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Abstract

Background: Although anaerobic system has been successfully used for treating the strong industrial
wastewater, its efficiency for low-strength wastewater as municipal wastewater is not satisfying. This
study aimed to enhance the capability of an anaerobic baffled reactor (ABR) for treating municipal
wastewater.

Methods: A 7-L ABR with 5 compartments was operated for a 287-day period fed with primary effluent
from a wastewater treatment plant at 17 to 19°C. The study was conducted in 2 phases. In the first phase,
the performance of ABR and in the second phase, the performance of ESABR (ABR integrated with an
electrochemical system) were investigated.

Results: The results of ABR operation indicated that at hydraulic retention time (HRT) =24 hours, the
average removal efficiency of biochemical oxygen demand (BOD), chemical oxygen demand (COD),
total suspended solids (TSS), total Kjeldahl nitrogen (TKN), total phosphorous (TP), and log reduction
value (LRV) of coliforms were obtained to be 71%, 75%, 79%, 23%, 30.3%, and 5.8 Log, respectively.
In this phase, when the HRT was decreased from 24 to 18 hours and from 18 to 14 hours, the removal
efficiency of all parameters by the ABR was decreased. After the shift of ABR operation to ESABR, at
HRT=24 hours and current density of 0.78 mA/cm?, the performance of the reactor was enhanced, so
that the removal efficiency of BOD, COD, TSS, TKN, TP, and LRV of coliforms were achieved 16.8%,
15%, 4%, 10.7%, 49%, and 1 Log, which was greater than those obtained by ABR.

Conclusion: According to the results, this technology (SEABR) is suitable for treating the low-strength
municipal wastewater.
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Introduction

Currently, aerobic processes are widely used for municipal
wastewater treatment. Despite the advantages of aerobic
treatment of municipal wastewater like high efficiency,
reduced odor, nitrification of ammonia, and reduction
of greenhouse gases compared to anaerobic treatment,
disadvantages of this method include high capital
cost for aeration equipment, high operating cost, high
maintenance requirements, large amounts of excess
sludge production, and more nutrients required, which
make this process costly. So anaerobic process seems to
be an attractive alternative for the treatment of municipal
wastewater, especially due to economic advantages over

aerobic process (1-3).

Since the performance of the conventional low-rate
anaerobic system like septic and Imhoff tanks is not
sufficient for domestic wastewater treatment, therefore,
the use of new high-rate anaerobic reactors has been
investigated. In the last decade, new high-rate anaerobic
reactors, such as upflow anaerobic sludge blanket
(UASB), anaerobic filter (AF), anaerobic fluidized bed,
anaerobic expanded bed reactors, and anaerobic baffled
reactors (ABRs) have been developed. In high-rate
anaerobic reactors, the separation between the hydraulic
retention time (HRT) and the solids retention time is
achievable. Such a separation allows the slow-growing
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microorganisms to remain within the reactor independent
of wastewater flow, thereby, allowing significantly
higher efficiency for the treatment of high-strength
wastewaters. Also, these reactors allow the treatment of
low- or medium-strength wastewaters such as municipal
wastewater (1,4,5). Many studies have been conducted
on domestic wastewater treatment using different types
of high-rate anaerobic reactors (4-13). Up to now, most
experiments for anaerobic treatment of municipal or low-
strength wastewaters have been conducted on the UASB
and ABR (2,8,10,13-15). Among these two reactors, ABR
is more widely used due to its attractive aspects including
simplicity, low investment and operation cost, and its
ability to separate suspended growth acidogenesis and
methanogenesis down the reactor, allowing the reactor to
behave as a two-phase system (16,17).

ABR is a multi-compartments reactor with a series of
baffles in which the liquid is forced to flow up and down
from one compartment to the next. High concentrations
of biomass retain in each compartment, so the contact
between wastewater and biomass is improved.

Many studies used ABR for treating municipal or low-
strength synthetic wastewater in the ABR (18-20). The
results of studies have shown that despite the advantages of
the ABR, the efficiency of this reactor like other anaerobic
system for treating the municipal wastewater is not
enough to meet the effluent standards of contaminants,
especially at low or ambient temperature.

To achieve better performance of ABR for the treatment
of municipal wastewater at ambient temperature, some
modifications of ABR have been employed, including: 9-
chamber modified ABR in three parallel sets (14), ABR
with media (2), bamboo carrier ABR (15), granular-bed
ABR (13), and electrochemical ABR (21).

In the recent years, one of the processes that is integrated by
aerobic/anaerobic biological systems is electrochemistry
named bioelectrochemical systems (BESs). In this
process, two targets might be expected: electricity
generation via microbial fuel cell or methane/hydrogen
production via microbial electrolysis cell (MEC). Up to
now, most studies have been conducted on BES, focused
on electricity or hydrogen/methane gas generation and
there are few studies on the performance of these systems
for the contaminants removal (21-24). On the other
hand, as noted above, the application of aerobic system
for the treatment of municipal wastewater is very costly
in both low and large communities. So, the focus of this
study was on the effects of the electrochemical reaction
on the performance of ABR (as a simple and low cost
technology) for the municipal wastewater treatment at
low temperatures.

Materials and Methods
Chemicals and analysis
All chemical reagents were analytical grade and used
without further purification. Chemicals were purchased

from Sigma-Aldrich (USA), Merck (Germany), and BDH
(England). In all stages of the experiments, the influent
and effluent samples were taken and measured every 3
to 7 days for the main parameters including biochemical
oxygen demand (BOD), chemical oxygen demand
(COD), total suspended solids (TSS), total Kjeldahl
nitrogen (TKN), total phosphorous (TP), and total
coliform bacteria. Meanwhile, the operating parameters,
such as pH, alkalinity, and temperature were analyzed
continuously during the study. All experiments were
determined by standard methods (25). BOD samples were
measured by respirometric Oxitop TS 606 G/2 WTW with
WTW incubator. The COD test was done by closed reflux-
titrimetric method. TSS was measured by gravimetric
method. VAPODEST digestion system made by Gerhardt
Company was used for TKN analysis. The acidic digestion
vanadomolybdophosphoric acid method was used to
determine the TP. Temperature and pH of the wastewater
were measured by the Corning pH meter includes pH and
temperature electrodes. Also, the diurnal temperature of
the pilot room beside the reactor was measured by a digital
electrode thermometer. Total coliforms were measured
by the most probable number (MPN). Gas production
by gram-negative, non-spore-forming, and rod-shaped
bacteria was considered as a positive coliform reaction
within 24 to 48 hours at 35+0.5°C.

Reactor configuration, startup and procedure

A bench scale ABR consisted of five equal size chambers,
with external dimensions of L50 x W15 x H18 cm, and
effective liquid volume of 7 L was constructed with
Plexiglas sheet and installed in the pilot room (Figure 1).
Each compartment of ABR was separated into two parts
of up-flow and down-flow by a vertical baffle. Baffles were
installed with a 2 cm distance from the bottom of the
reactor. To compare the effect of electrical stimulation on
the performance of the ABR reactor, in the first stage of
the study, the reactor was considered as the blank reactor
that was operated without electrochemical system, and
in the second stage, the reactor was integrated with an

Figure 1. ABR/ESABR used in this study.
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electrochemical system and named electrically-stimulated
reactor (ESABR). Electrochemical system composed of
two paired steel mesh plate-type electrodes (8 cm x 16
cm x 2 mm) that were installed in the second and fourth
compartments of the ESABR. The distance between
two electrodes were 1 cm and they were powered by a
DC power supply. Temperature of the pilot room was
controlled by an air handling unit at 20+4°C. The daily
average temperature of the pilot room was recorded.
For feeding the reactor, wastewater was taken from
Shahrak-e-Gharb wastewater treatment plant. This
municipal wastewater treatment plant is located in the
west of Tehran, the capital city of Iran. Wastewater was
directly taken from the end of the primary sedimentation
tank prior to biological treatment. The reactor was
seeded with the sludge from an operating UASB, treating
dairy wastewater. This sludge contained 25.2 g/L total
suspended solids and 15.8 g/L total volatile solids. After
seeding, the reactor was fed continuously with wastewater
by a peristaltic pump (Longer pump YZ1515x). This
study was done in three experimental runs for 287 days.
In the first run, startup and the steady-state performance
of ABR was evaluated at HRT=24 hours. In the second
experimental run, the performance of ABR was evaluated
at HRTs of 24, 18, 14 hours. In the third run of the study,
the performance of ESABR was evaluated at HRT=24 h.
In ESABR, the energy consumption value was calculated
using Eq. (1).

U(W). 1(A). t(h)

70 (1)

E(kWh/m?3) =
Where 1, U, 1, t, and V are voltage, current, reaction time,
and volume of wastewater in reactor, respectively.

Results

Composition of wastewater

The average values of the settled wastewater constituents
used in the study are presented in Table 1.

According to the concentration of COD, BOD,, and TSS
of the primary effluent of municipal wastewater, weak
municipal wastewater was fed to the ABR in this study
(Table 1).

Temperature variation

The variation and trends of daily mean temperature of
the influent wastewater and the pilot room during the
operation were presented in Figure 2. The averages and
standard deviations of the influent wastewater and pilot
room temperatures were 17.7+0.76 and 16.8+0.68°C,
respectively.

ABR startup and performance at different HRTSs

To startup the ABR, the primary effluent municipal
wastewater was continuously fed to the reactor at HRT=24
hours. The performance of the reactor for COD and BOD
removal is shown in Figure 3. As presented in Figure 4,

Table 1. The average values of constituents of the municipal wastewater
(primary effluent)

Constituents Unit Value (mean % SD)
BOD, mg/L 160+10

CoD mg/L 280+20

TSS mg/L 160+17

TP mg/L 6+2

TKN mg/L 85+10

Total alkalinity mg/L CaCo3 320+20

pH 7.6-8.8
Temperature °C 17.7+0.76
Total coliforms MPN/100 mL 5x108
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Figure 2. Temperature variation of wastewater and pilot room during the
operation of ABR and ESABR.

the steady-state performance was achieved on day 70.
The average removal of BOD and COD on steady state
condition from day 70 to 80 was obtained to be 71 and
75%, respectively.

From day 130 to 165, the HRT changed to 18 hours, and
from day 166 to 205, it changed to 14 hours, respectively.
Figure 4 represents the profiles of BOD, COD, and TSS at
HRTs of 24, 18, and 14 hours. As shown in this figure, at the
beginning of each HRT, some fluctuations were occurred
but after few days, the ABR approached a steady state.
At HRTs of 24, 18, and 14 hours following steady state,
the performance of ABR for COD, BOD, TSS, TKN, TP
removal, and log reduction value (LRV) of total coliforms
bacteria were determined. The percent removal efficiency
of parameters at HRTs of 24, 18, and 14 are presented in

350
< 300
g 250
g 200 »—M—” —o—BODin
= 150 - BODout
[a]
g 100 CODin
50 CODout
0
0 20 40 60 80 100

Time, day

Figure 3. Variation of BOD and COD in the influent and effluent during the
startup of ABR (HRT=24 h).
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Figure 5. As shown in Figure 5, the maximum removal of
TSS, BOD, COD, TKN, and P removal were achieved at
HRT of 24 hours with average removal of 80, 74, 77, 23,
and 30%, respectively.

In Figure 6, the efficiency of ABR for removal of coliform
bacteria is presented. As shown in this figure, the LRV of
coliform bacteria was achieved 5.8 at HRT=24 h hours.

Performance of ESABR

From day 206 to 226, HRT of ABR was changed from 14
h to 24 hours, again on day 227, the reactor was shifted
to ESABR as described before. In this stage, the ESABR
was operated at four current densities (0.195, 0.39, 0.78,
and 1.15 mA/cm?). The performance results of ESABR
for the removal of BOD, COD, TSS, TKN, TP, and total
coliforms are presented in Figures 7 to 9. As illustrated in
these figures, the maximum removal of all parameters was
obtained to be 0.78 mA/cm’ by ESABR.

The concentration of contaminants in the effluent of ABR
and SEABR are presented and compares to discharge
effluent standards in Table 2. As shown in this table,
except nitrogen, other measured parameters conform the
standards of effluent discharge to surface water established

100
90 HRT=24 h . HRT=18 h HRT=14 h

80
70
60

—+—BODS5
50 —#—COD
40

30
20
10

0

80 130 Time,day 180 230

“he=TSS

Removal efficiency %

Figure 4. Variation of percent removal efficiency of BOD, COD, and TSS
by ABR at various HRTs.
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Figure 5. Comparison of the performance of ABR for removal of BOD,
COD, and TSS at various HRTs.

by the Iran’s Environment Protection Organization
(IEPO).

In the optimum performance of ESABR, with current
density=0.78 mA/cm? voltage=0.6 V, current=0.2 A,
HRT=24 hours, and volume of wastewater=7 L, the energy
consumption was achieved 0.41 kWh/m’.

Discussion

Log reduction value
IS [T R R
o U

24h 18h 14h
HRT

Figure 6. Comparison the performance of ABR for removal of T. Coliforms
at various HRTs.
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Figure 7. Variations of percent removal of BOD, COD, and TSS by ABR
and ESABR (with different current densities) at HRT=24 h.
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Figure 8. Comparison of the performance of ABR and ESABR for removal
of TKN and TP at HRT=24.
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Figure 9. Comparison of the performance of ABR and ESABR for removal
of total coliforms at HRT=24 h.

ABR start up and performance

As shown in Figure 3, at HRT=24 hours, the steady state
of ABR was achieved after 65 days. The time to achieve
a steady state depends on many factors including type
and characteristics of wastewater, HRT, inoculum source,
volume of inoculations, configuration of ABR, and
operating temperature. So researchers have reported
different times to achieve a steady state by ABR from
30 up to 175 days (2,3,14,15,19,21). Based on the results
presented in Table 1 and Figure 2, regarding the strength
and temperature of wastewater, it could be claimed that
in this study the strength of wastewater was weak and the
reactors were operated at relatively low temperatures. The
wastewater strength and temperature greatly affect the

feasibility and performance of anaerobic treatment (2).
Despite the advantages of anaerobic process, the results
of many research have shown that conventional anaerobic
systems, especially at low operating temperature, are not
an appropriate technology for low-strength wastewater
treatment (3,10,12,15). At HRT=24 hours, after the start
up and steady-state operation of ABR, the average removal
efficiencies of BOD, COD, and TSS were achieved 71%,
75%, and 79%, respectively. On day 130 and 165, the
HRT was changed to 18 and 14 hours, respectively, and
the performance of ABR was evaluated. As seen in Figure
4 with decreasing the HRT, the performance of ABR is
reduced. The average removal of BOD, COD and TSS at
HRT 24, 18 and 14 hours are shown in Figure 5. As can
be seen, the average removal efficiency of TSS, BOD
and COD at HRT=18 hours was 78.5, 71 and 72%, and
at HRT=14 hours, it was 77.5, 67, and 68%, respectively.
Since for anaerobic biodegradability of organic materials,
sufficient HRT, especially for methanogenic bacteria,
is necessary, so with reducing HRT, the organic loading
rate applied on the ABR was increased, which influenced
the performance of the biomass activity and reduced the
efficiency of ABR for BOD and COD removal. Also, with
decreasing the HRT of ABR, the detention time for settling
of TSS in different compartments of ABR was reduced,
and subsequently, the performance of TSS removal was
reduced. In Table 3, the performance of ABR obtained
from this research is compared to other studies conducted
on ABR. According to this table, different performances
have been reported by researchers (3,7,14,15,21,26),
that could be related to different HRTS, characteristics
of wastewater, configuration of ABR, and the range of

Table 2. Effluent quality of ABR and SEABR and comparison with effluent discharge standards

System coD coD BOD BOD TSS TSS TKN TKN TP TP T. Coliform T. Coliform
In Out In Out In Out In out In out MPN/100 mL MPN/100mL

ABR 285 71 158 16 160 34 82 61 8 5.6 5x108 53x10°

ESABR (0.78 mA/cm?) 285 30 158 19 160 26 80 52 8 1.6 5x108 8000

Standards® 60 30 - 40 - - - 6 1000

Table 3. Performance comparison between some studies on various ABR treating municipal or low strength wastewater (Removal %)

ABR system HRT (h) coD TSS TKN TP Reference

ABR (modified) 6 84 86 - - 14

ABR 48 88 92 - - 21

ABR (Bamboo carrier) 48 79 81.9 19.2 30.8 15

ABR 12 43 83 - - 3

ABR 22 72 - - - 26

ABR (Hybride) 36 89 94 15 26 7

ABR 24 77 80 23 30 This research

ABR 18 72 78.5 20 27 This research

ABR 14 68 77.5 18 25 This research

Environmental Health Engineering and Management Journal 2019, 6(2), 121-128
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Table 4. Percent removal of the main parameters by ABR and ESABR

Parameter
System
BOD coD TSS TKN TP LRV

ABR 71+0.7 7510.8 79.6%1 23+2 30.343 5.7+0.1
SEABR(0.19 mA/cm? 74.8+1 79.4+1.2 79.43+0.9 26+2 44.8+2.1 6.2+0.3
SEABR (0.39 mA/cm? 81.5+2.5 85+1.5 84+1 29.343 62+3.5 6.5+0.7
SEABR (0.78 mA/cm? 87.8+1.3 90+1 83.610.9 33.7+#1 7943 6.6+0.2
SEABR(1.15 mA/cm? 58+14 67.3+8.2 60.75+9.7 2044 5016 6.3+0.5

operating temperature.

From day 226, the ABR was operated as ESABR. Figure 7
shows the effect of electric current on the performance of
the reactor. As shown in this figure, the percent removal
of the BOD, COD, and TSS were increased by ESABR.
Also, Figures 8 and 9 showed the increased removal of
TKN, TP, and coliform bacteria by ESABR. In Table 4,
the average efficiency of BOD, COD, TSS, TKN, TP, and
coliform removal is compared between ABR and SEABR
at HRT=24 h. As shown in Table 4, the performance of
the SEABR was affected by the value of current density.
By increasing the current density from 0.19 to 0.39 mA/
cm?and from 0.39 to 0.78 mA/cm?, the performance of
the reactor also increased, but by increasing the current
density to 1.15 mA/cm?, the performance was decreased.
Improvement of the performance of biological reactor
integrated with electrochemical process for treatment of
wastewater or biogas production was reported by some
studies by Aqaneghad et al (21), Heidrich et al (22), Yu et
al (27), and Ran et al (28). In the present study, the best
removal efficiency was achieved at current density of 0.78
mA/cm? In this current density, the removal efficiency
of BOD, COD, TSS, TKN, and TP in ESABR were 16.8%,
15%, 4%, 10.7%, and 49% more than those obtained by
ABR. Also, the LRV performance of SEABR for removal
of coliform bacteria was about 1 Log greater than that
obtained from ABR without electrical integration. So
integration an electrochemical system with ABR could be
a suitable technology for improving effluent quality. The
performance improvement due to bio-electrochemical
process could be attributed to two reasons. The first
reason is that sacrificial anodes form metal precipitates,
which improve the precipitation of contaminants due
to flocs generation. Many studies have reported the
potentials of electrocoagulation in treating a variety of
wastewater including removal of suspended solids (29-
32). And the second one is that when electrical current
flows the electrodes, reactor can act as an MEC. In this
process, electrochemically active microorganisms are the
dominant populations at the anode, which can accelerate
degradation of organic compounds, and therefore,
increase the COD removal (21,33-36).

As observed in Figures 7 to 9 and Table 4, with increasing
current density from 0.78 to 1.15 mA/cm?, the performance
of the ESABR for removal of BOD, COD, TSS, TKN, and

TP were significantly decreased. With increasing current
density to 1.15 mA/cm?, disintegration of microbial flocs
and biomass falling from electrodes was observed. It seems
that with increasing the electrical current intensity, the
electric current density has bacteriostatic or bactericidal
effects on bacteria. Also, as a result of electrolysis, the active
bacteriostatic or bactericidal substances such as H,O,,
oxidizing radicals and chlorine, may be produced (37-39).
The mechanism of antibacterial activity of electric current
includes oxidation of enzymes and coenzymes, membrane
damage, and bacterial respiratory rate (37). In terms of
cost, the energy consumption of wastewater treatment
systems is very important. The results of this study showed
that the energy consumption of ESABR with the optimum
performance was 0.41 kWh/m?® Although the energy
consumption is in the average ranges of energy reported
for activated sludge process in studies (40,41), but in this
system, the production of methane is an available energy
sources that should be considered.

Conclusion

This study investigated the improved efficiency of electrical
stimulation ABR and its applicability for treatment of
municipal wastewater at low temperature. According
to the results, the removal efficiency of contaminants
enhanced by SEABR in comparison with ABR. The
performance of SEABR was influenced by HRT and
electric current density. In this study, At HRT of 24 hours
and current density of 0.78 mA/cm?, the best performance
of SEABR was achieved. In this condition, the main
parameters including BOD, COD, TSS, and TP in effluent
met the effluent discharge standards to the surface water.
Despite the significant reduction of total coliforms as an
indicator bacterium, further removal is necessary to meet
the standard. It should be noted that although this system
uses electric power, but the consumption of energy by this
system is much less than aerobic systems like activated
sludge system that require electric energy for aeration and
recirculation sludge, therefore, the ESABR is compatible
with aerobic system for treatment of the municipal
wastewater at an ambient temperature.
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