and the B
absorption band is the fine structure absorption band, which is often used to identify aro-
matic (including heterocyclic aromatic) compounds [37]. Figure 6 shows that the influent
water has strong UV absorption peaks in the range of 190–330 nm, which indicates that the
resin production wastewater contains a large amount of monocyclic aromatic compounds
(e.g., phenol and aniline) and a small amount of polycyclic aromatic hydrocarbons and
heterocyclic compounds. After the combined process treatment, the absorption peak at
250–300 nm was significantly reduced, indicating that most of the aromatic compounds
and polycyclic aromatic hydrocarbons in the wastewater had been removed, which was
consistent with the previous GC/MS analysis results of the influent and effluent [38].

4. Conclusions

“Alkaline hydrolysis + ozone oxidation” pretreatment technology has a good treatment
effect on resin production wastewater. NaOH as an alkaline hydrolyzer is better than
Ca(OH)2, and the average removal rate of COD in the pretreatment unit is 19.60%. Ozone
oxidation technology treats the components in organic wastewater that are otherwise
extremely difficult to treat. This technology also improves the biochemical content, of
aromatic and aliphatic alkane pollutants are reduced. The hydrolysis and acidification unit
further degrades the small molecules in the wastewater into ammonia nitrogen, reduces
the COD of the wastewater, and effectively improves the biodegradability of the resin
production wastewater. The COD index of wastewater is positively correlated with its
biodegradability and ammonia nitrogen concentration. The average removal rates of single-
stage COD and TN are 51.22% and 29.13%, respectively. The first- and second-stage AO
series processes in the biochemical treatment unit achieve the stable treatment of high-
concentration resin production wastewater. The average removal rates of COD in the
first- and second-stage AO units are 68.62% and 15.51%, respectively. Furthermore, the
average removal rates of TN are 48.83% and 29.24%, and the average removal rates of
NH3-N are 59.83% and 27.28%. The combination process of “pretreatment hydrolysis-
acidification-two-stage AO” has a good effect on the treatment of high-concentration resin
production wastewater, with the final effluent COD ≤ 500 mg/L, TN ≤ 70 mg/L, and
NH3-N ≤ 35 mg/L.
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