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Abstract: Biohydrogen production by fermentation has become a promising technology developed
in the world. In this study, diluted normal molasses wastewater is used as the raw material,
and biohydrogen production efficiency and operation characteristics of an anaerobic baffled reactor
(ABR) are studied. The effect of hydraulic retention time (HRT) on biohydrogen production
efficiency and operating characteristics of ABR is extensively discussed. Experimental results
showed that methanogen residuals were still observed in the last three compartments under HRT
of 24 h and COD(Chemical oxygen demand) concentration of 8000 mg/L. Meanwhile, the first
three compartments presented an ethanol fermentation type. The characteristics of butyric acid
fermentation in Compartment IV were also enhanced. The average removal efficiency of COD
was reduced to 15.4%. The average rates of biohydrogen production and specific biohydrogen
production were 12.85 and 360.22 L/kg COD, respectively. The extension of HRT was beneficial to
enrich hydrogen-producing acetogens and could increase the production rate of biohydrogen by
a factor of 1.65. However, with the decrease in the bioactivity of acidogenic fermentation bacteria,
the biohydrogen production efficiency of ABR was significantly reduced when HRT was longer than
30 h. The specific biogas production rate decreased from 191 to 92 L/(kg MLVSS-d). The specific
biohydrogen production rate also decreased from 24.34 to 2.7 L/(kg MLVSS-d).

Keywords: hydraulic retention time (HRT); biohydrogen production; normal molasses wastewater;
anaerobic baffled reactor (ABR); biohydrogen-producing acetogens (HPA)

1. Introduction

With the rapid development of the modern food industry, the wastewater produced with high
organic matter is also gradually increasing. Thus, a huge amount of organic wastewater is directly
discharged to receiving water. Normal molasses wastewater is a typical high-strength organic
wastewater, which is also the by-product of sugar refinement. Gokcek et al. found that COD removal
increased along with the increase of organic loading rate, while the biogas yield decreased [1]. In order
to reduce the environmental risks, enhanced biogas and lipid production are well developed. By the
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enrichment of biohydrogen-producing acetogens, the specific hydrogen and methane yields from COD
removal increased by factors of 1.54 and 1.63 in normal molasses wastewater treatment [2]. In addition,
lipid production through microalgae cultivation in normal molasses wastewater treatment presented
its economic feasibility when a lipid content of 28.9% and lipid productivity of 94.4 mg-m=3-d~! were
finally obtained [3,4].

The use of fermentation to produce biohydrogen is a process in which hydrogen-producing
microorganisms metabolize organic matter to produce hydrogen under anaerobic conditions [5].
The mechanism of the fermentation to produce biohydrogen has three possible ways: pyruvate
decarboxylation in the EMP(Embden-Meyerhof-Parnas) pathway, the oxidation and reduction
balance adjustment of acetyl coenzyme I, and the bacteria producing hydrogen and acetic acid [6].
The Enterobacter aerogenes ho-39 and E. aerogenes hu-101 strains have been adopted to conduct
biohydrogen production by non-immobilized and immobilized experiments. The results showed
that the continuous and maximum biohydrogen rates of the immobilized model is higher than that
of the un-immobilized model [7,8]. Continuous flow fermentation for biohydrogen production on
anaerobic-activated sludge (AnAS) with self-flocculation ability broke through the limitation of pure
bacteria compartment immobilization and created a new field to enhance biohydrogen production
based on non-immobilized mixed strains (AnAS) [9,10].

An anaerobic baffled reactor (ABR) is the third generation of anaerobic bioreactors in which
the specific design is to set up a series of vertical baffles in the reactor. Thus, the wastewater can
be introduced up and down along the baffle in ABR and then passed through the sludge bed of
each compartment [11]. The operation flow path of ABR is similar to that of the plug flow process,
which presents the provision of upper and lower baffles to form a compartment [12]. Such processes
can connect and effectively separate microorganisms from methanogenic and acidogenic phases [13].
Therefore, two-phase anaerobic digestion can be established in a single reactor. The organic loading
rate, influent type, sludge reflux, and agitation, temperature, and mathematical models have been
studied comprehensively to achieve biohydrogen production through high-load organic wastewater
fermentation in ABR [14-17].

Methanogens have strict living conditions and slow metabolism and growth rate. The traditional
theory considers methanogens as the first rate-limiting step in the anaerobic wastewater treatment
process because biohydrogen production and acetic acid production stage is prior to methane production
stage [18,19]. High organic matter can lead to low pH value through fermentation [20]. Thus,
the inhibition of methanogens caused by relatively low pH is beneficial to increase the biohydrogen
production rate. Therefore, this study proposes the startup and operation of ABR to investigate
the biohydrogen production performance. In accordance with the regulation of hydraulic retention
time (HRT), the characteristics of each compartment are discussed comprehensively. Furthermore,
the enhanced biohydrogen production through HPA is discussed to provide a potential approach for
eliminating methane production and preserving biohydrogen resources.

2. Materials and Methods

2.1. ABR Configuration and Setup

A four-compartment ABR with a total volume of 28.75 L was adopted in the experiment (Figure 1).
Each compartment had an equal size and had downflow and upflow chambers of 2.5 and 11.5 cm
in width, respectively. Normal molasses wastewater (NMWW) was introduced to the bottom of the
upflow chamber and finally drained through a guide plate with an inclination of 45° at the downflow
chamber. The sampling ports were arranged at different heights of each compartment. An effluent pipe
was set at the top to connect with the water seal. The sealed water bottle and wet gas flowmeter were
filled with HCI (pH of 3) to prevent gas dissolution. The ABR temperature was maintained at 35 + 1 °C.
The operation control of ABR was conducted in stages, and Table 1 presents the specific control mode.
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Figure 1. Schematic diagram of the experiment.
Table 1. The parameters of an anaerobic baffled reactor (ABR).
Running Temperature Influent COD Organic Loading
Phase HRT (h) Q) Influent pH Concentration (mg/L)  (kgCOD-m~3.d-1)
First stage
(1-10 d) 24 35+1 6.4-7.6 7730-8490 7.73-8.49
Second stage
(1170 d) 30 35+1 7.0-7.6 7273-8776 7.34-8.71
Third stage
(71-87 d) 40 35+1 7.0-7.5 7309-8287 7.21-8.32

2.2. Inoculated Sludge and NMWW

The NMWW (Table 1), with pH ranging from 5.3 to 5.8, was obtained from a sugar beet factory.
The total nitrogen of NMWW was 35 mg/L; thus, the corresponding C/N was 230. To maintain the
bioactivity of the anaerobic activated sludge, NH;Cl and K,HPO, were added at a COD:N:P ratio of
200:5:1. NaHCOj3 was used to adjust the initial pH value of the wastewater to 7.5-8.0. In addition, a
large amount of particulate matter is generated at the bottom of the influent tank after storage for a
long period of time, which can significantly reduce the bioactivity of activated sludge. Therefore, a new
type of NMWW with litter particulate matter was provided after 32 days of ABR operation to ensure
the stable operation of the ABR system and investigate the effect of HRT on biohydrogen production.
The inoculated aerobic activated sludge was obtained from Wenchang Wastewater Treatment Plant
(Harbin, China), and the anaerobic-activated sludge (AnAS) was collected in a beer brewhouse. The
AnAS was initially filtered and washed to remove inorganic particles. In order to enhance biohydrogen
production efficiency in each compartment of ABR, different inoculation strategies were adopted
to maintain biomass retention and increase the ratio of the functional genus. The first and fourth
compartments were inoculated with aerobic and anaerobic sludges, respectively. Compartments 2
and 3 were inoculated with mixed aerobic activated sludge and AnAS in the ratios of 5:2 and 2:5
(u/v), respectively.

2.3. Analytical Methods

COD, pH, alkalinity (ALK, in terms of CaCOs3), and mixed liquor volatile suspended solids (MLVSS)
were regularly determined by the standard method (APHA, 1995) [21]. The biogas production of ABR
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compartments was measured with a wet biogas flowmeter. The morphology of AnAS was observed
with a scanning electrical microscope (JSM-5610). The components and contents of fermentation biogas,
volatile fatty acids (VFAs) in wastewater, and ethanol were determined by gas chromatography [22].
The liquid terminal product was determined with a GC-122 gas chromatograph, which was determined
under the following conditions: supporter GDX-103 (60-80 mesh) + 2% H3POy; size of packed column
of 2m X & 5 mm; and carrier gas rates of Ny, Hy, and air of 50, 50, and 500 mL/min, respectively.
The highest temperature of the column box was 250 °C, the temperature of the sampler was 200 °C,
and the temperature of the ion chamber was 240 °C. The column temperature was 190 °C, and the
sample volume was 2 mL. Before the determination, the sample should be pretreated as follows: after
centrifugation or filtration of the water sample from the continuous flow reactor, 5 mL was taken, and 2
drops of 6 mol/L HCI were added. The biogas components in fermentation gas were determined with
gas chromatography (Lunan SC-7, Tengzhou, China) under the following conditions: oven temperature
of 60 °C, injection temperature of 80 °C, detection temperature of 200 °C, N, = 28 mL/min, and sample
volume of 200 mL.

3. Results

3.1. Biomass and Morphology of AnAS

Figure 2 shows the variations of biomass concentration from each compartment of ABR, in which
the initial MLVSS were 7.0, 6.0, 5.8, and 11.5 mg/L, respectively. The biomass in Compartments I to III
presented a decrease first and then an increase along with the regulation of HRT (from Stage I to Stage
II), indicating that the microbial activity and stable operation of ABR can be well maintained when
suitable extension HRT is provided. However, the biomass concentration in Compartment IV notably
decreased due to sludge floatation and loss when HRT was extended to 40 h, implying that relatively
long HRT is beneficial for the growth of methanogens.
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Figure 2. Biomass concentration trend over time in each compartment of ABR.

Figure 3 illustrates the morphology of AnAS in each compartment during the stable phase of
Stage III. The morphology in each compartment was significantly different. The first compartment was
dominated by Bacillus, and the population of short Bacillus in Compartment Il increased. The dominant
bacteria in Compartment III was still Bacillus, and the long Bacillus increased. However, large amounts
of cocci were found in Compartment IV, and the number of plump strains decreased significantly.
The reason could be due to the lack of substrate, which further led to a decrease in microbial activity.
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Figure 3. (a) Morphology of anaerobic-activated sludge (AnAS) in Compartment I at Stage III;
(b) morphology of AnAs in Compartment II at Stage III; (c) morphology of AnAs in Compartment III
at Stage III; (d) morphology of AnAs in Compartment IV at Stage III.



Processes 2020, 8, 339 6 of 18

3.2. Biogas Production Characteristics of ABR

3.2.1. Biogas Production in Compartment I

In the startup phase of Stage I, the biogas production rate in Compartment I was stable at 13 L/d,
the biohydrogen content fluctuated between 44.4% and 58.1%, and the methane content was always
below 0.5% (Figure 4). On day 7, the biogas production rate was approximately 13.4 L/d, and the
biohydrogen content increased to 68.9%. However, a decrease in biohydrogen content occurred from
day 21, and the methane content was always below 0.5%.
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Figure 4. Biogas yield and content in Compartment I.

After HRT was extended to 30 h (Stage II), the biogas production rate in Compartment I increased
rapidly and reached a peak of 26 L/d on day 15. However, the biohydrogen production rate decreased
to 1.7 L/d on day 32. The biohydrogen content did not change immediately with the variation in
pH. The content increased to approximately 50% on day 17 and remained at nearly 45% on day 32.
By introducing a new type of NMWW to ABR, the biogas production started to recover from day 36
and continued to increase to the highest value of 19.9 L/d on day 49. The biohydrogen production
rate dropped to 7 L/d on day 62 and further reduced to less than 1 L/d. The biohydrogen content
suddenly decreased to the lowest value of 33.4% on day 34, gradually recovered to 54.3% on day 36,
and remained stable until the end of Stage II. The average biohydrogen content in the stable period
was approximately 50%, and the methane content was always below 0.5%.

In Stage III, with the increase in HRT (HRT = 40 h), the biogas production rate increased rapidly
from less than 1 to 4.3 L/d on day 71 and reached 5.6 L/d on day 72. On days 73 to 87, the ABR system
was still unable to recover to the previous level. In other words, the microbial activity was severely
inhibited, and the biogas production continued to decline. The biohydrogen content decreased to
42.5% and finally stabilized at approximately 49%.

3.2.2. Biogas Production in Compartment II

The variation in biogas production in Compartment II was different from that in Compartment L
The biogas production rate reached a maximum value of 26.0 L/d on day 4 and then dropped to 15.7 L/d
on day 8 (Figure 5). The biohydrogen content gradually increased to 51% and suddenly decreased
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to 28.45% on day 8 but was recovered immediately on day 9. At the end of Stage I, the biohydrogen
content was approximately 50%.
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Figure 5. Biogas yield and content in Compartment II.

In Stage 11, the biogas production rate achieved a peak value of 31.6 L/d on day 28. As HRT was
regulated to 30 h, the biohydrogen content decreased rapidly and began to rise on day 15. The content
reached 63.7% on day 32. However, by introducing a new type of NMWW to ABR, the biogas
production rate significantly reduced to 1.7 L/d and fluctuated between 14.3 and 17.7 L/d from day 36
to day 47. The rate suddenly dropped to the lowest value of 3.4 L/d. The biogas production started
to increase slowly from day 56 and stabilized at approximately 8.1 L/d at the end of this stage (day
70). The biohydrogen content decreased slightly and fluctuated between 40% and 60% in this stage,
while the methane content was always below 0.5%.

In the third stage, the biogas production did not change immediately after HRT was extended.
However, the rate suddenly decreased to 4.0 L/d on day 73 and then slowly increased to 7.9 L/d
after 84 days. At the end of this stage, no significant change in biogas production was observed.
The biohydrogen content slightly decreased and stabilized at approximately 46% at the end of this
stage. Methane production occurred from day 72, but the content was always below 2%.

3.2.3. Biogas Production in Compartment III

The biohydrogen production rate slightly changed at the beginning of Stage I. Specifically,
the value fluctuated between 10.9 and 13.8 L/d (Figure 6). Meanwhile, the biohydrogen content
was always below 5%. The methane content drastically dropped and was 28% at the end of Stage
I. From day 7, the biohydrogen content increased rapidly and reached 40.5% on day 10. In Stage
II, the biogas production rate increased to 19.6 L/d at the maximum. After HRT was increased,
the biohydrogen content decreased rapidly to 7.1% but reached a peak of 68.3% on day 34. The methane
content increased to 35.8% and then rapidly dropped to below 0.5% on day 32. By introducing a
new type of NMWW to ABR, the biogas production rate suddenly decreased to 6.2 L/d due to sludge
floatation and loss. The biogas production rate gradually recovered and reached 7.4 L/d on day 70.
The biohydrogen content decreased slowly to the lowest value of 19.8% on day 61, which further
remained at approximately 40% until the end of this stage. On day 39, the content of methane suddenly
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increased to 12.4% and remained at 13.7% to 16.6%, although it reduced to 3% on day 47. In Stage
111, the biohydrogen content suddenly dropped to 25.4% and then fluctuated at approximately 27.3%.
The methane content suddenly increased to 21.8% on day 79.
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Figure 6. Biogas yield and content in Compartment III.
3.2.4. Biogas Production in Compartment IV

The average biogas production in compartment IV slightly changed and remained at approximately
2 L/d (Figure 7). The methane content was higher than 40% at Stage I. In Stage 11, the biohydrogen
content increased slowly and reached 11.7% on day 32, and the methane content reached 29.6%. On day
33, the biohydrogen content suddenly increased to 29.0% by introducing a new type of NMWW to ABR.
However, the content dropped to the lowest value of 3.4% on day 56 and reached approximately 18%
on day 70. The methane content drastically dropped to below 0.5% and recovered to approximately
11%. In Stage III, although the volume load was reduced, the biohydrogen content in Compartment IV
dropped to below 2% on day 72. Meanwhile, the methane content increased to approximately 23%.
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Figure 7. Biogas yield and content in Compartment IV.
3.2.5. Comparison of Biogas Production Rate in Each Compartment

Figures 4-7 shows that, in the early phase of Stage I, the biogas production rate in Compartments
I and III slightly changed. At the same time, the biogas production rate in Compartment II gradually
decreased, and that in Compartment IV was always at a low level. With the increase in HRT to
30 h on day 11, the biogas production rate in the first three compartments rapidly increased and
reached the highest values on days 15, 28, and 23. However, the biogas production rate decreased
thereafter. The biohydrogen content in the first compartment increased to 32% after HRT promotion,
but it showed a downward trend in Compartment I. Therefore, the microbial activity in Compartment
I was low. The content of biohydrogen in Compartments II and III decreased rapidly, while the
contents of biohydrogen and methane in Compartment IV increased slowly but remained at a low
level. By introducing a new type of NMWW to ABR, the biogas production rate of the first three
compartments drastically decreased. The biogas production rate in Compartments II and III were
maintained at a low level due to sludge floatation and loss. The biohydrogen content in Compartment
I decreased rapidly on day 33 and then slowly recovered to approximately 30%, and the methane
content was below 0.5%. The content of methane in Compartments III and IV greatly changed, both of
which experienced a sudden increase and then a rapid decrease. Moreover, the content of methane
in Compartment IV even dropped to below 0.5% on days 33 and 44. This result indicates that the
bioactivity of methanogens is difficult to improve. The average biohydrogen production capacities
of ABR gradually decreased with values of 0.46, 1.87, and 1.32 L/d in Compartments I, 11, and 1III,
respectively. After the increase in HRT to 40 h, the biogas production rate in Compartments II and
IIT slowly decreased, while that in Compartment I increased rapidly. However, the biohydrogen
content decreased to 24.5% and continued to decline. Methane was detected in Compartment II during
this stage, and its content in Compartments IIl and IV increased. However, the microbial activity of
methanogens was ineffectively enhanced due to the low rate of total biogas production.
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3.3. Characteristics of Fermentation Products of ABR

3.3.1. Fermentation Products in Compartment I

In the early phase of Stage I, the content of VFAs in Compartment I was relatively stable, and the
ethanol content gradually decreased. In Stage II, the content of ethanol continued to decrease to
473 mg/L at 18 days, and the total amount of VFAs also decreased to its lowest value. From day 19,
the ethanol content gradually increased to 1314 mg/L, and the total amount of VFAs reached 2129 mg/L
at day 23 (Figure 8). Subsequently, the content of ethanol continued to decrease, and the total amount
of VFAs decreased to 805 mg/L. By introducing a new type of NMWW to ABR, the content of ethanol
reached 818.8 mg/L at day 38, and the total amount of VFAs was as high as 2086.7 mg/L. From days 39 to
56, the content of ethanol gradually increased, during which the content of acetic acid slowly increased
and reached the highest value of 1356.8 mg/L. The total amount of VFAs was up to 2412.2 mg/L on 56
days. From day 57, the content of ethanol and acetic acid decreased, and the total amount of VFAs
decreased to 1258.2 mg/L. In Stage III, the content of ethanol changed greatly and showed a decreasing
trend. Meanwhile, the other components of volatile acid changed slightly, and the total amount of
VFAs also showed a decreasing trend. The ethanol content also exceeded 50% of the total volatile acid,
and the acetic acid content was approximately 26.3%. The ethanol and acetic acid contents accounted
to approximately 84.8% of the total VFA content. Thus, the ethanol fermentation type in Compartment
I was a typical one. In Stages II and III, although the content of ethanol was reduced, the contents
of ethanol and acetic acid still accounted for more than 80% of the total content of VFAs content.
Therefore, the fermentation maintained the ethanol fermentation type.
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Figure 8. Ethanol and volatile fatty acids (VFAs) yields in Compartment I.
3.3.2. Fermentation Products in Compartment II

The VFA content was stable at Stage I. On day 10, the ethanol content rapidly increased to
1217.6 mg/L, while the content of other components was stable. The total amount of VFAs decreased
rapidly to 2114.3 mg/L (Figure 9). In Stage II, the ethanol content continued to increase to 2651.4 mg/L
at the highest level on the 15th day. At this time, the contents of acetic and butyric acids increased
to 1505.4 and 356.5 mg/L, respectively, and the total amount of VFAs reached 4867.0 mg/L. From day
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16, the content of VFAs decreased, and the total amount of VFAs decreased to 2794.6 mg/L with the
decrease in the content of ethanol. With the operation of ABR, the content of ethanol increased to
2404.4 mg/L, and the total amount of VFAs increased to 3926.7 mg/L in day 23. At this time, the acetic
acid content was 1217.2 mg/L, and the propionic and butyric acid contents were 268.5 and 118.0 mg/L,
respectively, which presented a typical ethanol fermentation type. By introducing a new type of
NMWW to ABR, the VFA content significantly decreased. On day 34, the ethanol content drastically
decreased from 1340 to 140.4 mg/L. The total amount of VFAs decreased to 1173.9 mg/L with the decline
in acetic acid. The content of ethanol recovered to 1154.3 mg/L from day 39 and slightly fluctuated with
the operation of ABR. The acetic acid content gradually recovered to 1194.7 mg/L and then decreased
slowly. The propionic and butyric acid contents remained at approximately 219.4 and 261.4 mg/L.
The total amount of VFAs was approximately 2000 mg/L, which denoted ethanol fermentation type.
In Stage 111, the ethanol content began to decrease from day 76. However, the other components
changed slightly, and the total amount of VFAs was approximately 1916 mg/L, which still showed
ethanol fermentation type.
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Figure 9. Ethanol and VFAs yields in Compartment II.

3.3.3. Fermentation Products in Compartment III

In the early phase of Stage I, the content of ethanol and the total amount of VFAs in Compartment
III drastically changed. However, the VFAs gradually became stable with the ABR operation. In Stage
II, the butyric acid content increased, and the ethanol content began to decrease and remained stable at
approximately 769.3 mg/L when HRT was prolonged to 40 h (Figure 10). The total amount of VFAs
was approximately 2553.8 mg/L in the stable period. The acetic, propionic, butyric, and valeric acid
contents were approximately 1000, 280, 530, and 70 mg/L, respectively, which presented mixed acid
fermentation type.
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Figure 10. Ethanol and VFAs yields in Compartment III.

3.3.4. Fermentation Products in Compartment IV

The variation in fermentation products in Compartment IV was different from those in
Compartments I, II, and III. The content of acetic acid was higher than that of ethanol in Stage
I, which denoted mixed acid fermentation type. From Stage III, the content of acetic acid suddenly
decreased due to the extension of HRT, while the content of ethanol kept increasing, and ethanol
fermentation type finally formed. Moreover, the contents of ethanol, acetic acid, propionic acid,
and valeric acid tended to be stable. The butyric acid content suddenly increased from 334.5 to
990.2 mg/L at day 56. At this time, the contents of ethanol, acetic acid, propionic acid, and valeric acid
were 960.1, 1146.3, 246.3, and 58.8 mg/L (Figure 11), respectively, with a total amount of 3401.7 mg/L,
which showed mixed acid fermentation type.

3.3.5. Comparison of Fermentation Products in Each Compartment

The variations in fermentation products of each compartment showed similar performance to
biogas production (Figures 8-11). Before the promotion of HRT, stable ethanol fermentation type was
presented in Compartments I, II, and III, and Compartment IV denoted butyric acid fermentation type.
After the extension of HRT to 30 h, the ethanol content in Compartment I decreased significantly with a
value of 473 mg/L on day 18 and a value of 180 mg/L on day 32. Furthermore, the total amount of VFAs
decreased to 805 mg/L. However, the fermentation types in the first three compartments did not change.
The content of acetic acid in Compartment IV suddenly decreased, and that of ethanol increased
rapidly, and thus indicated an ethanol fermentation type. By introducing a new type of NMWW to
ABR, the content of butyric acid in Compartment IV increased to 990 mg/L on day 60. However, the
composition of other liquid terminal products changed slightly. The fermentation characteristics of
AnAS in Compartment IV were restored to butyric acid fermentation type. With the extension of
HRT to 40 h, the ethanol content in the first three compartments decreased. However, the contents of
ethanol and acetic acid still accounted for more than 60% of the total amount of VFAs. Therefore, the
fermentation type was still ethanol fermentation, and that in Compartment IV denoted a butyric acid
fermentation type.
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Figure 11. Ethanol and VFAs yields in Compartment IV.
3.4. Variations in pH, Alkalinity, and COD

3.4.1. Variations in pH and Alkalinity

Figures 12 and 13 demonstrate the variation in pH value and alkalinity in the ABR system.
In the early phase of Stage I, the pH value of the influent was nearly 6.6, but the pH values of the
compartments decreased to below 4.7, 5.3, 5.3, and 5.0. The alkalinity of each compartment greatly
changed due to sludge loss in Compartments I and IV. The alkalinity of each compartment was
oscillatory. Specifically, the alkalinity in Compartment I increased from 510 to 640 mg/L, and that in
Compartment IV decreased from 1780 to 860 mg/L.
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Figure 12. Variation of pH values in each compartment.
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Figure 13. Variation of alkalinity in each compartment.

At the beginning of Stage II, the pH and alkalinity of each compartment slightly changed.
By introducing a new type of NMWW to ABR, the pH value in Compartments I and II began to
decrease, while those in Compartments III and IV began to increase. On day 39, the pH value in
Compartment I was the highest, and the pH values in the last three compartments were close. The pH
value in Compartment IV exceeded that in Compartment I and reached approximately 5.2 on day 45.
After operation for more than 50 days, the pH values in each compartment were similar. The effect on
pH value and alkalinity was only slight when HRT was prolonged to 40 h.

3.4.2. Relationship between COD Removal and Biohydrogen Production Efficiency

COD removal by anaerobic treatment system was mainly realized by methanogenic bacteria.
The ABR system, which was characterized by the metabolism of acidogenic fermentation bacteria,
could remove COD mainly through the release of CO, and H; because the pH value was not conducive
to the relatively high bioactivity of methanogens. However, most COD was converted into volatile
acids, including acetic, propionic, and butyric acids. Thus, the removal rate of COD was relatively low.
Figure 14 shows the variation in COD from the effluent of each compartment during the operation of
ABR. In the early phase of Stage I, the influent and effluent COD of each compartment were relatively
stable, and the COD removal efficiency showed a slow upward trend (Figure 14). Subsequently,
the COD concentration in each compartment also changed with the fluctuation of influent due to the
fluctuation of COD. However, the COD removal efficiency of COD changed slightly and maintained
at approximately 18%. In Stage II, the influent COD concentration still fluctuated, but the removal
efficiency of COD increased to 27.3% and then stabilized at 18.0%. With the continuous fluctuation
of COD concentration from influent, the content of VFAs in each compartment changed accordingly,
and the removal efficiency of COD decreased to approximately 11.4% at the end of this stage. In Stage
III, the COD concentration of each compartment was insignificantly improved with the further
extension of HRT. Meanwhile, the COD removal efficiency gradually increased and finally stabilized at
approximately 15.5%.
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Figure 14. Variation of COD in each compartment.
4. Discussion

4.1. Effect of Biomass on Biohydrogen Production Efficiency

When HRT was extended to 30 h, the biomass of each compartment firstly began to decrease,
and that in Compartment IV decreased to less than 20% of the original biomass (Figure 2). At the same
time, biogas and biohydrogen production rates showed a slow decline (Figures 4-7), which indicated
that the microorganisms with poor adaptability and low microbial activity in the reaction system
were gradually discharged from the ABR. After further extension of HRT, the sludge bioactivity
continued to decrease. In Compartment II, the total specific biogas production rate decreased from
285 to 191 L/(kg-MLVSS-d). However, the biogas production capacity in Compartment IV increased,
while the sludge bioactivity in the three other compartments significantly decreased. The specific
biogas and biohydrogen production rates of AnAS in Compartment I were 76 and 55 L/(kg-MLVSS-d),
those in Compartment II were 81 and 73 L/(kg-MLVSS-d), and those in Compartment III were 53 and
41 L/(kg-MLVSS-d).

The microbial community structure in ABR was no longer suitable for the current operating
conditions [6,17] when HRT was extended to 40 h; the possible reason could be due to the continuous
loss of biomass. The biogas and biohydrogen production capacities of each compartment significantly
decreased, with the total specific biogas production rate reduced to 92 L/(kg-MLVSS-d). The specific
biohydrogen production rate of each compartment decreased by more than 30%. The specific
biogas production rate of AnAS in Compartment I decreased to 29 L/(kg:-MLVSS-d), and those in
Compartments II, III, and IV were 43, 18, and 1.6 L/(kg MLVSS-d), respectively. In Compartment IV,
the biogas production rate decreased the least; the reason was attributed to the further enrichment of
methanogens (Figures 4-7) in Stage II. The presence and metabolism of methanogens were conducive
to the enrichment of HPA [2,6]. However, the biohydrogen production efficiency in Compartment IV
was low due to the hydrogen consumption [23,24] and still showed a decreasing trend. At this time,
the ABR operation performance was poor because the microbial community structure of AnAS tended
to be stable along with the operation of ABR, and the metabolic speed became slow.

4.2. Enrichment of HPA and Biohydrogen Production Efficiency of ABR

The COD concentration reached 8000 mg/L and was stable for 10 days. The biogas production rate,
biohydrogen, and methane content in Compartments IIl and IV remained at alow level. The enrichment
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effect of HPA was not obvious (Figures 4-7). After HRT was extended to 30 h, the decrease in OLR
reduced its effect on the system. As a result, the overall pH value of the system improved for
biohydrogen production [25]. Figure 5 shows that, after HRT was extended to 30 h, the ethanol
concentration in Compartment I and other formats continued to decrease. The concentration of acetic
acid in Compartments Il and IV decreased evidently, while the contents of methane and biohydrogen
in biogas increased correspondingly. Therefore, the production rates of biohydrogen, acetic acid,
and methane in the reaction system were gradually increasing, and the corresponding bacteria groups
were gradually enriched [6]. The biohydrogen production efficiency of the system increased from
14.78 L/d in Stage I to 20.46 L/d (Figures 6 and 7). After HRT was extended for 40 h, the ethanol and
butyric acid contents in the first three compartments continued to decrease and led to a significantly
high metabolic transformation effect [6,26]. However, the contents of ethanol and acetic acid still
accounted for more than 60% of the total amount of VFAs, which was still manifested as an ethanol
fermentation type, and the fermentation type in Compartment IV was maintained. Compared with the
performance in Stage II (HRT 30 h), the contents of biohydrogen and methane in biogas of Compartment
III were significantly increased. HPA gradually become prevalent because HPA microflora has a
transitional role in anaerobic wastewater treatment [17,27]. For Compartment IV, the content of
biohydrogen in biogas increased significantly in the previous stage and then decreased, while the
content of methane significantly increased. Therefore, the methanogens in Compartment IV were
further enriched and presented dominant position [2,6,14] although the biomass was relatively low.
The presence and metabolism of methanogens were conducive to the enrichment of HPA. However,
the biohydrogen production efficiency in Compartment IV was only 0.1 L/d due to the biohydrogen
consumption (Figure 7).

5. Conclusions

The increase in influent COD led to the transformation of fermentation type and metabolism
characteristics of AnAS. When influent COD increased to 8000 mg/L, methanogen residues were still
observed in the last three compartments. The first three compartments showed the characteristics of
an ethanol fermentation type, while the last compartment presented as a butyric acid fermentation
type. The average removal efficiency of COD in ABR reduced to 15.4%, and the average biohydrogen
production rate and biohydrogen production by COD removal capacity were 12.85 L/d and 360.22 L/kg
COD, respectively. However, the specific biohydrogen production rate was 48 L/(kg MLVSS-d).
Appropriately prolonging HRT was beneficial to the enrichment of hydrogen-producing acetogen
and could improve the efficiency of biohydrogen production. When HRT was extended to 30 h,
the biohydrogen production rate increased from 14.78 to 24.34 L/d. However, the bioactivity of
acidogenic fermentation bacteria decreased, and the biohydrogen production efficiency of ABR
drastically reduced when HRT increased to 40 h. The biogas production rate decreased to 92 L/(kg
MLVSS-d), and the specific biohydrogen production rate finally decreased to 2.7 L/(kg MLVSS-d).
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