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Abstract: The present study explored the efficiency of a four-chambered anaerobic baffled reactor
(ABR) as a cost-effective and sustainable method of organic pollutant and pathogen removal from
domestic wastewater, under a range of environmental conditions. An ABR with a circular additional
filter at the outlet pipe was constructed to treat wastewater from a residential colony of 108 households
with an average inflow of 110 m3/day and a nominal hydraulic retention time (HRT) of 20 h. Analysis
of the chemical oxygen demand (COD), total nitrogen, sulfate and phosphate load, and total coliform
removal for 2 years of operation, 2015 and 2017, showed a COD of 46%, sulfate load of 28%, phosphate
load of 51% and total nitrogen of 28% for 2015, compared to a COD of 48%, sulfate load of 44%,
phosphate load of 58% and total nitrogen of 31% for 2017. The lack of a significant effect of sludge
removal suggested a stable process. The overall efficiency of the ABR increased in the summer,
including for pathogen removal, which was significantly higher during the summer months of both
years. Overall, the ABR was found to be able to consistently treat primary wastewater, although
tertiary effluent treatment was still required before water reuse or final discharge.

Keywords: anaerobic baffled reactor; COD; temperature; residential wastewater; pathogen removal

1. Introduction

Global challenges, including urbanization, climate change, aging societies, and envi-
ronmental and water crises, are increasingly becoming critical in terms of their impact on
the quality of life [1,2]. Although wastewater reuse is merited for its ability to lessen the
water demand from primary sources, wastewater has been used improperly for many years
for agriculture purposes and can present a risk to public health and the environment [3].

The wastewater production in Pakistan is 962,335 million gallons per day and less
than 5% of it is treated at the primary level. In fact, only 1% of wastewater gets satisfac-
tory treatment, due to a lack of proper plant maintenance and the fact that sustainable
wastewater treatment processes that are suitable for rural Pakistan are scarce. Ultimately,
most wastewater produced goes into larger water bodies without receiving essential treat-
ment [4]. At the same time, the Pakistan Council of Research in Water Resources has opined
that Pakistan may run dry by 2025 unless wastewater reuse improves. Accordingly, there
is an urgent need to develop and apply economical and sustainable wastewater treatment
solutions in Pakistan [5].

Here, an anaerobic baffled reactor is examined as a sustainable solution with the goal
of treating domestic wastewater with a low energy requirement and an acceptable level of
environmental clean-up. The potential for ABR use has been shown to be valuable when
compared to other technologies, due to its resilience to hydraulic shock loads, caused by
flow variation because of the number of inhabitants and dwellings connected to the sewer
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system, and the climatic conditions [6]. Notably, compartmentalized ABR designs lead
to the establishment of suitable microorganisms for anaerobic digestion, the separation
of liquid and solid phases, and system stability [7,8]. Moreover, the separation of the
acidogenic and methanogenic phases accelerates the hydrolysis of nitrogenous compounds
and carbohydrates, and the operating costs are low when compared to other wastewater
treatment technologies, making its use cost effective and long lasting [9-11].

ABR passage also kills pathogenic bacteria while retaining useful levels of phospho-
rus and nitrogen in the sludge, both of which mean that treated water may be used for
improved crop yields [12]. Thus, ABR use is an appropriate option for developing coun-
tries [13], where it acts as a replacement for septic tank use for onsite domestic wastewater
treatment. Septic tanks pose higher potential risks because of their inability to absorb
hydraulic shocks, their inferior treatment of sludge, and resultant underground pollution
of surface water and the water table [14-16].

Despite their benefits, field-scale performance data following ABR implementation are
scarce or affected by area-specific treatment-limiting factors, although several laboratory-
based studies have been reported [6,17].

Pakistan experiences four significant seasons throughout the year, with temperatures
varying from 0 to 40°C, and has a land mass that varies in altitude by 8611m (28,251 ft). In
this study, the use of a field-scale four-chambered ABR in on-site conditions, without the use
of an external energy source, as a treatment for a decentralized wastewater treatment system
(DEWATS), was examined for its efficiency and sustainability over a two-year period.

2. Materials and Methods
2.1. Unit Design and Experimental Setup

The volume of the ABR and its design were based on the number of households to be
treated at Quaid-i-Azam University (QAU) residential colony and the flow of wastewater,
which was ~110 m3/ day, calculated by the float method of Grand and Dawson [18]. The
site of the ABR was chosen following survey of three different existing drain locations and
the calculated footprint requirement. The ABR was constructed of brick masonry with a
plaster render with dimensions 12.8 m x 4.572 m x 2.75 m (L x W x H) and included
four digester chambers and six baffled walls, three vertical and three hanging, each of
0.23 m thickness. In the last chamber, a columnar filter 1 m diameter and 1.84 m high
filled with broken brick masonry of ~2-5 cm diameter was constructed. Holes of 5-10 cm
diameter were left in the outer wall and the filtrate drained into a perforated PVC pipe
running through it, which was connected to the outlet. The vertical baffles contained eight
horizontal 0.30 m x 0.15 m (L x H) openings at the top whereas the hanging baffles had
four openings 0.30 m x 0.60 m (L x H) at the bottom. Each digester chamber was fitted
with an exhaust gas collection pipe of 0.05 m diameter and the ABR was connected to the
existing sewer system via an inlet pipe at a height of 2.13 m and an outlet at 2.08 m relative
to the ABR base. The entire ABR was made airtight with manhole covers (Figure 1).

A pre-screen brick-built chamber of dimensions 1 m x 0.5 m x 0.5 m which con-
tained crisscross steel bars with a spacing of 0.02 m preceded the inlet to remove solid
particles/plastic bags and to avoid choking.
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Figure 1. Schematic diagram of the constructed ABR, designed as a primary treatment unit for a
housing colony, with features shown, RCC—reinforced cement concrete. A gravel-filled porous
columnar filter is also present in the final chamber (not shown).

2.2. Start-Up and Operation

Following construction, the ABR was connected to existing sewer lines and started in
continuous-flow mode without incubation or sludge seeding in January 2015. Performance
of the reactor was studied during the 1st year (2015) after establishment and then again
during 2017 following sludge removal (Dec 2016). The reactor was in continuous operation
2015 to 2017, interrupted only transiently for sludge removal by a competent local authority.
Neither the volume nor mass of the removed sludge was recorded.

The system was closed with no mixing of outside water (i.e., rainwater) and its flow
rate water was calculated by multiplying the cross-sectional area (m?) with the observed
velocity (m/s), which varied throughout the year (Table 1).

Table 1. Flow rates, temperature and pH measured at time of sampling. In both years the HRT was 20 h and SRT was

100 days.
Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
2015
Flow rate 91 80 113 146 127 133 129 111 119 102 95 80
(m”.dL™%)

Temp 13 16 21 29 31 34 34 34 28 25 17 14
pH influent 8 8 8 8 8 8.5 7 8 7 75 7 7
pH effluent 8 8 8 8 8 8 7 8 7.8 7 7 7

2017
Flow rate 89 83 101 120 143 150 132 121 108 99 91 84
(m3.dL1)

Temp 13 16 21 29 31 34 34 34 28 25 17 14
pH influent 7.8 6.8 7.8 7 6.7 7 7 6.5 7 6.8 7 7
pH effluent 7.7 7.2 7 6 7 8 8 8 7.6 7.7 6 7

The average hydraulic retention time (HRT) was ~20 h, resulting in a working volume
of 92.15 m? and an organic loading rate (OLR) of 5 kg BODs/ m3 per day. The sludge
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volume of the designed ABR was 10%, with sludge removal intervals of 18-24 months,
calculated based on the solid retention time equation of Droste [19]. The temperature
varied throughout the year from 13 to 34 °C and the pH range was 6-8.0.

2.3. Sampling and Storage of Wastewater

The ABR operated at ambient temperature and grab samples were collected at ~10day
intervals in triplicate from the inlet (influent) and outlet (effluent) in 250 mL sterile bottles
from January to December during the years 2015 and 2017. Samples were stored in the ice
box and analysis was conducted on the same day in the Applied and Environmental Lab.,
Quaid-i-Azam University, Islamabad. Standard analysis of COD, S0,4%, PO,43, TKN and
pathogen removal was conducted for each sample.

2.4. Microbiological Analysis

Total coliform count (pathogens) was conducted by the most probable number (MPN)
method as described in APHA 2005 [20]. Enterobacteriaceae-specific media was used for
the MPN determination. Three steps of the process were performed, presumptive test,
confirmed test, and completed test, and counts were recorded as MPNL per 100 mL.
Culturing media was prepared according to the manufacturer’s instructions and pathogen
identity confirmed by additional microbiological tests.

2.5. Physicochemical Analyses

Sample characterization for chemical oxygen demand (COD), sulfates, phosphate, and
total Kjeldahl nitrogen (TKN) used APHA standard methods (Table 2).

Table 2. Physicochemical analysis and method.

Characteristics Units Method References
Closed Reflux
CoD mg/L. Titrimetric method 5220 201
Phosphate mg/L 4500-P (phosphate) [20]
Sulfates mg/L 0375 Barium chrometry [20]
TKN mg/L 4500-Norg (organic nitrogen) [20]

Temperature and pH were measured using a thermometer and portable pH meter
on-site at the time of sampling. Data analysis (statistical analysis) was carried out using
Tukey HSD test (honestly significant difference) with J]MP ®provided by SAS (Statistical
Analysis System) Institute Inc and presented as histogram plots.

3. Results

Performance analysis of the ABR was conducted throughout the initial year of op-
eration, and in the year following the first sludge removal and reactor cleaning, and the
data were compared. The operational temperature (seasonal temperature) during this time
varied from 14 to 34°C. The pH of the influent and effluent wastewater remained within
the range 6.0-8.0 during the whole period of sampling, within the recommended range
suitable for anaerobic digestion.

3.1. Comparative Analysis of ABR Efficiency for Two Years
3.1.1. Reduction in Chemical Oxygen Demand and Sulfates

The ABR was fed at an organic loading rate (OLR) of ~19.33 kg/d. Under these
conditions, the COD range of the influent samples was 104-233 mg/L and the effluent
range was 78-215 mg/L during the first year of operation. The ABR was poorly efficient at
reducing the COD during the start-up period from January to May, where it was below
20%. However, for the later months of the year (Sept, Oct and Dec) the COD reduction rose
to above 40 %, reaching a maximum of 46% in October and Dec (Figure 2—upper panel).
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The same trend was observed in the second year of analysis, although the numbers were
higher overall. The COD reduction was 20-35% in the first 3-month samples, but again
increased to 47 % in July and Aug. Overall, the COD removal rate was more efficient in the
second year of analysis, reflecting the time required to establish the removal of COD in the
initial year of operation and/or the presence of an existing inoculum in the second year of
analysis, which followed sludge removal, consistent with other studies that have shown a
lag of up to nine weeks to establishment if seeding is not performed at start-up [21].
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Figure 2. Histogram plot of chemical oxygen demand and sulfate levels during ABR operation in 2015 and 2017. Blue
bars—influent samples, orange bars—effluent samples, plotted on the left axes. Dotted line temperature, plotted on the

right axes.

As for COD levels, sulfate removal, which ranged from 18 to 174 mg/L in the influent
samples and 12 to 162 mg/L in the effluent samples, was not consistent throughout the
initial year, but increased in the last three months, peaking at 29% in November. The
ABR removed sulfates more efficiently during the second year of observation, which is
suggestive of a higher operational stability. The maximum removal was 44% in August at
34 °C (Figure 2—lower panel). High concentrations of sulfates may be inhibitory, although
concentrations below 500 mg/L have been reported not to inhibit the anaerobic digestion
process [22]. The maximum effluent concentration of sulfates measured here did not
range beyond 161 mg/L, well within the inhibitory level. Sulfate reduction results from
the activity of sulfate-reducing bacteria, which convert sulfate to sulfide in the anaerobic
conditions of the ABR, up to the level of product inhibition [23].

3.1.2. Reduction in Phosphate and TKIN

The concentration of phosphates during the first operational year ranged from 2 to
11 mg/L in the influent samples and 1 to 9 mg/L in the effluent samples. As before,
phosphate removal was less than 20% during the months of March to May but increased
significantly to 52% by September of the same year, although the near temporal figure was
variable, with only 24% measured in one sample in August (Figure 3—upper panel). The
concentrations of phosphate measured in the second year of observation were uniformly
higher, at 3-12 mg/L and 1-10 mg/L for the influent and effluent samples, respectively.
Early year samples recorded up to 35 % removal, reaching a maximum of 58 % in July
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and August. A general decrease in removal rate was observed in the latter half of the
year. The growth of biomass is the main mechanism of phosphorus removal, although the
requirement for anaerobic microorganisms is generally lower than that of aerobes [24]. In
addition, phosphates become complexed with metals such as Fe, and settle with the sludge.
Our data agree with other studies, which have reported significant (80-90%) phosphorus
removal during ABR passage [25]. Further improvements in phosphorus removal may
be achievable by modifying the ABR to increase retention time, and by controlling the
flow rate, both of which would enhance the time of contact between the wastewater and
biomass. The efficiency observed also suggests that phosphorus concentrations could be
tolerated, as the currently recorded effluent levels were well within the range provided by
the National Environmental Quality Standards of Pakistan.
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Figure 3. Histogram plot of phosphate and TKN levels during ABR operation in 2015 and 2017. Blue bars- influent samples,
orange bars—effluent samples, plotted on the left axes. Dotted line temperature, plotted on the right axes.

Relative to the other parameters measured, a smaller start-up effect was apparent
when the TKN levels were compared with an ABR efficiency of up to 20 % for removal in
Jan—Apr, increasing to a maximum of only 30% in the Aug samples, followed by a small
decline in the later months (Figure 3—lower panel). Total Kjeldahl nitrogen (TKN), the
sum of ammonia and organic nitrogen, was measured as 30—43 mg/L and 21-35 mg/L for
the influent and effluent samples, respectively, in the first year’s samples, and these levels
were relatively stable in the second year of observation, with TKN levels of 13-31 mg/L
and 13-40 mg/L for the influent and effluent samples, respectively. The maximum removal
efficiency obtained was also similar, at 31%. Overall, TKN removal was similar in both
years, suggesting the same pattern of microbial metabolism. Some reduction is expected
as a result of the consumption of nitrogen by microbial growth in the activated sludge
layer, but is countered by the high level of NHj3 produced in the ABR as a component
of biogas, leading to a flatter curve overall [7]. The smaller changes are consistent with
the observation that the microorganisms involved in nitrogen removal are generally slow
growing during anaerobic digestion [26].
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3.1.3. Reduction in Pathogen Count

The pathogen index in the influent wastewater samples, analyzed using the most
probable number (MPN) technique and supplemented by microscopy and a range of
biochemical tests (Table 3), was >1100/100 mL per sample for both years.

Table 3. Supplementary tests used Enterobacteriaceae. R—rod; RS—rod; small, R/Y, red/yellow; VP, Voges-Proskauer; TSI,

triple sugar iron; MR, methyl red; H2S, hydrogen sulfide production test; K, alkaline (red); A, acid (yellow); NC, no change;

K/ A, alkaline slant/acid butt; A/NC, acid/no color change; —, negative and +, positive.

Isolate Morphology Gram Citrate Urease Catalase VP TSI MR H,S  Nitrate Indole Motility Identification
R7Y, .

W1 RS - - - + - H,S + - + + + Shigella

W2 RS _ + _ + - K/A, + + + - + Salmonella
H,S

W3 R - + + + - - + + + + + Proteus spp.

W4 R - - - + A/NC + - + + + E. coli

W5 R - + + + + - - + - - Kilebsiella spp.

W R ~ . B N . K/A . 3 N B N Ente;;}l;acter

In the start-up year, the pathogen count remained the same in the effluent samples
taken in the months of January and February, but began to decline in the March sample, to
460/100 mL, and remained similar during April. The pathogens number in the effluent
samples fell further, to 93/100 mL, in August, and was at a minimum in October, at only
75/100 mL, a >10-fold reduction overall when compared to the input numbers (Figure 4).
The pathogen clearance in the second year of observation was similar, reaching a maximum
in Aug and Sept, at 75/100 mL, before a slight rebound in Oct (93/100 mL) and Dec

(460/100 mL).
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Figure 4. Most probable number values for coliforms in the effluent samples at each month of sample
for 2015 () and 2017 (e). The scale is MPN per 100 mL of effluent. The ambient temperature at each
sample time is as shown in Figures 2 and 3.

3.1.4. Comparison of Years and Statistical Significance

The sampling of a live field-scale ABR is subject to many variables that would be fixed
in a laboratory-controlled ABR, for example, the following: the time since inception or
restart, ambient temperature, flow rate, and the presence of shock loads. Generally, the
efficiency of the ABR increased with time and, while this coincided with temperature for
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half of the year, the link with ambient temperature was less marked in samples from later
in the year (Table 4. For example, sulfate reduction was higher in both years of analysis, at
below the peak annual temperature, consistent with other studies suggesting a temperature
impact on the function of sulfate-reducing bacteria in anaerobic digestion [27].

Table 4. Comparative efficiency of ABR over two separate years.

Year 2015 Year 2017
Parameter . .
Max R(ie/zl)uctlon Month Temp (°C) Max R(ﬁ/;d)uctlon Month Temp (°C)
COD 46.0 Dec. 14+£2 47.6 Aug. 3442
Phosphates 51.2 Sept. 28+2 58 July/Aug. 3442
Sulfates 28.2 Dec. 14+2 43.5 Aug. 3442
TKN 29.0 Aug. 3442 31.2 Sept. 3442

The peak observed levels of TKN removal were close to those reported by
Yulistyorini et. al. [28] and were relatively less dependent on temperature [7]. The val-
ues for the second year of observation were generally higher than the first year, reflecting
an inoculum effect following sludge removal. Similarly, maximum COD reduction peaked
earlier in the second year of observation, even though the same efficiency was achieved
at a lower temperature in the first year of sampling. Despite the variability in the figures,
a Tukey HSD test of the two-way ANOVA analysis indicated the differences in the influ-
ent and effluent samples were significant for each of the parameters measured (Table 5).
Importantly, the effluent levels for all the tests were below the national accepted limits,
demonstrating effective clean-up in both years of operation.

Table 5. Means (& SE) with df 23, 48 at « = 0.05 for a test of the hypothesis that ABR treat different
wastewater parameters Tukey levels not sharing the same letter are significantly different. National
Environmental Quality Standards of Pakistan. a, data series 1 and b, data series 2.

NEQs! Influent (mg/L) Effluent (mg/L) Tukey HSD
Parameters (me/L)
mg/ (Mean +SE) p-Value F. ratio
COD 150 (177+7)a (134 +8)b <0.0001 9.5
S04 > 600 (155+4)a (133 +4)b 0.0015 2.8
PO, ¥ <30 (6 £0.6)a (5+05)b <0.0001 14.3
TKN - (37 £0.7)a (30+0.7)b <0.0001 46.8

4. Discussion

In this study, an operational ABR unit was assessed over two separate years of opera-
tion, as a domestic wastewater treatment facility, and showed good performance stability
against seasonal effects and shock loads. The first year of operation was generally less
efficient, consistent with the establishment of a non-seeded ABR. The maximum COD
removal generally coincided with the hottest parts of the year (28-34 °C), confirming
other studies [29], as did the removal of sulfates and phosphates, but the total nitrogen
reduction was relatively less affected by temperature. The process stability in this range
of temperature is the result of a balance between metabolic activity, on one hand, and
the accumulation of toxic by-products, such as ammonia, on the other. Ammonia release
by protein hydrolysis increases pH, ultimately inhibiting the process overall, and this is
higher under thermophilic rather than mesophilic conditions [30]. Despite the range of
temperatures at this latitude, ABR performance was retained, and, while fluctuations in
levels were observed, the effluent levels of all the pollutants were below the recommended
national levels and were suitable for tertiary treatment at all time points. Our data are
consistent with other studies, which found the relative insensitivity of ABR efficiency
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with temperature [31], except when temperature changes were extreme, beyond the range
encountered in either year of analysis here [32]. Although temperature was primarily
considered as a moderator of ABR efficiency, the lower efficiency observed in some months
may have also been related to a decrease in loading rate, as water consumption was 78
m?3/d in the colder part of the year compared to 132 m3/d in the summer. A laboratory-
scale study under isothermal conditions could indicate the effect of flow rate, as distinct
from temperature, on ABR efficiency, leading to improved implementation of ABRs at the
pilot/large scale, with higher efficiency. As noted, the ABR was closed, and rainwater was
not part of the inflow. In future, control of the flow rate by the regulated addition of surface
water might be considered. Pathogen removal was noted in both the summer and winter
seasons, with a more pronounced effect during the summer season, which may reflect the
higher temperatures, the higher flow rates or, more probably, the conditions within the
ABR. The final columnar porous filter may have also had a positive effect on pathogen
removal, as it supports biofilm formation, which competes for resources, even at cooler
temperatures [33,34]. Our use of a simple ABR design as a primary treatment unit for
sustainable and cost-effective water treatment further confirms the data reported elsewhere,
which demonstrated ABR effectiveness for denitrification and organic biodegradation [35].
The performance of the ABR could be enhanced further by increasing the number of baffles
and capacity, to increase the hydraulic retention time and lessen the effects of shock loads.
Other factors, such as scum formation and removal, as studied at the laboratory scale,
could also contribute to improved overall performance [36]. An investigation of the micro-
bial populations present in each chamber would allow consideration of supplementation
strategies aimed at improving clean-up further.

5. Conclusions

ABRs can be applied as cost-effective decentralized wastewater treatment systems,
which meet regulatory standards for effluent release and water reuse in Pakistan and
elsewhere. The structural advantages of the ABR ensure process stability, resilience against
transient shocks, and efficient removal of organic matter and pathogens from wastewater.
Although the quality of the treated effluent was marginally better in the summer months,
the overall removal efficiency of COD, nitrogen, sulfates and phosphates were 48 %,
31%, 44% and 58%, respectively. Other parameters of wastewater were also reduced
(Supplementary Materials).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su131810461/s1.
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