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Abstract: In this study, an anaerobic baffled reactor (ABR), combined with a post denitrification
process, was applied to treat primary sludge from a municipal wastewater treatment plant and
wastewater with a high concentration of nitrate. The production of volatile fatty acids (VFAs) was
maximized with a short hydraulic retention time in the acid fermentation of the ABR process, and then
the produced VFAs were supplied as an external carbon source for the post denitrification process.
The laboratory scale experiment was operated for 160 days to evaluate the VFAs’ production rate,
sludge reduction in the ABR type-acid fermentation process, and the specific denitrification rate of
the post denitrification process. As results, the overall removal rate of total chemical oxygen demand
(TCOD), total suspended solids (TSS), and total nitrogen (TN) were found to be 97%, 92%, 73%,
respectively, when considering the influent into ABR type-acid fermentation and effluent from post
denitrification. We observed the specific VFAs production rate of 0.074 gVFAs/gVSS/day for the ABR
type-acid fermentation, and an average specific denitrification rate of 0.166 gNO3

´-N/gVSS/day for
the post denitrification. Consequently, we observed that a high production of VFAs from a primary
sludge, using application of the ABR type acid fermentation process and the produced VFAs were
then successfully utilized as an external carbon source for the post denitrification process, with a high
removal rate of nitrogen.

Keywords: acid fermentation; anaerobic baffled reactor; nitrate; post denitrification; primary sludge;
volatile fatty acids

1. Introduction

Anaerobic digestion is an attractive treatment strategy in the waste management sector, from an
environmental point of view and for the benefit of society, as it provides clean fuel from renewable
feed stocks [1]. One of the end products of the anaerobic digestion process is a gas mixture,
formed mainly of methane and carbon dioxide (CO2) as biogas [2,3]. Anaerobic digestion can be
commonly applied to high-load wastewater treatment because anaerobic treatment has the following
benefits compared with aerobic treatment: not only is excess sludge production at a minimum, but
there is also minimum operation and maintenance requirements, and also a low energy demand
without aeration and production of biogas with a renewable energy content, which can be used as a
fuel [4–6]. During the process, organic matter included in sewage is converted to volatile fatty acids
(VFAs) through hydrolysis and acidogenesis (the latter is also known as acidogenic fermentation or
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dark fermentation [7]). They are then finally converted to methane gas by methanogenic bacteria.
The conversion rate from VFAs to acetic acid will affect the methanogenic bacteria quantity and,
subsequently, affect the degradation rate of acetic acid and the methane yield [8].

An anaerobic baffled reactor (ABR), which is an anaerobic digestion process, uses a series of
vertical baffles to force the wastewater to flow under and over the baffles as the wastewater travels
from the inlet to the outlet. Flow characteristics and gas production in each compartment of the ABR
causes the bacteria to gently rise and, eventually, settle down [6]. In an ABR reactor, acidogenesis
and methanogenesis are spatially separated by the baffles installed inside the reactor, allowing the
reactor to behave as a two-phase system without associated control problems and high costs [9,10]. It
also maintains a relatively short hydraulic retention time (HRT; 1.3–20 h) for economical operation,
a long solid retention time (SRT; 20–100 days) through sludge return, and has a high solid–liquid
separation effect through the baffles [11–14]. It is regarded as an effective method for small-scale,
high-loading sewage and wastewater treatment [11], and variable operations are available so that
appropriate performance can be obtained under various conditions.

Recently, overloading has been a frequent problem in anaerobic digestion since it leads to
accumulation of VFAs, which are no longer efficiently removed by the methanogenic bacteria. This
is because of their low growth rates, which cause the uncoupling of the acidogenic bacteria and the
methanogens [15]. Therefore, the process requires a long solid retention time, and also only a small
portion of the degradable organic waste is being synthesized into new cells [16]. On the other hand,
acidogenic bacteria have a higher growth rate than methanogenic bacteria, and have no problem
with sludge-loss due to gas production. Thus, it is known that acidogenic bacteria are easier to deal
with in terms of operation. VFAs, which are the products of acidogenesis, can also be more easily
controlled than methane (i.e., a gas phase), are low-molecular-weight organic matter that can be easily
decomposed by microorganisms, and can be used as useful resources for a microbial fuel cell (MFC)
and the denitrification process, which all require organic carbon sources [17,18].

In South Korea, sewage sludge production has increased continuously every year by 5.9%; and
due to the increase in energy cost with the increase in production, the sewage sludge treatment cost
has also increased rapidly, from 87.7 billion won in 2006 to 164.5 billion won in 2011 [19]. In this regard,
the Ministry of Environment is planning to reduce sludge production and to increase the proportion of
sewage sludge used as energy sources, based on the Renewable Energy Portfolio Standard. However,
as for the status of anaerobic digester operation, 58% of the total digestion gas production is used for
digester heating, and 17% is used for air conditioning/heating of treatment facilities other than the
digester heating, power generation, and external supply; however, 25% is combusted as surplus gas.
Additionally, the average digestion efficiency of domestic digesters is 35.2%, which falls behind an
available efficiency of 50% [19]. Considering that the digestion efficiencies in developed countries are
about 65%, the technical skills of domestic digester operation and the perception of anaerobic digestion
need to be improved [19]. Therefore, increasing VFAs production from a sludge treatment process,
along with biogas production, for use as useful resources for organic carbon related products, such as
external carbon sources for biological denitrification, bioplastic manufacturing, and biofuel synthesis,
is required.

In this study, we aimed at treating a primary sludge through an ABR type-acid fermentation
process, which maximized the VFA production and sludge reduction, with a short hydraulic retention
time to prevent methanogenesis. Then, the produced VFAs were applied as an external carbon source
for a post denitrification process to treat a wastewater with high strength nitrate (NO3

´-N) but no
organic carbon. In addition, the produced VFAs would be used as resources for organic carbon related
products, such as bioplastics and biofuels [20,21]. The laboratory scale experiment was operated for
160 days in order to evaluate the VFA production rate and sludge reduction in the ABR type-acid
fermentation process, and the specific denitrification rate of the post denitrification process. We also
observed the overall performances for the removal of total chemical oxygen demand (TCOD), total
suspended solids (TSS), and total nitrogen (TN) in the proposed process.
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2. Materials and Methods

2.1. Feed Characteristics

The primary sludge used as feed was collected from the J domestic treatment plant in Paju,
Republic of Korea. To remove the larger particulate solid matter, the collected primary sludge was
filtered twice using a 5-mm sieve, and again a further five times using a 2-mm sieve. The digestion
sludge was collected directly from a conventional single anaerobic digestion reactor, operated in the
same treatment plant, and seeded into the laboratory-scale ABR type-acid fermentation reactor. The
wastewater, including a high concentration of nitrate without any organic carbon, was artificially
synthesized by dissolving sodium nitrate (NaNO3) reagent powder in tap water at a concentration of
100 mg NO3

´-N/L. This synthetic wastewater was introduced into the post denitrification process,
along with the effluent from the ABR type-acid fermentation reactor.

2.2. ABR Type Acid Fermentation Reactor Combined with Post Denitrification Process

Figure 1 illustrates the schematic diagram of the ABR type-acid fermentation with a post
denitrification process. The ABR type acid fermentation reactor consisted of a complete mixing
zone with a working volume of 80 L for the fermentation process and a baffle zone with a total working
volume of 20 L for sludge settling. The supernatant in the baffle zone was continuously supplied to the
post denitrification reactor, along with the synthetic wastewater that included high-strength nitrate.
The post denitrification reactor consisted of a complete mixing zone with a working volume of 74 L for
the denitrification process and a baffle zone with a total working volume of 22 L for sludge settling.
Each reactor had its own internal recycling, sludge settling, and sludge wasting, and therefore each
process could be operated independently of each other; additionally, the hydraulic retention time also
controlled separately from the solids retention time in each reactor. It should be noted that the process
was operated without any artificial temperature control. The average temperature of the reactor was
22–23 ˝C. The average pH of the ABR type-acid fermentation and post denitrification reactor was
measured at about 5.1 and 7.3, respectively. Moreover, the average oxidation-reduction potentials
(ORPs) of the ABR type-acid fermentation and post denitrification reactor were ´368 mV and ´201
mV, respectively. Table 1 summarizes the operation conditions for the laboratory-scale process.
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Table 1. Initial operation conditions for the ABR type-acid fermentation combined with post
denitrification reactor.

Reactor Parameters Unit Initial Operation

ABR type-acid
fermentation reactor

HRT (based on the mixing zone) Days 4
Primary sludge influent flow rate L/day 15

Sludge discharge (0.1 Q) L/day 1.5
Internal return (2 Q) L/day 30

Post denitrification
reactor

HRT (based on the mixing zone) Hours 7
Total influent flowrate L/day 163.5

Influent flowrate (effluent from ABR) L/day 13.5
High strength nitrate injection L/day 150

Sludge discharge (0.1 Q) L/day 16.35
Internal return (2 Q) L/day 327

Note: Total influent flow rate = flowrate of the effluent from ABR + flowrate of high strength nitrate injection.

2.3. Analytical Methods

The wastewater samples were collected daily for 160 days in influent to ABR type-acid
fermentation, in influent to post denitrification, and in effluent from post denitrification reactor. After
sampling, analyses were performed by dividing samples into total and soluble substances. A soluble
sample was obtained by centrifuging the total sample for 15 minutes (4000 rpm, 4 ˝C) and by filtering
the supernatant using a Whatman Glass microfiber filter (average pore 1.2 µm). General analysis
items, such as total suspended solids (TSS) and volatile suspended solids (VSS), were measured using
gravimetric analysis with a constant temperature at 103–105 ˝C and 550 ˝C, respectively, following the
standard methods for the examination of water and wastewater [22]. TCOD, soluble chemical oxygen
demand (SCOD), and TN were analyzed using C-Mac Products with a water quality kit and COD
Reactor CR-100. Then, pH, ORP, and temperature were frequently measured using a BIK WSP-100
Analyzer. Furthermore, nitrite (NO2-N) and NO3

´-N were analyzed using ion chromatography,
equipped with a Metrosep A Supp 5 column (Metrohm, 790 Personal IC). The VFAs proportions (acetic
acid, propionic acid, iso-butyric acid, n-butyric acid, iso-valeric acid, and n-valeric acid) were analyzed
using gas chromatography (Young Lin 6000 Series) and detected using a flame ionization detector
(FID) equipped with an HP-INNOWAX Column (30 m long, 0.32 mm inner diameter, 0.5 µm film
thickness). VFAs concentrations were converted to SCOD by using the following conversion factors:
1.066 for acetic acid, 1.514 for propionic acid, 1.818 for butyric acid, and 2.039 for valeric and isovaleric
acid [23].

Descriptive statistical analyses of the results were carried out for mean comparison. For all data,
roughly 68% of the observations lie within one standard error of the sample means. All of the data
observations were selected to obtain the small standard of error. Experimental error and noise refer to
the fluctuation or discrepancy in replicate observations from one experiment to another. In a statistical
context, error does not imply fault, mistake, or blunder. It refers to variation that is often unavoidable,
resulting from factors such as measurement fluctuations due to instrument condition, sampling
imperfections, variations in ambient conditions, skill of personnel, and many other factors [24]. Such
variations always exist and, although in certain cases it may have been minimized, it should not be
ignored entirely [24].

3. Results and Discussion

3.1. COD and VFAs Variation

The average influent and effluent TCOD concentrations in the ABR type-acid fermentation reactor
were 18,431 mg/L and 14,546 mg/L, respectively. After the post denitrification process, the average
effluent TCOD concentration was observed at 455 mg/L (Table 2). Figure 2 illustrates the variation
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of TCOD concentrations in both reactors. The effluent TCOD concentrations of the ABR type-acid
fermentation and post denitrification reactor decreased by about 21% and 97%, respectively, compared
with the influent TCOD of each reactor. The TCOD in the effluent from the acid fermentation reactor
included a large amount of VFAs produced in the acid fermentation process. These VFAs were used as
a carbon source for the post denitrification process. Therefore, the high removal of TCOD was achieved
in the post denitrification reactor. Our results demonstrated that the final TCOD removal rate of 97%
was higher than the TCOD removal observed by Bodkhe et al. [5], which evaluated the performance of
the modified ABR by applying domestic wastewater to obtain a TCOD removal of 86%.

Table 2. Wastewater quality range in ABR type-acid fermentation combined post denitrification process
(with average in parentheses).

Parameters Unit Influent
Effluent of Acid

Fermentation/Influent
of Post Denitrification

Effluent of Post
Denitrification

TCOD mg¨ COD/L 10,220–37,560 (18,431) 3140–29,360 (14,564) 115–1230 (455)
SCOD mg¨ COD/L 972–3528 (1499) 1614–4728 (2422) 21–247 (64)
VFAs mg¨ COD/L 241–4058 (1351) 326–4775 (1930) Not measured
TSS mg¨ SS/L 6750–26,225 (14,351) 688–18,630 (9431) 50–1860 (729)
VSS mg¨ VSS/L 6700–14,750 (10,694) 663–12,325 (6987) 57–2075 (560)

NO3
´ mg¨ N/L 35–97 (68.74) Not measured 1–74 (16.50)

NO2
´ mg¨ N/L Not measured Not measured 0–15.88 (3.38)

TN mg¨ N/L 41–124 (74.48) 61–225 (141.76) 10–223 (37.72)
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denitrification reactor.

Figure 3 illustrates the variation of SCOD concentrations in the ABR type-acid fermentation
reactor. The SCOD profiles for 25 days were unstable. According to Bassuney et al. [25], biomass was
acclimatized to new environmental conditions, such as substrate, operating conditions, temperature,
and reactor configuration during anaerobic reactor start-up. The average influent SCOD was 1499 mg/L
and increased to 2422 mg/L in the effluent after the ABR type-acid fermentation process, which
indicated that the effluent SCOD of ABR type-acid fermentation increased by about 38%, as compared
with the influent SCOD, because VFAs produced through hydrolysis and acidogenesis steps occurred
during the acid-fermentation process. According to Soares et al. [26], during hydrolysis in the acid
fermentation process, the long chain molecules are broken down into smaller dissolved molecules
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by extracellular enzymes, which are then converted to VFAs during the acidogenesis step. In our
system, more particulate solid matter could be retained inside the reactor with long SRT due to the
sludge settlement through the baffles, which provided the sufficient time for long chain molecules to
be converted into short chain molecules. In the acidification step, the short chain molecules would be
converted into acetic acid, as the main composition of VFAs. With more accessible degradation, the
more VFAs can be produced through the increase in the concentration of SCOD. However, the effluent
SCOD decreased drastically by about 97% (from 2422 to 64 mg/L) when combined with high strength
nitrate injection after the post denitrification process (Table 2) due to the amount of organic matter
used for the metabolism of denitrifying microorganisms.
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Figure 4 shows the variations of VFAs as compared with the SCOD concentrations in the effluent
of the ABR type-acid fermentation reactor. On average, the ratio of VFAs to SCOD concentration was
found to be 0.8, which indicated that the VFAs consisted of 80% of the SCOD in the effluent from
the acid fermentation reactor. According to Elefsiniotis and Wareham [27], the indication of extreme
acidogenesis was reflected in the VFAs:COD ratio between 0.9 and 1.0. Therefore, our result showed
that moderate acidogenesis could be achieved during the acid fermentation under HRT of 4 days
by suppressing the methanogenesis from conversion of the VFAs. Additionally, the complimented
structure of the ABR type-acid fermentation reactor contributed non-soluble large molecular organics,
hydrolyzed to soluble organics by exoenzyme in the reactor, which induced more VFA production from
total organic matter in the influent [28]. The average VFA concentration relative to the VSS was 168
mgCOD/gVSS and the specific VFA production rate was 0.074 mgVFAs/mgVSS/day. In this study, the
rate was quite significantly similar to the VFA production rate obtained by Elefsiniotis et al. [29]. The
specific VFAs production rate was similar between industrial and municipal mixtures at approximately
0.070 mgVFAs/mgVSS/day [29,30].

Figure 5 illustrates VFAs compositions in the influent and effluent of the ABR type-acid
fermentation reactor. In the effluent, acetic acid (30.2%) and propionic acid (28.5%) dominated over
iso-butyric acid (5.8%), n-butyric acid (17.6%), iso-valeric acid (7.4%), and n-valeric acid (10.5%). It
is known that during anaerobic digestion, methane would be converted, mainly, from acetic acid,
while the VFAs with more than two carbons (e.g., propionic acid, butyric acid, etc.) would not be
converted to methane by methanogenic bacteria. Since the influent also showed an almost similar
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VFA composition with the effluent, and acetic acid was still dominant in the effluent, it was again
confirmed that methane production was effectively prevented.Water 2016, 8, 117 7 of 11 
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Figure 6 illustrates the removal rate of TCOD and SCOD with the organic loading rate (OLR;
expressed in kg-TCOD m´3¨ day´1) in the entire system (i.e., ABR type acid-fermentation and
post-denitrification). In our study, the average OLR of the system was 32.7 kg-TCOD¨ m´3¨ day´1.
Despite the fluctuation in SCOD removal rate during the whole period, the overall SCOD removal
rate tended to increase slightly with a decrease of OLR. During the experiments, the total removal
rate of SCOD was found to be quite high (70%–89.5%) with the OLR ranging from 7.1 to
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70.2 kg-TCOD¨ m´3¨ day´1. In the case of TCOD, a high rate of removal (90%–92%) also was achieved
regardless of the variation of OLR. The COD removal rate would reach a maximum when the microbial
biomass sufficiently accumulates in the reactor to handle the additional organic load, i.e., COD removal
rate has a certain threshold corresponding to the reactor’s maximum operation capacity [31].
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3.2. Nitrogen Variation

The average influent and effluent TN concentrations in the ABR type-acid fermentation reactor
were 74.48 mg/L and 141.76 mg/L, respectively (Table 2), indicating that the concentration of TN
increased by 47.5% after the ABR type-acid fermentation because dissolved nitrogen was additionally
produced during the hydrolysis and autoxidation of the solid part of the influent and the sludge
inside the reactor. After the post denitrification process, the average effluent TN concentration was
37.72 mg/L (Table 2), which presented a TN removal rate of 73% as compared with the average
influent TN (141.76 mg/L) in the post denitrification reactor. The average NO3

´-N concentrations in
the influent of the ABR type-acid fermentation reactor and the effluent of the post denitrification reactor
were 68.74 mg/L and 16.5 mg/L, respectively (Table 2). The effluent NO3

´-N concentrations of the post
denitrification process decreased by about 80.8% as compared with the influent NO3

´-N. The specific
denitrification rate was calculated by considering the amount of NO3

´-N removed, the concentration
of microorganisms (i.e., VSS), and the influent flow rate for the post denitrification reactor. The
average specific denitrification was 0.166 gNO3

´-N/gVSS/day. This value was in the range of general
denitrification efficiency, considering the results of a study in which a specific denitrification rate of
0.011–0.754 gNO3

´-N/gVSS/day was obtained when VFAs were used as the influent carbon source of
the denitrification process [29]. However, the maximum and minimum specific denitrification rates
were 0.431 and 0.047 gNO3

´-N/gVSS/day for the ABR type-acid fermentation-post denitrification
reactor. Therefore, even the lowest specific denitrification rate was relatively higher than the minimum
value reported by Elefsiniotis et al. [29], and it is thought that a more stable and higher specific
denitrification rate could be achieved by maintaining a stable concentration of microorganisms in the
post denitrification reactor.
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3.3. Total Suspended Solid Variation

The influent TSS concentration in the ABR type-acid fermentation reactor ranged from 6750 to
26,225 mg/L. The high suspended solids were caused by the need to use long HRT for anaerobic
treatment of a highly concentrated substrate [32]. In our study, high retention of TSS (13,528 mg/L in
the acid fermentation zone and 1997 mg/L in post denitrification) inside both reactors were obtained
even by the short HRT of four days because the actual retention time of microorganisms increased
due to the sludge settlement in the compartment zone of both reactors and the return of settled sludge
from the compartment to the mixing zone. The effective sludge settling in the compartment zone
resulted in a high removal of TSS, as shown in Figure 7. The TSS concentrations of the effluent from
the post denitrification process were in the range of 50–1860 mg/L, which showed that the removal
rate of TSS was 92%. Additionally, the increased retention time of sludge also induced enough time
for the decomposition of particulate organic matters, which resulted in a greater production of VFAs.
Foxon et al. [33] also reported that a good settling of sludge could be achieved by the compartment
zone of the ABR process, which resulted in a high removal rate of TSS and enhanced the degradability
of organic matters with an adequate retention of sludge inside the reactor.
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4. Conclusions

In this study, we evaluated the performance of ABR type acid-fermentation combined with a
post denitrification process to treat primary sludge from a municipal wastewater treatment plant. The
produced VFAs were supplied as an external carbon source for the post denitrification process to
treat the wastewater containing a high level of nitrate. Laboratory-scale experiments showed that the
removal rate of TCOD, TSS, and TN were found to be 97%, 92%, and 73%, respectively, in the effluent
of post denitrification reactor. The specific VFA production rate was 0.074 mgVFAs/mgVSS/day
and the average specific denitrification rate was 0.166 gNO3

´-N/gVSS/day for the ABR type-acid
fermentation-post denitrification reactor. This value was in the range of general denitrification
efficiency of previous studies. Consequently, a primary sludge was successfully treated by the
application of acid fermentation process with a short HRT, even by preventing methanogenesis,
and the produced VFAs were then successfully utilized as an external carbon source for the post
denitrification process to achieve a high removal of nitrate.
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