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Abstract: This study used the EGSB and IC reactors to treat the high-salt and high-concentration or-
ganic wastewater (high-salt fatty acid production wastewater) and compared their performances The
experimental results showed that the optimal influent water quality thresholds for both bioreactors
to treat this wastewater were a COD concentration of 18,000 mg/L and a sulfate ion concentration of
about 8000 mg/L. The reactor operated well when C/S was greater than 2.8. In addition, the value
of C/S should not be less than 1.5. This is due to that under this condition, the sulfate reduction
process has a significant impact on the removal of COD, and MPB may be inhibited by sulfides. The
organic load OLR should not be greater than 10 kgCOD/(m3·d). It was also found that the start-up
time of the IC reactor with external circulation was slightly shorter, and the COD removal effect, gas
production rate, and load tolerance were slightly better than those of the EGSB reactor, the best reflux
ratio of the two reactors was 6:1. The appropriate rising flow rate was 0.4 m/h.

Keywords: IC reactor; EGSB reactor; high-salt fatty acid organic wastewater; comparison; operating
characteristics

1. Introduction

High-salt fatty acid organic production wastewater comes from the production of fatty
acid series products. The production process of fatty acid series products is as follows:
waste materials from vegetable oil and fat processing plants, i.e., the saponins, are acidified
by sulfuric acid to obtain crude fatty acids, and then the crude fatty acids are subjected
to continuous medium-pressure hydrolysis and continuous high vacuum distillation to
produce high-quality refined fatty acids, stearic acid, and plant pitch. In addition to high-
concentration organic substances, such as phospholipids and soaps as well as pollutants
such as acids and SS, the production wastewater contains high-concentration salts (mainly
sodium sulfate). Generally, the concentrations of pollutants in the wastewater are as follows:
the concentration of animal oil and vegetable oil is 100 mg/L, the concentration of COD
is 30,000~60,000 mg/L, and the concentration of SS is 1200~3000 mg/L. The pH value is
about 3.0, and the salt content is 3~5% (mainly sodium sulfate salt).

Since this wastewater has a BOD/COD (B/C) ratio of 0.4 to 0.45, it is easy to treat using
biochemical treatment. The conventional treatment method is pretreatment + biochemical
treatment. As a low-cost biotechnology, anaerobic biochemical treatment technology can
stably and efficiently remove pollutants at high organic loads, thereby simultaneously
achieving the degradation of pollutants and the recovery of resources. It is usually used
as a core technology for industrial enterprises with serious environmental problems and
insufficient funds [1–3].
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During the anaerobic digestion of organic wastewater containing high concentrations
of sulphate, SRB competes with methane-producing bacteria (MPB) for substrates and
inhibits MPB. At the same time, the sulfate produced in the reduction reaction by SRB also
has a toxic effect on MPB and other anaerobic bacteria, thus affecting the treatment effect of
the anaerobic reactor [4]. For this reason, researchers used a two-phase process to separate
the sulfate reduction process from the methane production process to eliminate the impact
of SRB on MPB, which makes the process complicated and expensive. With the in-depth
research on SRB and the development of anaerobic reactors, researchers and engineers are
increasingly interested in using some modern new high-efficiency anaerobic reactors to
treat high-sulfate wastewater [5–14].

Suspension growth reactors, such as expanded granular sludge bed (EGSB) and inter-
nal circulation (IC) reactors, rely on a high liquid rising flow rate Vup and a large amount
of produced biogas to ensure that the granular sludge is always in a good suspension
state. The EGSB and IC reactors take full advantage of mature biological and engineering
technologies such as sludge granulation, fluidization, feedback control (reflux), and a large
height-to-diameter ratio design. Meanwhile, the performance of granular sludge as a
microbial polymer is adjusted according to the operating conditions and treatment load
of the reactor, which overcomes the disadvantages of the adhesion growth reactor caused
by the fillers, such as easy clogging and larger power consumption. The two reactors
have become the typical representatives of the third generation of anaerobic reactors. The
structures of the two reactors are shown in Figure 1.

Figure 1. Structural diagram of EGSB and IC reactors ((a) EGSB, (b) IC).

The EGSB reactor was developed based on the upflow anaerobic sludge bed (UASB)
reactor. It adds an effluent recirculation part to the structure of the UASB reactor and
thus has a much higher rising flow rate than the UASB reactor, which reduces the sludge
deposition at the bottom of the UASB and improves the ability to bear the organic load. The
higher rising flow rate also ensures the overall mixing of organic matter and granular sludge
and strengthens the contact between microorganisms and pollutants, thereby improving
the treatment efficiency.

The IC reactor is structurally equivalent to the superposition of two-stage UASB in the
vertical direction, so it has two-stage reaction zones and two three-phase separators, which
are located in the middle and top of the reactor, respectively. The most important feature of
the IC reactor is that it has an independent internal circulation system, i.e., two three-phase
separators and the gas–liquid separator at the top are connected through two gas risers, and
the gas-liquid separator is connected with the bottom of the reactor through a descending
pipe. The biogas produced in the anaerobic digestion process will form a gas stripping
effect during the ascent, carrying the mixed liquid in the reactor with it. After reaching the
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gas–liquid separator at the top, the mixed liquid will flow back to the bottom of the reactor
along the descending pipe under the action of gravity, while the gas is discharged with the
biogas, forming a powerless internal circulation system

The main characteristics of both reactors are compared in Table 1.

Table 1. Main characteristics of EGSB and IC reactors.

Reactor
Type Commonality

Peculiarities

Structure Size
Reaction
Chamber

Flow Rate
(Including

Reflux)
m·h−1

Circulation
Mode

Power
Consump-

tionHeight (m) Aspect
Ratio

EGSB
1. Third generation

of the anaerobic
reactor;

2. Derived from the
improvement of
UASB;

3. Suspended
granular sludge
reactors;

4. Reflux ratio of
200~300;

5. Small footprint;
6. With circulation;
7. Produce clean

energy—biogas.

12~16 15~40 1 2.5~12 Exterior High

IC 18~24 4~8
2 USAB
Series

connection
6~16 Interior Low

Both EGSB and IC reactors have a similar structure and performance but also have
their distinct characteristics. They are both suitable for treating high-concentration organic
wastewater. However, there are no or less reported comparative studies on the two reactors
in the treatment of the same organic wastewater. High-salt fatty acid organic production
wastewater is a type of organic wastewater with a high salt and high concentration, which
mainly comes from meat processing wastewater, oil processing wastewater, synthetic
fatty acid wastewater, dairy processing wastewater, daily chemical wastewater, etc. In
order to explore and compare the treatment effects of EGSB and IC reactors on this type
of wastewater, this study took hypersaline fatty acid wastewater as the research object,
focused on the startup and operation rules of the two different reactors for treating fatty acid
wastewater, and conducted an in-depth comparative analysis of the treatment outcomes of
both reactors. Based on the comparison results, the advantages and disadvantages of both
reactors for treating high-salt fatty acid wastewater were evaluated. The results can provide
a reference for the design selection and operation parameters of the anaerobic reaction.

2. Materials and Methods
2.1. Experimental Device

In this experiment, the EGSB and IC reactors were made of plexiglass, both cylindrical,
with a volume of 38 L. The temperature was controlled at 35 ± 5 ◦C. The combined
experimental process of the EGSB reactor and IC reactor is shown in Figure 2.
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Figure 2. Flow chart of the combined experimental device of EGSB reactor and IC reactor. (a) EGSB,
(b) IC. 1. Inlet bucket; 2. inlet pump; 3. rotor flowmeter; 4. control valve; 5. reflux pump; 6. sampling
port; 7. feed port; 8. insulation material; 9a. sludge bed area; 9b. the first reaction zone; 10a. sludge
settlement area; 10b. the second reaction zone; 11. three-phase separator; 12. water sealed bottle;
13. valve; 14. CO2 absorption bottle; 15. Markov bottle; 16. graduated cylinder; 17. outlet bucket.

The experimental water was prepared in the inlet bucket and then passed through
2 (inlet pump), rotameter, and control valve to reach the bottom of the V-shaped inlet
of the reactor. The return pipe was located in the sludge settlement area of the reactor,
under the three-phase separator and 45 cm away from the outlet pipe. The return water
passes through 5 (return pump) and the rotameter, mixes with new water in the water
inlet pipe, and enters the reactor. The reactor was connected with a constant-temperature
water bath heating device. The surface of the reactor was covered with 8 (insulation
materials) to insulate the reactor. The effluent from the reactor flows into 17 (outlet buckets).
Depending on its quality, the effluent will be either discarded or used to reconfigure the
experimental water.

The part of 12 (water-sealed bottle) in the gas collection device was used to stabilize
the voltage and ensure the stability of the three-phase separator. After the gas passes 12, the
output of methane gas could be measured through 14 (CO2 absorption bottle), 15 (Mariotte
bottle or Markov), and 16 (measuring cylinder), or we could also skip 14 and directly pass
15 and 16 to measure the total gas production.

The inner diameter of the column in the EGSB reaction zone was 160 mm, the thickness
of the plexiglass was 10 mm, and the total height was 1.73 m. On both sides of the reactor,
there were 5 sample holes with an inner diameter of 10 mm and 4 feed holes with an inner
diameter of 50 mm, respectively.

The inner diameter of the column in the IC reaction zone was 200 mm, the thickness of
the plexiglass was 10 mm, and the total height was 1.2 m. The IC reaction zone was divided
into upper and lower parts. The upper part was the first reaction zone, and the lower part
was the second reaction zone. On both sides of the reactor, there were 4 sample holes with
an inner diameter of 10 mm and 3 feed holes with an inner diameter of 50 mm, respectively.

External circulation of the analog EGSB reactor was added to the design of the tested
IC reactor. The effect of external circulation on IC reactor performance was investigated.

The appearance of the completed EGSB and IC reactor and the combined experimental
device is shown in Figure 3.
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Figure 3. Appearance of the experimental device. (a) EGSB reactor. (b) IC reactor. (c) Combined
experimental device.

2.2. Test Water

Test water 1: Artificial glucose was mixed with water, and then urea and potassium
dihydrogen phosphate were added to adjust COD:N:P to 500:5:1. Simultaneously, the trace
elements such as Ca2+, Mg2+, Fe2+, Fe2+, Co2+, Mn2+, and Ni2+ were added. Meanwhile,
NaHCO3 was added to the water to adjust the pH of the solution to the range of 6.5~7.5.

Test water 2: The wastewater came from the biochemical adjustment tank of the
production department of an enterprise. The main water quality index is shown in Table 2.

Table 2. Test water quality index.

Index COD (mg/L) BOD5 (mg/L) SS (mg/L) pH

Value 15,000~23,400 8200~11,200 720~970 1.64~2.20

NaHCO3 solution was used to adjust the pH of the influent to the range of 6.5~7.5.
According to different water quality requirements of the experimental program, test

water 2 (diluted and dissolved in a certain amount of Na2SO4 to form raw wastewater
with different salt contents) or test water 1 (changed the ratio of glucose and dissolved in a
certain amount of Na2SO4 to form raw wastewater with different salt contents) was used.
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2.3. Seeding Sludge

The anaerobic biological filter granular sludge in the sewage treatment plant of Jin-
shawan Industrial Park, Hukou District, Jiujiang City, Jiangxi was used as the seeding
sludge. The seeding sludge was dark brown. The volatile suspended solids (VSS) concentra-
tion of the seeding sludge was 44.7 g/L, and the total suspended solids (TSS) concentration
was 59.4 g/L.

Before seeding, the sludge particles were screened and washed, and then rinsed and
activated with artificial water with a COD concentration of about 22,000 mg·L−1 and a
SO4

2− concentration of about 8000 mg/L. The amount of seeding sludge in both reactors
was 16 L.

2.4. Analysis Method

The COD, salinity (SO4
2−), pH, volatile fatty acid (VFA), and temperature of the

influent and effluent of the reactor were continuously measured on a daily basis. The
monitoring system was used to record the flow rate of inlet water and circulation amount
in each stage every other day. The microbial community structure and morphology of the
sludge were analyzed.

The COD was measured by the potassium dichromate method (GB11914-89); the VFA
was measured by the titration method; the SS sludge concentration was measured by the
gravimetric method; the salt content was measured by the gravimetric method; the methane
content was measured by the alkali absorption method, and the pH was measured by an
acidimeter. The microbial community structure was measured by high-throughput sequencing.

2.5. Experiment Procedure
2.5.1. Domestication of Salt-Tolerant Sludge

The seeding anaerobic granular sludge should occupy about 2/5~3/5 of the volume
of the reactor. The sludge and glucose were added at the same time, and 10 kg of glucose
was mixed with a ton of sludge. In addition, urea and sodium dihydrogen phosphate
were added at 1/20 and 1/100 of glucose, respectively. Before the test, the salt-tolerant
activated sludge was cultivated and domesticated by the raw water of wastewater (COD:
22,000 mg/L, sulfate ion: 8000 mg/L) collected from the biochemical regulating tank of an
enterprise for 9 days (From 23 October 2020 to 1 November 2020), and sodium bicarbonate
was used to adjust the pH. The soaking water was changed every two days. After the
seeding sludge adapted to the quality of the wastewater, it was fed into the reactor. The
concentration of sludge was controlled between 10,000 and 22,000 mg/L.

A certain amount of Na2SO4 and the wastewater collected from the biochemical
adjustment tank of an enterprise were used to prepare raw water with a salt content of
8000 mg/L.

2.5.2. Start-up Period

The length of the start-up period is an important indicator of reactor performance. The
entire start-up process includes an adaptation phase, a load increase phase, and a stable
phase. The start-up test lasted for 42 days (3 November to 14 December 2020), and the pH
of the inlet water was 7.5 ± 0.1. The HRT was maintained for 38 h. In this process, we
investigated the influence of the influent water quality on the reactor and the influence of
external circulation on the IC reactor and compared the performance of both reactors The
specific experimental parameters are shown in Table 3.
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Table 3. Start-up procedure of reactors.

Phase Time (d) OLR
kgCOD/(m3·d)

Reactor Water Inlet R

Flow
(L·h−1)

COD
(mg·L−1)

SO42−

mg·L−1 C/S EGSB IC

I
1~5

3.47 1 5500 2000 2.8 3
0

6~10 3

II 11~20 4.74 1 7500 2700 2.8 3 3

III 21~30 6.95 1 11,000 4000 2.8 3 3

IV

31~36

8.34 1 13,200 4800 2.8
3 3

37~42
4 4

2.5.3. Reactor Performance under Stable-Load and High-Load Operating Conditions

In order to further investigate the performance of the EGSB and IC reactors under
stable-load and high-load operating conditions, experiments were conducted for a total
of 48 days (From 15 December 2020 to 1 February 2021) during the stable- and high-load
operations of the reactors. During this period, we investigated the impact of different
values of C/S and different values of reflux ratio R on the performance of the reactor and
compared the performance of both reactors. The specific experimental parameters are
shown in Table 4.

Table 4. Scheme of reactors under stable-load and high-load operating conditions.

Phase Time (d)
OLR

kgCOD/(m3·d)

Reactor Water Inlet
R

Flow
(L·h−1)

COD
(mg·L−1)

SO42−

(mg·L−1) C/S
EGSB IC

V 43~48 9.17 1.1 13,200 4800 2.8 5 5

VI
49~54

9.17 1.1 13,200 4800 2.8
6 6

55~60 7 7

VII
61~66 10.11 1 16,000

4800
3.3

6 6
67~70 11.37 1 18,000 3.75

VIII

71~76

11.37 1 18,000
8000 2.25

6 6
77~80

12,000 1.5

IX
81~86

11.37 1 18,000
18,000 1

6 6
87~90 22,000 0.8

3. Results and Discussion
3.1. Effect of Influent Water Quality on COD Removal and the Comparison of Two Reactors

The inlet water quality, outlet water quality, and COD removal rate of the EGSB reactor
and IC reactor are shown in Figure 4. Due to the use of anaerobic sludge inoculation, both
reactors started up quickly. Five days before the initial start-up of the reactor, the COD in
the inlet and outlet water did not have obvious changes. The COD removal rate of the IC
reactor (14.10~36.72%) was slightly lower than that of the EGSB reactor (18.24~41.47%).
The reason may be that the EGSB reactor runs the external circulation during this period,
while the IC reactor has no external circulation. After the IC reactor started the external
circulation on the 6th day, the COD removal rate of the IC reactor began to be slightly
higher than that of the EGSB reactor. On the 11th day, the IC reactor internal circulation was
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established, and on the 24th day, the COD removal rate of the IC reactor was increased to
above 90% The COD removal rate of the EGSB reactor was increased to around 90% on the
27th day. In the later period, due to the simultaneous action of the external circulation and
internal circulation of the IC reactor, it had a slightly higher effect than the EGSB reactor.

Figure 4. Relationship between the quality of influent water and the removal of COD in the
two reactors.

3.2. Influence of Organic Load on COD Removal Rate and the Comparison of Two Reactors

Variations in organic loading rate (OLR) have a significant impact on the microbial
community structure and operation efficiency of the system [15] and can affect the COD
removal rate [16]. As shown in Figure 5, the volumetric load was increased by gradually
increasing the influent flow rate and the influent COD concentration. With the increase in
operating time, the influent COD load was gradually increased from the initial value of
3.47 kgCOD/(m3·d) to the highest value of 11.37 kgCOD/(m3·d). The sludge can quickly
adapt to the increase in the volumetric load. As the influent load increased, the COD re-
moval rate gradually increased and stabilized when the COD load was 8~10 kgCOD/(m3·d).
Under the same COD concentration of influent water, the effluent COD concentration of the
EGSB reactor was higher than that of the IC reactor; therefore, the IC reactor had slightly
better COD removal performance than the EGSB reactor. After the COD load reached
10 kgCOD/(m3·d), the removal rate of the two reactors decreased obviously. In particular,
when the COD load increased to 11.37 kgCOD/(m3·d), the performance of both reactors
dropped sharply. Overall, the COD concentration in the effluent of the IC reactor was
slightly lower than that of the EGSB reactor, indicating that the COD removal rate of the IC
reactor was higher than that of the EGSB reactor and the load-bearing performance of the
IC reactor was slightly better than the EGSB reactor.
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Figure 5. Relationship between organic load and reactor COD removal rate. (a) Relationship between
OLR and COD concentration of reactor effluent and the comparison of two reactors. (b) Relationship
between OLR and reactor COD removal rate and the comparison of two reactors.

3.3. Influence of COD/SO2−
4 on COD Removal Rate and the Comparison of Two Reactors

COD/SO4
2− is an important factor affecting the anaerobic digestion process [17–22]

and plays a decisive role in the substrate competition between sulfate-reducing bacteria
(SRB) and methane-producing bacteria (MPB) in the system. Moreover, the sulfate reduction
product, sulfide, has a toxic effect on MPB, inhibits the normal metabolism of MPB, and
reduces the removal efficiency of COD. Studies have shown that the substrate competition
effect of SRB on MPB in the anaerobic digestion process is mainly determined by the
COD/SO2−

4 value of the influent. However, under different conditions such as carbon
source, the pH value, sludge morphology, and the values of COD/SO2−

4 are also different.
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From Figure 6, when the influent C/S changed from 2.8 to 3.75, the COD removal
rate did not change much. The COD removal rate of the EGSB reactor was maintained
above 75.1%, and the COD removal rate of the IC reactor was maintained above 80.3%.
When the influent C/S dropped to 1.5 and below 1.5, the COD concentration of the effluent
from the two reactors gradually increased. The COD concentration of the effluent from
the EGSB and IC reactors can reach 9357 mg/L and 5321 mg/L, respectively. The COD
removal rate dropped to 48.32% and 70.76%, indicating that the sulfate reduction process
had a significant impact on the removal of COD under this condition. In addition, MPB
may be inhibited by sulfides. Especially, when the C/S dropped to below 1.0, the reactor
began to show obvious signs of deterioration, indicating that when the C/S was less than
one, the reactor could no longer maintain stable and efficient COD removal performance.
This was similar to the report by Firmino et al. [23], which stated that in the UASB reactor
using ethanol as the carbon source, the C/S decreased from 5.2 to 2.4 and 0.8, and the
average COD removal rate decreased from 91.8% to 81% and 72.5% [23]. In addition, in the
treatment of UASB with mixed carbon sources of acetic acid and hexanol, when the C/S
decreased from 20 to 0.5, the COD removal rate decreased slightly from 89.1% to 79.2% [24].
However, some studies found that when the UASB was used to treat starch wastewater, the
reduction of C/S from 10 to 0.5 had no effect on the removal performance of COD, and the
removal rate was always maintained at about 80% [25]. In these three reports, the influent
COD concentration was generally low (1000~3000 mg/L). In this study, when the C/S was
as low as 0.8, the COD removal performance deteriorated rapidly and the COD removal
rates of these two reactors were only about 48.32% and 70.76%, respectively. This may be
related to the higher influent COD concentration. The influent COD concentration was
in the range of 11,000~18,000 mg/L. Under a higher organic load, the reactor was more
susceptible to the influence of operating parameters. The IC reactor had a higher tolerance
than the EGSB reactor.

Figure 6. Cont.
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Figure 6. Relationship between C/S and COD removal and the comparison of two reactors.
(a) Relationship between C/S and COD concentration of reactor effluent and the comparison of
two reactors. (b) Relationship between C/S and COD removal rate of reactor and the comparison of
two reactors.

3.4. Changes of pH and VFA of Reactor Effluent and the Comparison of Two Reactors

pH and VFA are important to control parameters of the anaerobic reactor, which can
reflect the actual operating conditions of the reactor.

Figure 7 shows the change in effluent pH during the operation of two reactors. Due
to the low pH of the influent water in the experiment and the salt in the wastewater was
mainly sodium sulfate, lime was used instead of NaHCO3 or NaOH as a neutralizer to
remove part of the sulfate ions without adding the sodium salt. After the neutralization
reaction and precipitation, the supernatant was used as the inlet water of the reaction tower,
and the pH of the inlet water was adjusted to 7~8 to make the reactor operate normally.
At the initial stage of reactor startup, the pH of the effluent was relatively stable, with the
highest value of 8.4. After 40 days, the pH of the effluent dropped, which may be caused by
the increase in volume load. After 60 days of operation, the lowest pH of the EGSB reactor
effluent was 5.5, and the lowest pH of the IC reactor effluent was 6.

It can be seen from Figure 7 that in the later stage, there was a continuous decrease
in the pH of water effluent, from 8.2 and 8.4 to below 5.5 and 6. This result indicated that
the alkalinity produced by sulfate reduction at this time can no longer compensate for the
alkalinity loss caused by the reduction of influent hydroxide ions. As a result, it cannot
provide sufficient pH buffering capacity. When the C/S dropped to 0.8, a significant drop
in effluent pH can also be observed. Therefore, the changes in effluent pH and COD were
synchronized. The IC reactor had better tolerance than the EGSB reactor.

This synchronization can be explained by the change in the effluent VFA (see Figure 8).
When the reactor increased the feedwater load of a stage, the VFA increased to varying
degrees. From Figure 8, it can be seen that except for the initial stage, when C/S ≥ 2.8
(stages I-VI), the effluent VFA was always maintained at a very low level (<352 mg/L).
When the value of C/S dropped to 1.5, there was a significant accumulation of acetic acid,
which directly led to an increase in effluent COD (Figure 6) and a decrease in pH (Figure 7).
When the value of C/S dropped to 0.8, the acetic acid in the effluent accumulated rapidly,
reaching around 628 mg/L and 530 mg/L or more in about 15 days. This further led to
the increase of effluent COD and the decrease in pH. Therefore, when the C/S was 0.8,
the utilization of acetic acid was severely inhibited. According to the reports by Hu and
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O’Reilly et al., at a low C/S, the acetic acid was still mainly used by MPB. SRB does not have
an advantage in the competition with MPB for acetic acid, and it does not even use acetic
acid as a substrate for sulfate reduction [24]. Jing et al. found in batch experiments that
when acetic acid was used as the substrate, although no sulfate reduction reaction occurred,
the addition of sulfate reduced the methanogenic activity by 45.6% [4]. Therefore, when
the C/S was 0.8, the deterioration of the reactor performance was related to the influence
of the methanation process of acetic acid. When the C/S was below 0.8, methanogenic
bacteria were suppressed and sulfur-producing bacteria were dominant, and the resulting
large amount of hydrogen sulfide could impact the activated sludge in the tower, causing
poisoning or even death, thus also affecting the COD removal of the reactor tower.

Figure 7. pH changes of reactor effluent.

Figure 8. VFA change of reactor effluent.

3.5. Relationship between Gas Production Rate and Load and the Comparison of Two Reactors

The influence of influent COD on the gas production rate of the two reactors is shown
in Figure 9. From the figure, with the operation of the reactor, the influent COD increased,
the sludge activity gradually increased, and the gas production rate gradually increased
(Figure 9). When the COD gradually increased from 5500 mg/L to 18,000 mg/L, the
gas production rate of EGSB and IC reactors gradually increased from 0.25 L/L·d and
0.22 L/L·d to 3.02 L/L·d and 4.58 L/L·d, respectively. When the COD was increased from
7500 mg/L to 11,000 mg/L and from 13,200 mg/L to 16,000 mg/L, the gas production rate
had the most significant increase. When the COD was 18,000 mg/L, the gas production
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rate reached the peak values, which were 5.16 L/L·d and 5.61 L/L·d for the IC reactor and
the EGSB reactor, respectively. The overall gas production rate of the IC reactor was slightly
higher than that of the EGSB reactor.

Figure 9. Influence of influent COD concentration on gas production rate.

Using the regression analysis method, the relationship between gas production rate
and volume load was fitted with a second-order polynomial regression (see Figure 10),
which can be expressed as:

Y = −0.0363x2 + 1.0885x − 2.8528 (R2 = 0.9749)

Figure 10. Second-order polynomial regression analysis of gas production rate and volume load.

From the above formula and Figure 10, it can be seen that as the volume load increased,
the gas production rate first increased and then gradually became flat. There was a
significant correlation between the gas production rate and the volume load, and the
correlation coefficient was R2 = 0.9749.
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3.6. Effect of Reflux on COD Removal and the Comparison of Two Reactors

According to the experimental results (see Figure 11), when the reflux ratio (R) of
the EGSB reactor changed from three to six, the COD removal rate increased steadily.
When R reached seven, the water flow rate in the tower increased, causing part of the
granular sludge to be impacted and dispersed into flocculent sludge. As a result, part of
the deposited sludge was converted into suspended sludge, the stratification effect inside
the reactor became worse, and the removal rate of COD started to decrease. When the
reflux ratio R of the IC reactor changed from three to five, the COD removal rate increased
steadily. When R increased to 6~7, the COD removal rate started to decrease.

Figure 11. The effect of reflux on COD removal performance of the two reactors. (a) Relationship
between R and COD of EGSB effluent. (b) Relationship between R and COD removal of EGSB.
(c) Relationship between R and COD of IC effluent. (d) Relationship between R and COD removal
of IC.

The relationship between the reflux ratio and the liquid flow rate in the reaction zone
was obtained, as shown in Figure 12. After the external circulation was started, the rising
flow rate of the liquid in the IC reactor with the added external circulation was the same as
that of the EGSB reactor under the same reflux ratio (In normal operation, the IC internal
circulation volume can be considered as 3~5 times of the water intake). As shown in
Figure 12b, at the same reflux ratio, the rising flow rate of the IC reactor liquid without
external circulation was only half of that of the EGSB reactor liquid.
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Figure 12. Relationship between the reflux ratio and the rising liquid flow rate. (a) IC reactor with
external circulation. (b) IC reactor without external circulation.

This upwardly decreasing flow rate gradient in the IC reactor with the added external
circulation is one of the important guarantees for a fast start-up. On the one hand, it
maintains a sufficiently strong mass transfer in the lower reaction zone; on the other hand,
it avoids the problem of sludge loss under high mass transfer. Experiments have shown
that the hydraulic rising flow rate in the reaction zone should be controlled at 0.4 m·h−1

during the start-up period. If the hydraulic rising flow rate is too low, the best mass transfer
effect cannot be achieved; if the rising flow rate is too high, it will easily cause a large
amount of sludge loss.

Through comprehensive analysis, the main reason why the EGSB and IC reactors can
treat high salinity (SO2−

4 : 8000~10,000 mg/L) in this experiment is that, through reflux,
the liquid in the reactor can reach a complete mixing state, thus reducing the impact of
the influent load and acidic load. Through the reflux disturbance, the H2S generated in
the reduction process can diffuse from the sediment sludge layer to the water outlet area,
thereby reducing the toxic effect of H2S on the activated sludge. Furthermore, a higher
rising flow rate can improve the contact opportunity between the activated sludge and
influent water, thereby ensuring the mass transfer efficiency between microorganisms and
pollutants. In addition, the rising flow is a necessary condition for the formation of granular
sludge in the reactor. Due to the traction and hydraulic screening in the height direction, the
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irregular rotational motion of microparticles in the sludge bed creates a favorable external
environment for the formation of granular sludge.

3.7. Changes in Microbial Community Structure and Function and the Comparison of
Two Reactors

Due to inadequate preparation for the test, the activated sludge from both reactors
was taken for microbial community structure analysis after 90 days of the test. Figure 13
shows the histogram of the relative abundance of activated sludge microbial community
structure in the EGSB and IC reactors. Figure 14 shows the heat map of the abundance of
activated sludge microbial community structures in both reactors. From the figures, it can
be found that Chloroflexi was the majority in both reactors, and its content was slightly
higher in the IC reactor than in the EGSB reactor. Proteobacteria, which can perform sulfate
reductions in an acidic environment, had low proportions in both reactors, while Firmicutes
were dominant in the EGSB reactor. Since the sulfate concentration in the final stage of
the reaction, i.e., stage IX, reached 18,000~22,000 mg/L, the Proteobacteria that could play
a sulfate reduction effect in an acidic environment was not the majority in the activated
sludge, the treatment threshold was lowered, and the removal rates of both reactors were
severely reduced.

Figure 13. Relative abundance histogram.
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Figure 14. Relative abundance heat map.

3.8. Comparison of Sludge Morphology

In the experiment, we observed that the EGSB sludge was denser, and the IC tower
sludge was relatively thinner and appeared in liquid, as shown in Figure 15. The relation-
ship between sludge density and particle diameter has not been fully determined. It is
generally believed that as the diameter increases, the density of sludge decreases [26–31].
The porosity of the particles was between 40~80%. The porosity of small particles was high,
and the porosity of large sludge was low. In addition, the small sludge had a stronger vital-
ity. This result was consistent with the higher activity of the IC reactor in the experiment.
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Figure 15. Appearance of sludge in the EGSB and IC reactors. (a) Sludge in the EGSB reactor.
(b) Sludge in the IC reactor.

Figure 16 shows the changes in sludge concentration in both reactors. From the figure,
it can be seen that with the increase of the influent COD concentration, the concentration of
the mixed liquid suspended solids (MLSS) in the reactor gradually increased, indicating that
microorganisms used carbon sources to grow and synthesized themselves. As the biomass
grew, microorganisms degraded the COD. The sludge load affected the formation of
granular sludge. A higher sludge load can provide sufficient nutrition for microorganisms
and promote their reproduction so that the sludge particles contain more microbial cells
and keep increasing. However, at the end of stage VIII, when the C/S ratio decreased, the
sludge concentration decreased, indicating that part of the sludge was poisoned due to
high salinity. The sludge concentration in the IC reactor was slightly higher than that in the
EGSB reactor.

Figure 16. Changes in sludge concentration in the two reactors.

4. Conclusions and Recommendations
4.1. Conclusions

(1) In the actual treatment of high-salt fatty acid production wastewater, the optimal
influent water quality threshold for EGSB and IC anaerobic bioreactors was a COD
concentration of 18,000 mg/L and a sulfate ion concentration in the salinity of about
8000 mg/L. When the C/S was greater than 2.8, the reactors operated well. In addition,
the value of C/S should not be less than 1.5. The reason is that under this condition,
the sulfate reduction process has a significant impact on the removal of COD, and
MPB may be inhibited by sulfides. The organic load OLR should not be greater than
10 kgCOD/(m3·d).



Processes 2022, 10, 1295 19 of 20

(2) The IC reactor with external circulation had a slightly shorter start-up time and a
slightly better COD removal effect, gas production rate, and load resistance. The best
reflux ratio of the two reactors was 6:1. The appropriate rising flow rate was 0.4 m/h.

(3) For the selection of anaerobic reactors for high-salt fatty acid production wastewater,
there was no major difference in performance between the EGSB and IC reactors. The
IC reactor performed slightly better than the EGSB reactor due to its double-layer
UASB structure.

4.2. Recommendations

The height-to-diameter ratio of the EGSB reactor is too large compared to the IC
reactor (Table 1), which is detrimental to reactor production and construction installation.
In addition, power consumption is huge. The IC reactor needs to be equipped with an
external circulation. Overall, it is recommended to use the EGSB or IC reactor in cases with
a high COD concentration and treatment capacity requirements.
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Abbreviations

EGSB expanded granular sludge bed
IC internal circulation
UASB upflow anaerobic sludge bed
COD chemical oxygen demand
VFA volatile fatty acid
SS suspended solids
HRT hydraulic retention time
OLR organic loading rate
C/S COD/SO2−

4
SRB sulfate-reducing bacteria
MPB methane-producing bacteria
R reflux
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