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Abstract: Anaerobic wastewater treatment technology has been intensively and extensively in-
vestigated in the industry and scientific research. Inspired by the advantages of multi-stage and
multi-phase anaerobic reactor technology (SMPA) in recent years, a three-stage anaerobic reactor
(3S-AR) was designed and applied to treat poplar chemical–mechanical pulp wastewater, and various
operation parameters, including the volume loading rate (VLR), hydraulic retention time (HRT),
ascending velocity, reflux ratio, pH and temperature of the 3S-AR, were optimized to evaluate the
reactor’s removal efficiency for poplar wastewater. The properties of anaerobic granular sludge
and the composition of wastewater were also characterized to assess microorganism growth and
pollutant migration. Results show that the COD removal rate was over 75% with a volume loading
rate range of 15–25 gCOD/(L·d) in the 3S-AR; the hydraulic retention time was also found to be
an important factor affecting the performance of the 3S-AR reactor. The volume loading rate and
degradation efficiency of the 3S-AR reactor are higher than those of the up-flow anaerobic sludge
blanket (UASB) reactor. Microorganism separation can be achieved in the 3S-AR, which is conducive
to the growth and methanogenesis activity of bacteria, thereby leading to enhanced removal and
buffering efficiency. After treatment in the 3S-AR, the main pollutants of poplar wastewater were
benzene aromatic acids and long-chain esters, which do no biodegrade easily; in contrast, most of the
fatty acid substances with small molecules were completely degraded.

Keywords: poplar P-RC APMP wastewater; three-stage anaerobic reactor; microbial

1. Introduction

The papermaking industry is a significant contributor to global economic development,
providing essential materials for various applications ranging from packaging to printing [1–3].
However, large quantities of wastewater were produced during the pulping process, and the
wastewater typically contains a variety of organic and inorganic substances, including lignin,
cellulose, hemicellulose, resins, solvents, dyes, bleaching agents, and suspended solids [4–6].
Without proper treatment, the discharge of untreated or inadequately treated papermaking
wastewater can have severe environmental and public health implications [7–9].
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Effective treatment of papermaking wastewater is essential to mitigate these environ-
mental and health risks [10–13]. Anaerobic biological treatment has emerged as a promising
approach for the remediation of papermaking wastewater, offering numerous advantages
over conventional treatment methods [14,15]. This method harnesses the metabolic activity
of anaerobic microorganisms to degrade organic pollutants present in wastewater, con-
verting them into methane and carbon dioxide gases [16–18]. The utilization of anaerobic
processes in papermaking wastewater treatment has gained traction due to its potential for
energy recovery, reduced sludge production and low cost [19,20].

In recent years, significant advancements have been made in the application of anaer-
obic bioreactors for papermaking wastewater treatment [21–24]. Various reactor configura-
tions, such as anaerobic baffled reactors (ABRs), upflow anaerobic sludge blanket (UASB)
reactors, and anaerobic sequencing batch reactors (ASBRs), have been investigated for their
efficacy in treating papermaking effluents [25,26]. These reactors offer different operational
advantages and performance characteristics, allowing for flexibility in system design and
optimization. Parameters such as temperature, pH, organic loading rate, hydraulic reten-
tion time, nutrient availability, and mixing significantly influence the performance and
efficiency of anaerobic reactors. However, their implementation faces several hurdles that
hinder efficient treatment. These challenges span various aspects, including the intricate
composition of the wastewater, substrate inhibition, slow reactor start-up, volatile fatty acid
accumulation, foaming and scum formation, and nutrient limitations [27–31]. Overcoming
these obstacles demands a holistic understanding of the interplay between wastewater
properties, microbial communities, and reactor dynamics.

The design of anaerobic reactors tailored to the specific characteristics of water quality
is essential for achieving efficient and effective treatment of wastewater [30,32]. Anaerobic
reactors operate based on complex microbial processes that are influenced by the composi-
tion of the wastewater feedstock [33,34]. Ghosh [35] proposed the concept of two-phase
separation in anaerobic bioreactors, which involves two independently operated reactors
connected in series. Each reactor is controlled according to the optimal growth conditions
for either acid-producing fermentation bacteria or methanogens, allowing each type of
microbial community to maximize its metabolic function. Practically, two-phase separation
has been shown to significantly reduce acidification issues caused by acid accumulation in
traditional processes, which provides suitable environmental and operational conditions
for each phase, thereby enhancing operational stability, pH resilience, tolerance to toxins,
organic load rate, methane content in biogas, and overall treatment efficiency. However, the
two-phase separation process only separates acidifying bacteria and methanogens. Even
in methanogens, there are significant physiological differences between species. Housing
microorganisms with such diverse characteristics in the same phase still compromises
some of their functions. Therefore, further separation of biological phases could improve
wastewater treatment efficiency and stability.

Herein, a three-stage anaerobic reactor (3S-AR) was designed and applied to treat
poplar P-RC APMP wastewater. The operation parameters of the reactor and sludge
property were studied. The pollutant migration and degradation of the wastewater were
detected, and the compositions of the APMP wastewater before and after the treatment were
also analyzed by GC-MS spectra. This result shows that the 3S-AR system has excellent
performance in the treatment of industrial wastewater.

2. Materials and Methods
2.1. Characteristics of Poplar P-RC APMP Wastewater

The wastewater utilized in this investigation was obtained from the pulping process
of an integrated coated paper mill. Table 1 presents the primary pollution characteristics of
the wastewater.
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Table 1. Characteristics of poplar P-RC APMP effluent.

pH Chemical Oxygen
Demand (CODCr, mg/L)

Biochemical Oxygen
Demand (BOD5, mg/L)

BOD5/
CODCr

Suspended Solid
(SS, mg/L)

Total Suspended
Solid

(TS, mg/L)

Color
(Time)

effluent 7.93 9530 4103 0.43 144 11311 200

2.2. 3S-AR and UASB Reactor

The anaerobic degradation process of organic particulate matter is roughly divided
into hydrolysis, acidogenesis, and methanogenesis stages. To achieve phase separation and
higher pollutant efficiency for the poplar APMP wastewater with a high concentration, the
3S-AR reactor was tailored according to muti-phase anaerobic theory. The 3S-AR (Figure 1a)
was composed of three cylindrical reaction units connected to each other in sequence. The
first and second reactors were made of quartz glass, each with an effective volume of
360 mL, diameter of 44.6 mm and height of 230 mm. The diameter and height of third
reactor were 44.6 mm and 460 mm, respectively, with an effective volume of 720 mL. The
total effective volume of the 3S-AR was 1440 mL. Additionally, the UASB reactor (Figure 1b)
consisted of a common single-stage cylindrical column with a diameter of 44.6 mm and a
height of 230 mm, possessing an effective volume of 360 mL. Both reactors were equipped
with water jackets to regulate temperature.
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Figure 1. Experimental apparatus of 3S-AR (a) and UASB reactor (b) in laboratory.

2.3. Startup of 3S-AR and UASB Reactors

The inoculated sludge with a black color was taken from the remaining granular
sludge of the internal circulation (IC) reactor of a brewery in Nanjing, which was then
poured into the reactor for inoculation. The diameter size of the sludge ranged from 0.5 mm
to 2 mm, with a specific gravity of 1.065 kg/L. The total suspended solid (TSS) and volatile
suspended solid (VSS) of the sludge were 97.34 g/L and 55.51 g/L, with a VSS-to-TSS ratio
of 0.570.

In the 3S-AR system, seed sludges of 110 mL, 130 mL and 280 mL were successively
subjected to the first, second, and third unit reactors in sequence. Conversely, 130 mL of
seed sludge was added to the UASB reactor. The volume loading rate of the setup reactor
was regulated by modulating the influent COD concentration, maintaining a COD:N:P
ratio of 400:5:1, respectively. The initial COD of influent was maintained at approximately
1500 mg/L, with a volume loading rate of ca. 1 gCOD/(L·d). As the COD removal rate
was higher than 40% with a VFA value lower than 10 mmol/l, the volume loading rate
increased by 20–30% with increased COD concentration during each adjustment phase.
The changes in volume loading rate, pH, VFA and their impact during the start-up of the
reactor were monitored until the completion of sludge acclimation. When VFA in the 3S-AR
reactor was higher than 15 mmol/L, the reactor volume loading rate was reduced until
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the sludge acclimation was completed. For the UASB reactor, the sludge acclimation was
considered to be completed when the reactor volume loading rate reached 5 gCOD/(L·d)
with a stable COD removal rate. The volume loading rate (VLR) was determined using the
following formula:

VLR =
QS0

V

where Q represents the volume of wastewater entering the reactor per unit time (m3/d), S0
represents the influent COD concentration (mg/L or kg/m3), and V represents the total
volume of the reactor (L).

2.4. Experimental Parameters

After complete acclimation of the sludge, the experiments of 3S-AR and UASB for the
poplar APMP wastewater were performed. The efficiencies of the 3S-AR reactor and UASB
reactor were evaluated under different process conditions, which are shown in Table 2. The
tests ran for 6 days with the volume loading rate adjustment. When the process parameter
was changed, the tests were first ran for 3 days, and the formal test was carried out after
the operating data were stable.

Table 2. Conditions of lab tests in treatment of poplar effluent by 3S-AR.

Stage Flow Rate
(mL/h)

Ascending Velocity
(m/h)

Hydraulic Retention
Time (h)

Volume Loading
Rate (gCOD/L·d)

Influent COD
(mg/L)

1 116.5 1.68 12.36 15 7724
2 155.4 1.68 9.27 20 7724
3 170.8 1.68 8.43 22 7724
4 194.2 1.68 7.42 25 7724
5 217.5 1.68 6.62 28 7724
6 170.8 1.68 8.43 16 5620
7 170.8 1.68 8.43 20 7025
8 170.8 1.68 8.43 27 9530
9 138.5 1.68 10.40 22 9530
10 205.7 1.68 7.00 22 6416
11 239.6 1.68 6.01 22 5510
12 170.9 2.07 8.43 22 7724
13 170.9 1.33 8.43 22 7724
14 170.9 0.95 8.43 22 7724

2.5. Characterization

Chemical oxygen demand (COD) is typically measured using the dichromate method.
BOD is determined by measuring the oxygen consumption of microorganisms during
the biological degradation of organic matter in the wastewater sample over a specific
incubation period. Suspended solids (SS) and total suspended solids (TSS) are typically
measured using gravimetric methods, where the suspended solids are separated from the
wastewater sample by filtration and then dried and weighed. Volatile fatty acids (VFAs)
and alkalinity are typically measured by titration with a standardized acid and alkaline
solution. The granular sludges were taken from the middle of each unit, and the size of the
sludges was measured using a laser particle size analyzer (Mastersizer 2000, Malvern, UK)
with a measurement range of 0.02–2000 µm. Anaerobic granular sludge was collected from
the reactor and treated with dehydration stepwise. The morphology of the sludge was
detected using scanning electron microscopy (SEM). The specific methanogenic activity
(SMA) of granular sludge was measured according to the previous study [36].
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3. Results and Discussions
3.1. The Influence of Operation Parameters of the 3S-AR on the Pollutant Removal

After the completion of reactor startup, the influences of the volume loading rate,
influent COD, hydraulic retention time (HRT) and reflux ratio on the degradation efficiency
of 3S-AR were assessed; the results are shown in Figure 2 and Table 3. Figure 2a,b illustrate
the impact of volume loading rates on COD removal with an influent COD of 7724 mg/L.
In the first unit, the COD removal declined quickly with the increasing volume loading
rate [37]. In the second unit, the COD removal initially increased slightly and then decreased
when the volume loading rate increased to above 22 gCOD/(L·d). Inspiringly, the COD
removal in the third unit was stable and even continued to increase given the increased
volume loading rate and decreased COD removal in the first unit, indicating a good
compensatory effect, and the COD removal rate started to decrease when the volume
loading rate was above 25 gCOD/(L·d). The 3S-AR can automatically redistribute the
volume loading rate within the system to a certain extent, thereby improving the operational
stability of the system. The total COD removal rate of the 3S-AR remained consistently
above 75% with volume loading rates between 15 and 28 gCOD/(L·d), only slightly
decreasing at 28 gCOD/(L·d) with an HRT of 6.62 h. For subsequent experiments, a volume
loading rate of 22 gCOD/(L·d) was selected. Figure 2c,d show the effects of the influent
COD concentration on the COD removal efficiency. When the influent COD increased from
5620 mg/L to 9530 mg/L, the COD removal rate decreased slightly. The COD removal
efficiency was still as high as 76.68% with the influent COD of 9530 mg/L.
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Figure 2. Effects of volume loading rate (a,b) with influent COD of 7724 mg/L, influent COD
(c,d) at HRT of 8.34 h, hydraulic retention time (e,f) and reflux ratio with a volume loading rate of
22 gCOD/(L·d) (g,h) on the COD and COD removal rate of the 3S-AR.

As the hydraulic retention time (HRT) decreased, the COD removal rate of the reactor
(Figure 2d,e) initially increased and then decreased. A significant drop in COD removal
efficiency was observed when the HRT fell below 8.43 h. Therefore, an optimal influent
COD concentration and hydraulic retention time is crucial for a specific volume loading
rate. For instance, when the volume loading rate is 22 gCOD/(L·d), the ideal influent
COD concentration and HRT to maximize efficiency were found to be 7724~9530 mg/L
and 8.43~10.4 h, respectively. Under the same volume loading rate, a higher inlet COD con-
centration resulted in better effluent COD removal efficiency, underscoring the importance
of sufficient contact time between pollutants and microorganisms [38,39]. Experimental
analysis indicates that the 3S-AR can maintain high COD removal efficiency with increased
volume loading rate at a suitable hydraulic retention time. Each unit in the 3S-AR plays
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a distinct role, rather than merely being physically connected, in the pollutant degra-
dation process. Over time, microbial colonies adapted to specific substrates develop in
each unit, enabling biological phase separation and supporting the reactor’s efficient and
stable operation.

Table 3. Result of poplar P-RC APMP effluent treatment under different conditions.

Stage Flow Rate
(mL/h)

Ascending
Velocity

(m/h)
HRT (h)

Volume Loading
Rate

(gCOD/L·d)

Influent COD
(mg/L)

COD (mg/L) Total COD
Removal Rate

(%)1st 2nd 3rd

1 116.5 1.68 12.36 15 7724 3781 2618 1483 80.8
2 155.4 1.68 9.27 20 7724 4173 2831 1622 79
3 170.8 1.68 8.43 22 7724 4300 3080 1693 78.09
4 194.2 1.68 7.42 25 7724 4593 3505 1787 76.87
5 217.5 1.68 6.62 28 7724 5083 3968 2092 72.91
6 170.8 1.68 8.43 16 5620 3135 2404 1144 79.64
7 170.8 1.68 8.43 20 7025 3805 2955 1505 78.58
8 170.8 1.68 8.43 27 9530 5409 4343 2223 76.68
9 138.5 1.68 10.4 22 9530 5019 3700 2171 77.22

10 205.7 1.68 7 22 6416 4012 3065 1691 73.64
11 239.6 1.68 6.01 22 5510 3919 3285 1902 65.49
12 170.9 2.07 8.43 22 7724 4399 3314 1792 76.8
13 170.9 1.33 8.43 22 7724 4209 3096 1676 78.31
14 170.9 0.95 8.43 22 7724 4272 3290 1842 76.15

As illustrated in Figure 2g,h, the ascending velocity and reflux ratio significantly
influenced the different units of the 3S-AR. A higher reflux ratio and rising flow rate
notably affected the first unit, which was due to the higher COD concentration of the
influent and larger gas production in the first unit [40]. In contrast, the influence of reflux
ratio on the second unit was different from that of the first unit, and the COD removal of
second unit increased initially and then decreased even the continuous decreased COD
removal of the first unit, indicating that the reflux ratio has a certain impact on the transition
phase to the second unit. Interestingly, the effect of the reflux ratio on the third unit can be
neglected, and the COD removal fluctuates within a small range with the increase in rising
flow rate and reflux ratio.

Figure 3a demonstrates the 3S-AR system’s excellent performance in treating P-RC
APMP wastewater, achieving high removal rates for COD (77.86%), BOD (82.09%), SS
(54.86%), and TS (53.85%). Accumulation of organic acids, which can lower pH and
hinder anaerobic reactions, is common in anaerobic processes. Figure 3b shows a gradual
decrease in volatile fatty acids (VFAs) across the three units of the 3S-AR during continuous
operation at a volume loading rate of 25 gCOD/(L·d). The VFA levels in the first, second,
and third unit were 7.34 mmol/L, 3.62 mmol/L, and 1.78 mmol/L, respectively, indicating
a robust and effective system [41]. Concurrently, alkalinity increased across the units, with
the lowest levels in the first unit due to higher acid generation, and continuous increases in
the second and third units due to VFA consumption and alkaline substance production.
The changes in VFAs and alkalinity demonstrates that microorganisms of the wastewater
in three units were synergized well with each other, providing a good buffering capacity,
stability, and high efficiency of the 3S-AR.

A control experiment comparing the 3S-AR to a UASB reactor revealed superior
performance of the 3S-AR in treating poplar wastewater. It can be seen from Figure 4a,b
that the COD removal rate of the poplar wastewater for 3S-AR was higher than that of
UASB under the same volume loading rate. The 3S-AR maintained a high COD removal
rate as the volume loading rate increased from 5 gCOD/(L·d) to 25 gCOD/(L·d), only
significantly dropping when the volume loading rate reached 28 gCOD/(L·d) due to a low
HRT of 6.62 h. In contrast, the COD removal of the UASB reactor remained at over 70% at a
volume loading rate lower than 15 gCOD/(L·d) but declined sharply at 20 gCOD/(L·d).
When the volume loading rate increased to 28 gCOD/(L·d), the pH and VFA of the effluent
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through the UASB reactor were 6.2 and over 10.3 mmol/L, respectively, implying that the
UASB system was damaged markedly.
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Figure 4c illustrates the pH influence of the poplar PRC-APMP wastewater on the
degradation efficiency at a volume loading rate of 20 COD/(L·d) at 37 ◦C with the ascending
velocity of 2.01 m/h. As the influent pH ranged from 5.5 to 8.5, the pH variations in the
first, second and third unit (Figure S1) were 5.33–7.46, 6.76–7.85 and 7.59–8.28, respectively.
When the influent pH varied from 5.5 to 6.0, the pH of the first unit was affected, but no
operating abnormalities occurred. This was mainly due to acid-producing bacteria being the
dominant bacteria in the first unit, which could still grow normally in this environment [42].
The pH of the effluent from the second unit reactor rose to above 6.5, thereby avoiding
the proliferation of acid-producing species in the subsequent reaction, and the produced
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alkaline substances could neutralize the acids. When the influent pH was 8.5, the pH of
the effluent in the first unit was 7.46 due to hydrolysis and acidification, thus preventing
damage from the biochemical process in the second unit. During the pH change process,
the COD removal efficiency of the 3S-AR was high, with minimal fluctuation in effluent
COD, reflecting its good adaptability to pH changes. The excellent strong buffering capacity
of the 3S-AR for pH is mainly due to the biological phase separation achieved by each stage
of the three-stage reactor. However, the UASB does not have strong buffering capacity
for pH. The COD removal efficiency of UASB decreased significantly when the influent
pH was higher than 8.0 and lower than 6.5, dropping to 56.68% when the pH was 6.0.
This is mainly owing to various functional microorganisms coexisting in the same reactor
and methanogens being very sensitive to environmental pH, with the optimal growth pH
being 6.5–7.8. Lower pH inhibits the methanogenesis process, thereby eventually causing
decreased pH and rancidity.

The impact of the temperature on the reactor was assessed with a volume loading rate
of 15 gCOD/(L·d) and influent COD of 7724 mg/L at an ascending velocity of 2.07 m/h.
As shown in Figure 4d, the COD removal rates of the 3S-AR and UASB have a similar trend
as the reaction temperature varied from 20 ◦C to 40 ◦C, with the COD removal rate of both
reactors decreasing synchronously as the temperature dropped. Temperature is a crucial
factor in anaerobic reactions [43]. The anaerobic system has been operated at a medium
temperature (35 ± 1 ◦C) for a long time, forming a relatively stable microbial system at this
temperature, and a sudden temperature change inevitably affects the degradation efficiency
of the system [44]. Notably, the COD removal rate decreased significantly when the system
temperature dropped below 30 ◦C. For the 3S-AR, temporary temperature fluctuations
between 35 and 40 ◦C did not have a major impact on the operation, but the reactor will try
to keep the system temperature stable. Considering actual application process fluctuations,
the suitable temperature for the 3S-AR is between 35 ◦C and 38 ◦C.

3.2. Properties of Granular Sludge

The morphology and performance of the sludge in each unit of 3S-AR were evaluated
and are presented in Figure 5. Fresh granular sludge inoculated (Figure 5a) in the three
reactor units initially displayed a regular oval or spherical shape with clear boundaries and
irregular surfaces featuring gaps and pores, facilitating substrate and metabolite transport
into the particles and methane gas escape [45,46]. Over time, the biological phases and
microorganisms underwent significant changes. The biological phase of the first unit
(Figure 5b) predominantly consisted of rod-shaped bacteria, with a minor number of
filamentous bacteria and cocci, which is attributed to the higher organic load and nutrient
availability. On the other hand, the sludge in the second-stage (Figure 5c) unit was mainly
composed of rod-shaped bacilli and cocci, and the number of filamentous bacteria was
higher than that in the first stage unit. As shown in Figure 5d, the filamentous bacteria of
the sludge in the third stage unit increased, and the dominant bacteria were rod-shaped
bacteria and filamentous bacteria. The filamentous bacteria increased from the first unit
to the third unit, owing to the reduction in organic load in wastewater. Herein, it can be
considered that rod-shaped and filamentous bacteria play crucial roles in forming granular
sludge, creating a network structure that supports the adhesion of other bacteria and inert
substrates, promoting granular sludge formation [47,48]. This network structure is similar
to the structure of activated carbon, which is conducive to the adsorption of pollutants to
the surface of the granular sludge and sequential degradation.

Granular sludge particle sizes changed notably after various operational processes,
including start-up, low-load, high-load, impact-load, and stable operations. The average
particle sizes of the sludge (Table S1) in the inoculation, first unit, second unit and third
unit were 581 µm, 611 µm, 462 µm and 676 µm, respectively. Compared with inoculated
sludge, the average size of sludge more than 500 µm in the first unit increased by 4%,
and the sludge with a particle size of more than 1200 µm also increased slightly. The
increased size of sludge in the first unit was due to a high-volume loading rate and gas
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production. Meanwhile, the proportion of sludge with a size less than 100 µm in the
secondary sludge significantly increased, which was due to the low COD removal rate
gas production. Compared with the sludge of inoculation and second unit, the granular
sludge with a particle size less than 100 µm in the third unit decreased by ca. 9% and 24%,
and the granular sludge with a particle size greater than 500 µm increased by ca. 10% and
20%, respectively.
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The quality of the anaerobic granular sludge can also be evaluated by the specific
methanogenic activity (SMA), and the results are shown in Figure 5f and Table 4. The
methanogenic activity of the sludge (SMA) can be calculated using the following for-
mula [49,50]:

SMA = (gCODCH4/gVSS·d)

where R is the methane production rate, V is the reactor liquid volume, and VSS is the
sludge concentration; CF is a methane conversion coefficient of 418 mL/g CODCH4. It can
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be clearly seen that the sludge in the third unit has the highest specific methane production
activity, reaching 1.07 gCODCH4/gVSS·d, followed by the first-stage sludge, reaching
0.96 gCODCH4/gVSS·d, indicating that the anaerobic microorganisms in the granular
sludge have higher activity.

Table 4. Specific methanogenic activity of sludge.

Index 1st Unit 2nd Unit 3rd Unit Inoculation

R (mL/h) 8.58 8.41 9.91 6.45
VSS (g/L) 1.03 1.12 1.06 0.96

SMA
(gCODCH4/gVSS·d) 0.96 0.86 1.07 0.77

3.3. Migration of the Pollutant in the Treatment of 3S-AR

The GC-MS spectra of the fresh and treated wastewater are presented in Figure 6a,
and the retention time and peak area ratio of main products in the wastewater are also
given in Tables S2–S5. The poplar P-RC APMP wastewater contains various fatty acids,
aromatic compounds, and other organics. Specially, straight-chain fatty acids with fewer
than six carbon atoms, such as acetic, propionic, and butyric acids, comprise approximately
46% of the total organic matter, while benzene-ring-containing fatty acids, such as benzoic
and phenylacetic acids, account for ca. 42%. The relative content of straight-chain fatty
acids with a C number higher than 8 was 5%, and the relative content of total fatty acids
accounted for ca. 94%. The species of the wastewater in the first unit increased due to
hydrolysis and acidification. The species and content of the organics in the second and third
unit were significantly reduced, and the composition of the effluent through the 3S-AR
was mainly composed of the refractory aromatic acid and aromatic phenol. The contents
of long-chain fatty acid, benzene-containing aromatic acid, aromatic esters and aromatic
phenols were ca. 10%, 28%, 16% and 30%, respectively.
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GC-MS analysis (Figure 6b) revealed carbon atom distribution variations between
influent and effluent. The main carbon atoms were C2, C3, C7, and C9, comprising 87%
of the total organics, with C2 and C7 each exceeding 35%. Moreover, other carbon atoms,
such as C4–C10, C14, C16, and C18, were also presented in the wastewater. The maximum
number of carbon atoms was C24, and the organic compounds including C11–C13, C15 and
C19–C23 were not detected. The primary carbon atom distributions of organic pollutants
(Figure 6b) in the third unit were C7, C8, C14, C16, and C24, contributing to 80% of the
total organics. The relative content of C7 and C8 was more than 25%, and the content of
C24 was greater than 10%. The composition of residual organic pollutants after anaerobic
treatment included methyl phenol (C7), acid (C8) and 1,2-ethylhexyl phthalate (C24),
respectively, which all belong to the benzene compounds. The carbon atoms of organics in
Poplar P-RC APMP wastewater were mainly less than nine carbons, such as acetic acid,
propionic acid, butyric acid, and benzoic acid, etc., possessing a better biodegradability of
wastewater. Pollutant degradation occurs principally in the third unit, and large numbers
of organisms are consumed by microorganisms, producing refractory organics, such as
benzene, long-chain fatty acids and esters in the wastewater.

Figure 6c shows the functional group variations in organic compounds in the wastew-
ater. The original poplar P-RC APMP wastewater predominantly contained carboxylic
acids, including acetic, propionic, butyric, and benzoic acids. In the first unit, the presence
of fatty acids and hydrocarbons indicated macromolecular chain breakage or benzene
ring opening through acidification and hydrolysis, forming hydrocarbons. The first unit
had the highest diversity of organic functional groups, confirming hydrolysis and the
generation of transitional products like hydrocarbons, aldehydes, ketones, and other or-
ganic substances. In the second unit, the effluent primarily contained fatty acids, aromatic
acids, esters, and phenolics. In the third unit, functional groups were more concentrated,
mainly aromatic acids, esters, and phenolics. Combined with the above characterization
and analysis, aromatic acids or long-chain esters do not degrade easily, while most of the
small-molecular-weight fatty acids can be easily decomposed.

4. Conclusions

A three-stage anaerobic reactor (3S-AR) was designed based on the wastewater proper-
ties, microbial communities, and reactor dynamics. The parameters, including the volume
loading rate, hydraulic retention time, reflux ratio, ascending velocity, pH, and temperature,
must be considered for tailoring the reactor to achieve optimal treatment efficiency. The
3S-AR shows excellent performance in the pollutant removal and impact resistance for the
poplar APMP wastewater, mainly due to the separation of microbial phases. Each unit of
the 3S-AR served distinct roles: the first unit focused on hydrolysis and acidification, the
second on the conversion of organic matter, and the third on methanogenesis. The COD
removal rate of 3S-AR is higher than that of UASB. The sludge exhibited a gradual increase
in filamentous bacteria across the three stages, and methanogenesis activity increased by
10–28% compared to the inoculated sludge. The macromolecular pollutants were degraded
through molecular chain scission, benzene ring opening, and aliphatic ring opening, form-
ing small molecular acid substances that can be directly utilized by methanogens. The
primary pollutants of the wastewater through the 3S-AR were benzene-containing organic
compounds and long-chain ester substances. The research provides a theoretical basis for
designing anaerobic reactors and efficient pollutant degradation.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/w16152173/s1: Figure S1: The effect of influent pH on the variations in
pH in each unit of 3S-AR; Figure S2: Relationship between fluctuating concentration of influent COD
and effluent COD removal ratio in impact load experiment; Table S1: Variation at size distribution of
granule sludge; Table S2: Identified products and content by GC-MS of poplar P-RC APMP wastewater;
Table S3: Identified products and content by GC-MS of poplar P-RC APMP wastewater in the first unit;
Table S4: Identified products and content by GC-MS of poplar P-RC APMP wastewater in the second
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unit; Table S5: Identified products and content by GC-MS of poplar P-RC APMP wastewater in the
third unit.
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