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This laboratory research was carried out to evaluate the performance of a multistage anaerobic biofilm
reactor, with six compartments and a working volume of 70L, for the treatment of a strong synthetic
nitrogenous and high-strength wastewater at an operational temperature of 26 4 0.5°C. Initially, the
performance of the reactor was studied when subjected to an increase in the hydraulic retention time
(HRT) at a constant influent COD concentration of 10,000 mg/L. Five different HRTs were studied: 0.25,
0.67,1,3 and 5 days, which were equivalent to 6, 16, 24, 72 and 120 h, respectively. By increasing the HRTs
from 6 h to 1 day, COD and BOD removal efficiencies were increased from 63% to 84% and from 66% to
87%, respectively. Moreover, at an HRT of 3 days, COD and BOD removal efficiencies were equal, reaching
93%. In the second phase of the research, the effect of adding nitrate with a concentration of 3000 mg/L
at an influent organic loading rate of 10 g COD/Ld was researched on the reactor performance and the
amount of biogas produced. Denitrification took place almost solely in the first three compartments of
the reactor, with efficiencies of 85%, 95% and 98%, respectively. The nitrite produced was only detected
in the first and second compartments at concentrations of 138 and 24 mg/L, respectively. In addition, no
accumulation of nitrite was detected in the reactor. Furthermore, the denitrification caused an increase
in the total volume of produced biogas from 102 to 178 L/d.
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1. Introduction

The anaerobic treatment of industrial effluents has a number
of advantages, such as low energy consumption, low excess sludge
production, the elimination of odors and methane production as an
energy source [1]. The biological process of anaerobic digestion is
governed significantly by the conditions under which it is run such
as alkalinity, nutrient content, loading rate, toxicity of constituents,
pH and temperature [2]. Anaerobic treatment can be improved
with the use of biomass retention by the immobilization of anaero-
bic microorganisms [3]. Nowadays, most of the attention has been
drawn to the development of high-rate anaerobic reactors for the
treatment of effluents leading to the conversion of organic matter
into biogas [4]. Anaerobic treatment of organic-based wastewater
is the most common process for biogas production and the reduc-
tion of organic matter existing in the influent and it has been used
in mesophilic and thermophilic conditions [5].
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Fixed film reactors are considered to be effective in the corre-
sponding suspended growth systems [6]. A biofilm reactor can be
described as a digester with three phases of liquid, gas and biofilm.
Biofilm is the complicated microbial population in which several
physical, chemical and biological processes occur simultaneously
[7]. Immobilization of the biomass on the support media allows
for a more stable operation by improving the retention time of
microorganisms and enabling the reactor to cope with a greater
concentration of biomass [8]. The multistage biofilm reactor is a
combination of the anaerobic baffled reactor (ABR) and upflow
anaerobic fixed-bed (UAFB) treatment systems, which include the
advantages of baffled reactor systems and anaerobic filters. Their
properties are better resilience to hydraulic and organic shock load-
ings, longer biomass retention times, lower sludge yields, and the
ability to partially separate between the various phases of anaer-
obic catabolism [9]. Fixed film biofilters are widely used for the
removal of organic matter and nitrogen by the two-step biological
processes of nitrification-denitrification [10]. Biological denitrifi-
cation demonstrates an effective bioprocess to remove nitrate and
nitrite, which is carried out by denitrifiers such as paracoccus den-
itrificants, requiring an organic carbon source as an electron donor
and energy source [11-13]. Nitrates and nitrites in water supplies
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Fig. 1. Schematic diagram of the experimental set-up used.

have led to cases of infant methaemoglobinaemia, mutation of DNA
and gastric cancer. They can also contribute to eutrophication of
water bodies [10,14-16]. The most important parameters with an
important influence on the denitrification process are the nitrate
content, g COD/g N-NOj3 ratio, type and concentration of carbon
source and the pH [17,18]. It is recommended that for an effective
denitrification the ratios of g BOD5/g N-NO3 and g COD/g N-NO3
should be 4 and 3.71, respectively. Other research showed that the
proper ratio of theoretical C/N is 3.5-4.5g COD/g N-NOs. In sys-
tems with pre-denitrification and post-denitrification, it has been
shown that C/N ratio of 6-11g COD/g N-NO3 and 3-4 g CODy (fil-
tered COD)/g N-NO3 was needed, respectively [19].

The aim of this study was to evaluate the performance and
practicability of a multistage anaerobic biofilm reactor composed
of six sequential compartments treating high-strength synthetic
wastewater in both states with absence and presence of nitrate. The
results of experiments concerning nitrate addition on COD and BOD
removals, VFAs, ammonia, biogas production and nitrate removal
were researched under anaerobic condition. In the first phase of
the experiments, the effect of increasing HRT on the reactor perfor-
mance and the efficiency of the process are discussed. In the second
phase, the influence of the addition of nitrogen as an alternative
electron acceptor for nitrogen removal in the reactor is explored
under a high nitrate concentration.

2. Materials and methods
2.1. Laboratory-scale experimental set-up

A scheme of the experimental set-up, including a flow diagram
and reactor details are shown in Fig. 1. The multistage biofilm
reactor was composed of six discrete compartments with a total
working volume of 70 L. The six compartments were made from
“Plexiglas” with identical geometric characteristics, a total volume
of 12 L and a gas accumulation space of 0.75 L for each one. The baf-
fles inside the reactor were used to direct the flow of wastewater

in an upflow mode through a series of compartments where each
one formed a packed bed using Raschig Rings as a media to sup-
port the biofilm formation. The main characteristics of this Raschig
Ring packing were material, metal; nominal size, 13 mm; height,
25mm; wall thickness, 0.8 mm; surface area, 420 m?/m?; and 85%
porosity. The porosity of the beds was 81% and the fixed beds were
placed up to a height of 40 cm from the bottom of the reactor. The
beds maintained 73% porosity after cell immobilization.

The reactor was covered with a water jacket which kept the
operational temperature at 26 +£0.5°C, and effluent wastewater
from the sixth compartment was discharged. The six compartments
operated only in an anaerobic regime. Sampling taps provided on
the wall of each compartment allowed extraction of samples for
analysis in various chambers of the biofilm reactor.

2.2. Synthetic wastewater

The reactor was fed with synthetic wastewater containing
molasses as a carbon source. The characteristics of the said
molasses used were pH, 7.4; COD, 1029 mg/L; BODs, 325 mg/L;
Kjeldahl nitrogen, 18.3 mg/L; total phosphate, 0 mg/L; Fe*, 0 mg/L;
Ca%*, 59.2mg/L; K*, 3.2mg/L; alkalinity, 207 mg/L. During the
start-up period, ammonium phosphate and urea were used as
sources of phosphorus and nitrogen, respectively. Micronutri-
ents and trace metals with the following composition were
also added during the start-up period: CoCl,-6H,0, 0.25mg/L;
H3BO3, 0.05mg/L; FeSO4-7H,0, 0.5 mg/L; MnCl,-4H,0, 0.5 mg/L;
ZnCly, 0.05mg/L; CuCl,, 0.15mg/L; NazMoO4-2H,0, 0.01 mg/L;
NiSO4-H,0, 0.02 mg/L; Na;Se03,0.01 mg/L; AlCl3,-6H, 0, 0.05 mg/L;
MgS0,4-7H,0, 0.3 mg/L. During the start-up period, the COD:N:P
ratiowas 100:5:1. When a steady-state condition was achieved, the
COD:N:P ratio was changed to 350:5:1. In order to neutralize any
VFA accumulation and prevent acid zone forming in the reactor,
sodium bicarbonate was used as an alkalinity supplement. Given
the appropriate pH of the influent used as feed (7.4) the volume of
the sodium bicarbonate solution added was very small in all cases.
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2.3. Seeding and experimental procedure

The microorganisms used as inoculum in the reactor came from
the sludge of a lab-scale ANAMMOX-AFBR system which had been
treating strong nitrogenous wastewater for the past three years.
The reactor was initially seeded with 27 L of anaerobic sludge. The
basic characteristics of the inoculum used were 1857 mg/L of total
nitrogen, 967 mg/L of ammonia nitrogen, a total acidity of 367 mg
acetic acid/L; 96 g/L of total solid content, 40 g/L of volatile solid
content, 1.898 g CaCOs3/L of bicarbonate alkalinity and a pH of 6.8.

At the beginning of the experiments, for effective biofilm for-
mation on the support media, the reactor was initially started by
increasing the organic loading rate from 0.5 to 2.5 g COD/L per day
in a fed-batch mode. After a batch feeding period of two months, an
influent molasses-based wastewater was used as a second feeding
step in continuous mode at a constant organic loading rate of 4 g
COD/Ld for another period of two months.

The reactor was operated until a steady-state performance was
reached. The steady-state experiments were conducted in two con-
secutive phases. In the first phase of the experiments, the bioreactor
was subjected to increasing HRTs and the performance of the sys-
tem was evaluated. Five HRTs (0.25,0.67, 1, 3 and 5 days, equivalent
to 6, 16, 24, 72 and 120h, respectively) were studied at a con-
stant influent COD concentration of 10,000 mg/L. In the second
phase, biological denitrification was assessed by studying nitrate
reduction and its influence on the reactor performance and biogas
production at a constant influent organic loading rate (OLR) of 10 g
COD/Ld and nitrate concentration of 3000 mg N-NOs/L.

2.4. Analytical methods

The COD concentration was measured by using a semi-micro-
method [20]. Total VFA concentrations in the samples were
analyzed using a titrimetric method [21]. Nitrate and nitrite were
determined with an ion chromatography analyzer (ALLTECH 1000,
ERIS™ USA). Ammonia nitrogen was detected by the 4500-NH3D
method, witha NH500/2 WTW ion selective electrode and WTW pH
320 m. Electrodes were calibrated according to the manufacturer’s
procedures. BOD was measured according to standard methods
[22]. Daily liquid samples were withdrawn and centrifuged at
13,000 rpm for 8 min until a clear supernatant was obtained.

The composition of the biogas (CH4, CO, and N,) was ana-
lyzed using a gas chromatograph (Varian 3400, Walnut Creek,
USA) equipped with a Haysep Q (mesh of 80-100 wm) column, a
molecular sieve column and a thermal conductivity detector. The
temperatures of the injector and detector were kept at 100 and
120°C, respectively. Helium was used as the carrier gas at a flow-
rate of 12 mL/min. The volume of biogas produced was monitored
by a gas counter (Milligascounter™) and recorded on a computer.
pH was measured using a pH meter (Crison GLP 22).

The steady-state values of operational parameters were taken
as the average of seven successive measurements for those param-
eters when the deviations between the values were less than 3% in
all cases.

3. Results and discussion
3.1. Phase I: effect of increasing HRT on the reactor performance

This phase of the research studies the effect of increasing HRT
on the system performance over 185 days. Fig. 2 shows the results
related to the variation of COD and BOD concentrations through-
out the system for the different HRTs studied and an influent COD
concentration of 10,000 mg/L. As can be seen, the COD and BOD
removal efficiencies were increased by raising the retention time
from 6 h to 5 days.
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Fig. 2. Profile of the (A) COD and (B) BOD concentration variations.

At an HRT of 6 h, the total COD and BOD removal efficiencies
reached 63% and 66%, respectively, and the first four reactor cham-
bers played an effective role during the organic matter reduction
process. The effluent COD concentration from the first four stages
reached 7288, 5329, 4425 and 4028 mg/L and for BOD reached
3807, 2915, 2553 and 2023 mg/L, respectively. At an HRT of 16h,
the outlet COD and BOD concentrations from the first chamber
reached 4875 and 2611 mg/L, respectively. Therefore, almost half
of the existing organic contaminants in the synthetic wastewa-
ter were removed in the first compartment, while the whole COD
and BOD removal efficiencies achieved at this HRT were 73% and
75%, respectively. At an HRT of 1 day, COD and BOD removal effi-
ciencies in the first compartment were 62% and 66%, respectively,
which indicates that the role of the first compartment becomes
more important, especially for reducing the organic matter from a
wastewater by increasing the HRT. In this way, the final effluent
COD and BOD concentrations from the reactor reached 1587 and
707 mg/L, respectively.

For HRTs of 3 and 5 days, the results were very similar. Therefore,
the COD and BOD removal efficiencies were very similar for these
two retention times, reaching 93%. The results show that an HRT of
3 days is an optimum retention time for this system.

At an HRT of 3 days, the exhaust COD concentrations from the
fifth and sixth compartments were equal to 888 and 699 mg|/L,
while at an HRT of 5 days they were 688 and 595 mg/L. The result
showed that the role of the first compartment became more signif-
icant with increasing HRT, and at an HRT of 5 days a COD removal
of 74% was almost achieved in the first compartment.

A previous study using a multistage (three compartments)
anaerobic biofilm for treating synthetic low-strength wastewater
(COD: 3000 mg/L) revealed an increase in COD removal efficiency
from 84.9% to 91.6% when HRT rose from 8 to 24 h [23]. The rel-
atively poor performance observed at a HRT of 8 h was attributed
principally to the instability created by the sudden doubling of the
influent loading rate. COD removal efficiency also increased from
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Fig. 3. Profile of the (A) VFA and (B) pH variations.

69% to 79% when the HRT rose from 18 to 48 hin a carried anaerobic
baffled reactor (ABR) treating sewage at 28 4 1 °C [24]. This reactor
was rectangular and contained six chambers of equal volume, the
effective reactor volume being 17 L. The six upcomer regions of this
reactor were filled with hollow-sphere carriers made of bamboo
(approximately 15 cm in diameter) in settled form. Another mod-
ified ABR consisting of three 3.6 L chambers (the first one was a
UASB without a gas-solid-liquid separator, the second one was a
down-flow fixed film reactor with plastic media, while the third
one was a hybrid UASB-AF with plastic Pall Ring media) was used
for treating pre-settled municipal wastewater at ambient temper-
ature (18-28°C) [25]. In this study, COD removal increased from
52.3% to 67.8% when the HRT increased from 2 to 4 h.

In relation to the variations profile of VFA concentration (Fig. 3
A),it was observed that for all HRTs studied, the VFA values dropped
from the first to the sixth compartments. At an early stage in the
process and since the growth rate of acetogens is higher and the
methanogens have not grown enough, the VFA values are high.
However, with the passing of time and an increase in the growth
of methanogens, the VFA values dropped with increasing HRT, and
the VFA values decreased in all chambers.

At HRTs of 6, 16 h and 1 day, the VFA values decreased
more sharply, and, therefore, more quickly from the second to
the fourth compartments, which revealed a stronger presence of
methanogens in the second and third chambers. The outlet VFA
values from the reactor were almost equal at HRTs of 3 and 5 days,
and this equaled the removal efficiency at these two HRTs. High VFA
values were found at an HRT of 6 h, which shows that by reducing
the contact time between wastewater and biomass, there was not
enough time to transform VFAs to end products and the outflow
COD was commonly constituted by volatile fatty acids.

VFA concentrations in effluents of a multistage anaerobic
migrating blanket reactor (AMBR) increased from 25 to 182 mg/L
as the HRT decreased from 10.3 days to 1 day treating syn-
thetic wastewater containing glucose as a carbon source [26].
This AMBR reactor consisted of a rectangular tank with an active
volume of 13.5L, which was divided into three compartments,
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Fig. 4. Profile of the nitrate and nitrite concentration variations.

which were mixed equally every 15 min at 60 rpm to ensure gentle
mixing.

An increase in pH values was observed from the first to sixth
compartment (Fig. 3B). This rise in pH in reactors like the ABR
system is caused by phase separation (acidogenesis and methano-
genesis). pH values in each chamber had an increasing trend, which
could also be caused by the production of compounds that increase
the alkalinity by substrate degradation.

Microscopic observations carried out in an anaerobic rotating
biological contactor (AnRBC) consisted of four compartments, each
one containing fifteen 12 cm diameter acrylic plastic disks, show-
ing that the acetogenic microorganisms were predominant in the
first two compartments, while the methanogenic microorganisms
were predominant in the last two [27]. The volatile fatty acid profile
observed in an eight chambered ABR treating complex wastewa-
ter made of cellulose and sucrose (40:60) also demonstrated that
hydrolysis and acidogenesis are the main biochemical activities in
the first few compartments [28].

3.2. Phase II: influence of nitrate addition on the reactor
performance

The second phase of the research was carried out with the
addition of nitrate at a concentration of 3000 mg/L and a constant
organic loading of 10 g COD/Ld. For two weeks, after adding nitrate,
the nitrogen concentration at gas phase showed no increase, caused
by the time needed for the initial growth of the denitrifiers. Fig. 4
shows the variation trend of the nitrate and nitrite produced. As
can be seen in Fig. 4, the main part of the existing nitrate at feed
was removed in the first compartment, so that the exhaust nitrate
concentration from the first three chambers reached 455, 147 and
54 mg/L, respectively. Therefore, virtually all of nitrate present at
feed was removed, the denitrification efficiencies in the first, sec-
ond and third chambers being 85%, 95% and 98%, respectively.

The produced nitrite concentration measurement inside the
reactor showed that only traces of nitrite were found in the first and
second chambers, with nitrite concentrations of 138 and 24 mg/Lin
the first and second chambers, respectively. In the other chambers,
the maximum nitrite concentration measured was equal to 4 mg/L.
These small quantities indicate a lack of nitrite accumulation inside
the reactor.

Fig. 5 illustrates the denitrification effect on the organic mat-
ter removal and VFA concentrations. The effluent COD and BOD
concentrations from the reactor reached 750 and 211 mg/L, which
is equivalent to COD and BOD removal efficiencies of 92% and
96%, respectively. In comparison with the previous phase studied
(with absence of nitrate), denitrification caused an increase in COD,
BOD and VFA removals, so that COD and BOD removal efficiencies
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Fig. 5. Effect of denitrification on the COD and BOD contents and VFA concentra-
tions.

increased at almost the same rate—about 10%. In this phase, the
denitrification process at the front compartments of the reactor
increased the organic matter removal. This increase in the removal
efficiency is due to the oxidation of some COD feed for the required
energy and carbon source supply for nitrate reduction.

A previous study reported that denitrification occurred almost
exclusively in the front two compartments of an anaerobic baf-
fled reactor (ABR) with eight compartments, with rates of 0.335
(82% reduction) and 0.085 g NO3/g VSS d (96% reduction) in com-
partments 1 and 2, respectively [29]. Denitrification had several
positive effects on overall reactor performance, and this was due to
the following factors: the use of an oxidisable electron donor in the
form of the COD feed and increased system pH at the reactor inlet,
thus improving environmental conditions [29].

The denitrification process was carried out by using nitrate by
facultative denitrificants in the absence of free molecular oxygen to
degrade exogenous carbon and obtain energy for cellular activity
and synthesis. During anaerobic respiration, nitrate and nitrite are
reduced through several pathways. The overall biochemical reac-
tion for denitrification with a carbon source [30] can be expressed
by the following theoretical equation:

24NO;3~ +5CgH1206 = 12N; +30C0; + 18H,0 + 240H- (1)

From stoichiometry of Eq. (1), it is determined that for performing
denitrification, COD consumption and nitrate ratio must coincide
with COD/NO3 =0.605 mass fraction. As a result of this equation,
COD removal efficiency increases in the presence of nitrate. pH vari-
ations during nitrate reduction ranged between 6.5 and 8.1 in the
present study. Therefore, these values by comparison with those
reported in the previous experiment (without nitrate addition), the
average pH was increased by about 0.27.

Although an increase in pH should cause an increase in the
production of methane, the inhibitory effects induced for the
intermediate compounds derived from denitrification caused the
methane production to stop and decrease [30]. This same behaviour
was previously observed in the anaerobic treatment of synthetic
substrates with a high nitrate concentration, resulting in the accu-
mulation of undesirable intermediates such as N, O [31]. Therefore,
the addition of nitrate to the process has three momentous and
contrary effects on biofilter performance [32]:

(1) Quick reduction of NO3~ by facultative anaerobes through
anaerobic respiration.

(2) Foaming formation as a consequence of the rising gaseous nitro-
gen.
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Fig. 6. (A) The methane content in biogas; (B) the CO, content in biogas; (C) the N,
content in biogas.

(3) Increasing redox potential of the sludge system. An increase
in redox potential hampers the methanogeneous activity of
the microorganisms that transform VFAs to methane. The
interaction between denitrification and methanogenesis, with
methanol functioning as an electron donor, has been exam-
ined previously through the usage of a mixed culture system
of denitrifying sludge and methanogenic sludge in an anaero-
bic reactor [33]. Competition for methanol between these two
kinds of sludges could not be observed, whereas methanogene-
sis was suppressed as long as nitrate was made available in the
mixed system. Adding nitrate also raised the redox potential of
the system [33].

The production yield of the different components of the biogas
with or without nitrate is presented in Fig. 6.

During the nitrate reduction process, the CO, content was
increased, so that the produced CO, volume was increased from
38.2L/dwithalack of nitrate to 75.1 L/d during denitrification. With
added nitrate, the total amount of the biogas production increased
from 102 to 178 L/d, which shows about a 74% rise. The maximum
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Table 1
Ammonium concentration produced in the compartments.
Compartment Before adding nitrate (mg/L) During
denitrification (mg/L)
1 117 345
2 197 630
3 276 777
4 310 802
5 342 812
6 349 824

biogas production was observed in the third compartment for both
studies carried out (with and without added nitrate).

However, the decrease in methane production by adding nitrate
can be attributed to the inhibition effects caused by some com-
ponents generated during the denitrification process (Hy) and by
the accumulation of denitrification intermediates (N,O, NO and
NO,) [34,35]. As no accumulation of nitrite was observed through-
out the process and all of the nitrite produced was transformed,
it can therefore be considered that the inhibition effect on the
methane production is caused by the presence of N;O and NO at gas
phase. During denitrification, the methane production decreased
from 57 to 39L/d, which supposed a 33% reduction in the amount
of methane produced per day. Moreover, the methane percentage
in the biogas decreased from 56% (with absence of nitrate) to 21%
during nitrate reduction.

Methane production was also stopped as soon as denitrifica-
tion started in the anaerobic digestion of an industrial sulfate rich
wastewater using batch cultures [11]. Concurrently, an increase
in the redox potential and transient nitrite production was also
observed in this study [11].

Fig. 6 also shows that only in the first compartment did deni-
trification cause an increase in the methane production, which can
come about by a larger transformation of hydrogen to methane [36]
and by the dissimilatory nitrate reduction to ammonium according
to Eq. (2):

N03_ +4H2 +2H+ = NH4+ +3H20 (2)

A high hydrogen demand during dissimilatory nitrate reduction
to ammonium, improving environmental conditions for syntrophic
bacteria was observed in the front two compartments of an eight
compartment ABR treating a synthetic sucrose/protein wastewater
with a COD content of 4000 mg/L [29].

Table 1 shows the concentrations of ammonium produced in the
reactor for conditions of nitrate absence and presence (denitrifica-
tion). Production of ammonium from nitrate is an ordinary reaction
in anaerobic conditions as was demonstrated in Eq. (2) [37]. As
can be seen in Table 1, before adding nitrate the concentration of
ammonium in the reactor effluent reached 349 mg/L, while during
the denitrification reached a maximum content of 824 mg/L. Other
previous reported works have demonstrated that anaerobic diges-
tion can be inhibited by ammonium concentrations in the range of
1500-3000 mg/L at pH values above 7.4 and by ammonium concen-
trations above 3000 mg/L, regardless of the pH [38]. In the present
study, the maximum concentration of ammonium observed was
824 mg/L, which, therefore, had no negative effect on the reactor
performance.

4. Conclusions

The reactor performance of an anaerobic multistage biofilter
treating synthetic high-strength wastewater was studied in two
different phases. In the first phase, by increasing HRT from 0.25
day (6 h) to 5 days the percentage of COD removal increased from
63% to 93%. The results obtained for this system showed that an
HRT of 3 days is the optimum HRT for treatment process. Gener-

ally, the first compartment of the reactor was the most important
one during the purification process.

In the second phase of the research, the influence of nitrate
addition at a concentration of 3000 mg/L on the reactor perfor-
mance was studied. Denitrification occurred in the first three
compartments of the reactor, with efficiencies of 85%, 95% and 98%,
respectively. Denitrification increased the percentage of organic
matter removal by about 10% due to the oxidation of some COD
feed for the required energy and carbon source supply for nitrate
reduction.

The comparison of biogas production between the two exper-
imental phases showed that the amount of the biogas increased
from 102 to 178 L/d when nitrate addition took place, which repre-
sented an increase of about 74%. The volume of CO, produced also
increased from 38.2 L/d without nitrate to 75.1 L/d after nitrate was
added. After nitrate addition, the content of methane in the biogas
was decreased by about 35% and methane production decreased
from 57 to 39L/d.
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