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Abstract: The discharge of industrial effluent constituting high orthophosphates and organic pollutants in water receiving bodies compromises freshwater quality and perpetuates eutrophication. In
this study, an anaerobic–aerobic sequencing batch reactor (SBR) under activated sludge was investigated for orthophosphates and chemical oxygen demand (COD) removal from brewery wastewater.
Raw brewery wastewater samples were collected on a daily basis for a period of 4 weeks. The findings
of the study are reported based on overall removal efficiencies recording 69% for orthophosphates
and 54% for total COD for a sludge retention time (SRT) of 7 days and hydraulic retention time of
18 h at mesophilic temperature conditions of ±25 ◦ C. Moreover, the SBR system showed stability on
orthophosphate removal at a SRT ranging from 3 to 7 days with a variation in organic volumetric
loading rate ranging from 1.14 to 4.83 kg COD/m3 .day. The anaerobic reaction period was experimentally found to be 4 h with the aerobic phase lasting for 14 h. The SBR system demonstrated
feasibility on orthophosphates and COD removal with variation in organic loading rate.
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1. Introduction
The issue of freshwater scarcity perpetuated by environmental pollution among many
other factors has become a global phenomenon, particularly in the sub-Saharan region [1–3].
The substantial increase in biological nutrients particularly phosphorus and nitrogenous
compounds in water bodies results in eutrophic waters [4–6]. The environmentally detrimental eutrophic waters are characterized by high concentrations of aquatic weeds and
algae, which eventually die, sink to the bottom, and decay, thus reducing the levels of
dissolved oxygen in the water killing fish [4,6–8]. Moreover, eutrophic waters can cause
adverse effects on human society, such as drinking water problems (i.e., taste and odor) and
promotion of toxic phytoplankton species [8]. Phosphorus is one of the essential nutrients
for plant growth, enriching water bodies with phosphorus results in the stimulation of toxic
cyanobacterial (algal blooms) [5,8]. The occurrence of excess phosphorus and other biological nutrients in aquatic ecosystems perpetuated by environmental population necessitates
the need to reduce biological nutrient loads entering the environment. One of the human
activities perpetuating the formation of eutrophic waters is the discharge of voluminous
untreated industrial wastewater into water-receiving bodies [6,9,10]. The brewing industry
is not an exception, the beer-producing process is characterized by the use of large volumes
of fresh water and generate voluminous amounts of wastewater [1,11,12], which require
treatment prior to being discharged into water-receiving bodies.
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Wastewater emanating from the brewery is characterized by high concentration levels
of chemical oxygen demand (COD) (Table 1) which results from the high organic compounds found in brewery wastewater such as sugars, yeast, and soluble starch [11–14].
Furthermore, industrial wastewater generated from the brewery also contains phosphorus and nitrogenous pollutants; however, their concentrations depend greatly on the
type of chemicals that are used during the cleaning process (i.e., caustic soda, phosphoric
acid, and nitric acid) and the amount of yeast in wastewater [1,12,15]. From the data presented in Table 1, it is clear that the brewery’s wastewater contains a significant percentage
of COD in terms of pollutant composition, which can be harmful to the environment. It
is worth mentioning that most nations, including South Africa (SA) and the European
Union (EU), have dewatering regulations that the brewing business is obligated to uphold.
Dewatering regulations are designed to manage and/or eradicate environmental issues
associated with the discharge of untreated industrial effluent [1]. Hence, breweries should
be able to manage their impacts on the environment, by developing wastewater treatment
processes that can effectively treat their effluent to meet dewatering limits set by national
and international environmental entities.
Table 1. Brewery wastewater composition and dewatering limits in SA and EU.
Present Study

[1]

[16]

[17]

Parameter

Mean ± SD

Range

Range

Range

SA Discharge
Limits

EU Discharge
Limits

Temperature, ◦ C
pH
Turbidity, NTU
Total COD, mg/L
BOD5 , mg/L
Phosphates, mg/L
TS, mg/L
VSS, mg/L

31 ± 3.7
6.5 ± 2.4
570 ± 164
7687 ± 2030
343 ± 64
5951 ± 3387
1799 ± 571

25.3–37
4.4–6.17
303–1039
3447–11,813
229–424
2942–14,981
1043–2572

18–40
3–12
2000–6000
1200–3600
10–50
5100–8750
-

3–12
1800–5000
1005–3800
10–50
50–6000
-

<44
5.0–9.5
75
10
-

125
25
1–2
-

There are reported studies conducted on brewery wastewater treatment using a SBR
with the common goal of minimizing wastewater-related environmental issues, namely
anaerobic SBR [18], aerobic SBR [19], aerobic/anoxic SBR [20], and suspended and attached
growth SBR [21]. Shao et al. [18] evaluated the performance of an anaerobic SBR in
COD removal from raw brewery wastewater. Shao and co-workers reported 90% COD
removal for a HRT and STR of 24 h and 60 days, respectively, for an OVLR range of
1.5 to 5.0 kg COD/m3 .day. Moreover, Wang et al. [19] reported 88% COD removal from
brewery wastewater using a SBR for HRT and STR of 15 h and 90 days, respectively. It is
worth noting that for the work reported by Wang and co-workers, the reactor effluent had
a total COD concentration of 346 mg/L which is above the dewatering limits as indicated
in Table 1.
The removal of phosphorus biologically from waste streams is achieved by introducing
waste streams into an anaerobic environment in which phosphorus is released followed by
an aerobic environment in which phosphorus is taken up by polyphosphate-accumulating
organisms (PAOs) [22–24]. Ge et al. [25] investigated the performance of a SBR for phosphorus removal in abattoir wastewater. The findings of the investigation reported 90%
phosphorus removal for a HRT and SRT of 0.5 to 1 day and 2 to 2.5 days, respectively, at an
OVLR of between 2 to 3 g COD/L.
It should be noted that there are emerging advanced oxidation processes (AOPs) for
wastewater treatment such as photocatalytic degradation known as photocatalysis [26].
The photocatalysis process involves the use of solids (photocatalysts) which can promote
reactions in the presence of light without being consumed in the overall reaction [27],
titanium oxide and zinc oxide are the most widely used photocatalysts [26]. Previous
studies [28–30] have indicated that photocatalysis demonstrated good performance in
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degrading organic pollutants in wastewater streams. However, there are some drawbacks
associated with the photocatalysis process such as high energy requirements for photocatalysts with a wide band gap energy [31], low light absorption abilities which hinder the
overall photocatalytic quantum efficiency [26], and high costs of recycling and recuperating
suspended photocatalysts [32]. On the other hand, biological methods have cemented their
application in wastewater treatment because they are economically attractive and mostly
used in industry [33].
Despite the advancement in wastewater treatment processes, biological methods
are still widely used in wastewater treatment works as reported by Chen et al. [33]. It
should be noted that the application of SBRs in brewery wastewater treatment has been
investigated extensively [20,21,23,24]; however, to our knowledge, none of the reported
studies have reported on the performance evaluation of a SBR for simultaneous COD and
orthophosphates removal from brewery wastewater relative to the microbial population
growth rate. The current study aims to evaluate the performance of a SBR for simultaneous
COD and orthophosphates removal from brewery wastewater. The SBR system is selected
on the basis that the settling and reaction phase takes place in the same vessel, which
makes it easy to operate and economically attractive. Furthermore, the findings of the
study will provide wastewater-producing industries with practical and technical reference
information to assist in developing the most effective in-house wastewater treatment
systems to reduce phosphorus and carbon pollutants, thus reducing the environmental
pollution in water-receiving bodies. Moreover, the current study will give an insight
into the substrate utilization rate relative to substrate concentration as well as microbial
population growth rate relative to substrate utilization rate.
2. Materials and Methods
2.1. Sample Collection and Preparation
Brewery wastewater samples were collected at the effluent stream of the brewery on
a daily basis for a period of 28 days using sterile glass sampling bottles. Samples were
transported to the laboratory in a cooler box full of ice to maintain a temperature of 4 ◦ C.
Samples were collected mainly for the operation of a laboratory-scale SBR to investigate
the performance of the SBR system on orthophosphates and COD removal from brewery
wastewater. Upon arrival at the laboratory, samples were allowed to warm up to room
temperature and sample composition analyses were conducted within 48 h from the time
of sampling by standard methods [34]. Thereafter, charged into the reactor to commence
treatment immediately.
2.2. Activated Sludge
Activated sludge was harvested from an anaerobic digester at a local brewery wastewater treatment plant. The microbial population was harvested using a 10 L bucket and
then transported to the laboratory. In preparing the harvested microbial population for
treatment, no chemicals were added to the sludge nor into the raw brewery wastewater to
balance the N:C:P ratio. Only the condensed almost granular sludge was used for treatment
since granular sludge is associated with good settleability, which is imperative for optimum
treatment efficiencies.
2.3. Sequencing Batch Reactor Design
The laboratory-scale SBR, as shown in Figure 1, was made of transparent polyvinyl
chloride, having a total volume of 22 L with a conical base having a slope of 60◦ for easy
drainage of bio-solids. For experimental runs, the working volume was set at 13 L with
the microbial population occupying 4 L and raw brewery wastewater occupying 9 L. This
working volume was based on the selected HRT and SRT since they are both affected by
the reactor working volume.
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Figure 1. SBR isometric view: (1) table, (2) SBR holding tank, (3) centrifugal pump, (4) influent feed
stream, (5) SBR vessel, (6) effluent sample point 1, (7) effluent sample point 2, (8) sludge discharge
stream, (9) aerator pump, (10) manifold, and (11) oxygen aerator pipe [35].

Moreover, the reactor was not utilized into its maximum working volume to accommodate sludge bulking since the microbial growth rate is directly proportional to the substrate
utilization rate [23]. The conical bottom of the reactor allowed a quiescent and easy gravitational settling mechanism. The reactor had a portable shaft mixer which was operated
continuously to keep bio-solids suspended inside the reactor, thus allowing perfect mixing.
Both the mixer shaft and impeller blades were made of stainless steel, with a drive motor
mounted at the top of the reactor tank in a rubber gasket operating at 10 W.
2.4. Experimental Approach
The experimental approach which was adopted in this study is similar to the work
reported by Shabangu and Bakare [36] which includes a sequence of operational steps
which are defined as follows:

•

•

The filling phase—This was considered the first operational phase of the SBR system.
The reactor was first seeded with 4 L of activated sludge under anaerobic conditions.
Raw brewery wastewater was fed into the holding tank where suspended solids were
allowed to settle by gravitational force for a period of 2 h. After the settling phase, 9 L
of raw brewery wastewater supernatant was pumped into the reactor. The filling phase
took place under anaerobic conditions; however, the stirrer was switched on and set
to operate at 350 rpm to allow mixing. According to Tchobanoglous [23], only mixing
during the filling stage promotes filamentous growth control thus improving sludge
settling and thickening. The agitation speed of the stirrer was set to be at 350 rpm
because it was observed that higher agitation speed resulted in sludge bulking, thus
compromising the solids’ settleability. The filling phase on average for all experimental
runs lasted for 5 min.
Reaction phase—After the filling phase, the system was allowed to undergo an anaerobic phase which favored the polyphosphate-accumulating organisms, which lasted
for a period of 4 h and thereafter the reaction phase was instigated. Oxygen was
supplied using an aerator pump as depicted in Figure 1 at a flow rate of 7.5 L/min,
maintaining a dissolved oxygen concentration of 3 mg/L. It is worth noting that for the
current work, the effect of dissolved oxygen was not investigated. During the reaction
phase, microorganisms consume substrate, i.e., orthophosphates under a controlled
pH which was kept within the range of 4 to 9.5. According to Tchobanoglous [23],
microbial activities are hindered at pH levels less than 4 and pH levels more than 9.5.
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•

•

The aeration duration and anaerobic phase duration were predetermined experimentally which lasted for 14 h and 4 h, respectively. Moreover, the SBR was operated at
mesophilic temperature of ±25 ◦ C.
Settling phase—During this phase, bio-solids were allowed to separate gravitationally
from the treated liquid under quiescent conditions resulting in a clear clarified supernatant. During this phase, the stirrer was switched off as well as the aeration system,
and no influent was charged into the reactor nor effluent drawn. The settling period
lasted for 2 h to enhance optimum settling of bio-solids containing biodegradable
organic and biological pollutants, thus resulting in a clear clarified supernatant with
minimum suspended solids.
Drawing phase—This phase was considered the final treatment operational stage for
the SBR system. During this phase, the clarified supernatant was sampled as the
treated reactor effluent by tapping the reactor effluent into a 250 mL sterile glass bottle
for laboratory analysis.

2.5. Laboratory Analysis
Orthophosphates (PO34− ), total COD (TCOD), total solids (TS), volatile suspended
solids (VSS), temperature, and pH were measured in accordance with the Standard Methods for the Examination of Water and Wastewater [34] standard method. Orthophosphate
concentration was measured colorimetrically using a DR3900 spectrophotometer manufactured by Hach South Africa Pty Ltd, Johannesburg, supplied by Universal Water Supplies,
from South Africa. The molybdovanadate method was implemented, in which orthophosphate reacts with molybdate in an acid medium to produce a mixed phosphate/molybdate
complex. In the presence of vanadium, a yellow molybdovanadophosphiric acid is formed.
The intensity of the yellow color is proportional to the phosphate concentration. Samples
were measured at a wavelength of 430 nm. TCOD was measured as a quick indicator of
organic pollutants in industrial wastewater emanated from the brewery. The TCOD was
expressed in milligrams of oxygen per liter, which is the amount of oxygen consumed
per liter of brewery wastewater. This parameter was measured spectrophotometrically
(Hach DR3900) using the colorimetric method. According to the Standard methods for
the Examination of Water and Wastewater [34], total solids are total dissolved solids plus
suspended and settleable solids in water. In the case of brewery wastewater, dissolved
solids consist of nitrate, phosphorus, and other particles. On the other hand, suspended
solids include fine organic debris and other particulate matter.
Total solids were measured gravimetrically in mg TS/L, a well-mixed sample was
dried at 105 ◦ C for 24 h, the TS fraction was given by the weight of the residue after
drying. Both temperature and pH were measured online, i.e., during the treatment process.
Temperature and pH monitoring inside the reactor was carried out using a calibrated
Thermo Scientific Orion Star A215 pH/conductivity meter manufactured by Thermo Fisher
Scientific, Johannesburg, supplied by Universal Water Supplies, from South Africa.
2.6. Data Analysis
For data credibility, samples were measured in triplicates and statistically validated
at a 95% confidence level. The removal efficiency for the SBR was calculated using
Equation (1) below:
Removal efficiency (%) = [(C0 − Cf )/C0 ] × 100%

(1)

where C0 and Cf are the substrate concentrations (mg/L) in the SBR influent and effluent
streams, respectively.
Substrate utilization/uptake rate and the microbial growth rate were monitored by using the
Michaelis–Menten and the Monod empirical models as presented by Equations (2) and (3) [18]:
rsu = kXS/(Ks + S)

(2)
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rg = µm XS/(Ks + S)

(3)

where rsu and rg are the substrate utilization rate and bacteria growth rate from substrate
utilization per unit of reactor volume, g/m3 .day, respectively, k is the maximum specific
substrate utilization rate, g-substrate/g-microorganisms.day, X is the biomass concentration, g/m3 , S is the growth-limiting substrate concentration in a solution, g/m3 , Ks is
the half-velocity constant, which is the substrate concentration at one-half the maximum
specific substrate utilization rate, g/m3 , and µm is the maximum specific bacteria growth
rate, g-biomass/g-biomass.day.
Moreover, a descriptive statistical analysis was conducted to calculate the mean and
standard deviation (SD) using Equations (4) and (5), respectively, as well as the range.
x=
s
SD =

∑X
n

∑( X − x )
n−1

(4)
2

(5)

where x is the mean, X is the numerical value of each sample, and n is the total number
of samples analyzed. The SD was used to measure how far each of the measured physiochemical properties lies from the mean. It should be noted that high SD values mean
that the value of the measured physiochemical property lies generally far from the mean,
while low SD values mean the measured physiochemical property values are clustered
close to the mean. Moreover, the SD was calculated by reducing the sample size from n
to n − 1, this was implemented to avoid a biased estimate when using a sample size of n,
thus underestimating the variability [37].
3. Results and Discussion
3.1. Effect of Hydraulic Retention Time (HRT) on Orthophosphate Removal
For the current study, the HRT was determined experimentally and the results obtained are presented in Figure 2. It can be seen that there was a significant increase in
orthophosphate concentration during the first 4 h of the anaerobic phase. The increase
in orthophosphate production was an indication that the PAOs were favored which are
essential for orthophosphate removal in the aerobic phase. The PAOs are favored in the
anaerobic environment because they do not require oxygen as an electron donor. However,
they consume readily biodegradable substrates in wastewater using energy made available
from stored phosphorus as polyphosphates, thus enabling PAOs to become dominant.

Figure 2. Orthophosphate concentration as a function of HRT profile.

Furthermore, it is evident from Figure 2 that at a HRT of 5 to 12 h there was a significant
removal of orthophosphates and it reduced significantly at a HRT of between 13 and
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18 h. Orthophosphate removal was achieved in the aerobic phase because in an aerobic
environment, microorganisms grow new biomass and take up orthophosphates, typically
more than the amount they released in the anaerobic environment [23]. Moreover, the
orthophosphate removal mechanism is characterized by a faster orthophosphate release
rate than the subsequent orthophosphate uptake rate in the aerobic phase. Thus, the
aerobic phase last longer than the anaerobic phase for maximum orthophosphate removal,
as presented by the orthophosphate concentration profile in Figure 2. Therefore, for the
current study, a HRT of 18 h was considered with the anaerobic phase lasting 4 h and the
aerobic phase duration being 14 h.
3.2. Effect of Solid Retention Time (STR) on Orthophosphate and COD Removal
Figures 3 and 4 present the findings of the study on orthophosphate and COD removal
profile with variation in the SRT. It was observed that at a SRT of 3 days and above there was
a significant removal in orthophosphates, recording a percentage removal of 70% and above.
The significant removal at a SRT of 3 days and above was an indication that the sludge in
the reactor was well acclimated to PAOs which are essential for orthophosphate removal.
Furthermore, the findings of the study explicitly indicated that the system gained stability at
a SRT of between 5 and 7 days, recording a maximum orthophosphate percentage removal
of 80%. It was observed that operating at a SRT of 7 days and above promoted the growth
of “glycogen-accumulating organisms”, which cause a decrease in the growth rate of PAOs.
Chan et al. [22] reported that longer SRTs of more than 10 days have the advantage of
promoting the growth of “glycogen-accumulating organisms”, causing a decrease in PAOs.

Figure 3. Orthophosphate removal with SRT variation.

Figure 4. COD removal with SRT variation.
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From Figure 4, it is apparent that biodegradation in terms of COD removal from
brewery wastewater was taking place in the SBR, which is confirmed by the low COD concentration in the SBR effluent stream as compared to the SBR influent stream. However, the
system under investigation did not yield conclusive findings on the relationship between
SRT and COD removal. From the results presented in Figure 4, the lowest and highest COD
removal efficiencies were recorded at a SRT of 2 and 3 days, respectively. The variation
in COD removal is attributed to the variation in COD concentrations in the SBR influent
stream. The lowest COD removal at a SRT of 2 days suggests that the SBR influent had
a high fraction of slowly biodegradable COD, which constitutes particulate COD which
is not explicitly accounted for in the current study. On the other hand, the highest COD
removal at a SRT of 3 days suggests that the SBR influent stream has a high fraction of readily biodegradable COD, which constitutes soluble COD which is not explicitly accounted
for in this study.
Moreover, the results presented in Figures 3 and 4 suggest that the SBR system under
investigation needs to be combined with another wastewater treatment technology such
as coagulation or advanced oxidation processes to comply with the dewatering limits
presented in Table 1.
3.3. Orthophosphate and COD Removal with Variation in Organic Volumetric Loading
Rate (OVLR)
According to Carucci et al. [38], fluctuations in organic loads in influent streams
compromise the treatment efficacy of biological nutrient removal systems. In this research
study, the orthophosphate and COD percentage removals were investigated with a variation
in OVLR, and the findings of the study are presented in Figures 5 and 6. However, when
analyzing Figure 5, it can be seen that the variation in OVLR had an insignificant effect
on the orthophosphate percentage removal. This may be attributed to the basis that
the microbial population used in this study was harvested from an anaerobic digester
treating wastewater with high-strength organic loads; therefore, the microbial population
adapted to variations in OVLR. Microbial populations in nature, when subjected to certain
environmental conditions over a period of time, turn out to adapt to particular conditions,
this period is referred to as the acclimation period. Orthophosphate removal of up to
80% was achieved in this study which was an indication that the microbial population
in the reactor was well acclimated to a microbial population which was not affected by
the variation in organic loads. Furthermore, the findings presented in Figure 5 suggests
that the organic load in wastewater samples investigated in this study was within a range
which did not have a negative effect on the system’s microbial activities in orthophosphate
removal.

Figure 5. Orthophosphate removal with variation in OVLR.
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Figure 6. COD removal with variation in OVLR.

Figure 5 shows the findings of the current study, indicating that there is a variation in
COD removal with OVLR variation as a function of SRT. As it was indicated in Section 3.2,
the variation in COD removal is attributed to the variation in SBR influent stream composition. The results presented in Figure 6 suggest that the microbial community was able
to biodegrade readily biodegradable COD which is not explicitly accounted for in this
work. Moreover, the results presented in Figure 6 suggest that the brewery effluent under
investigation constitutes a high composition of slowly biodegradable and particulate COD
which can be removed by other advanced wastewater treatment processes.
3.4. Orthophosphate and Total Chemical Oxygen Demand (TCOD) Removal
The TCOD is a combination of the particulate COD and soluble COD. The findings of
the study on orthophosphate and TCOD removal are presented in Figure 7. The current
study on average achieved a TCOD removal efficiency of 54% which was lower than
the orthophosphate percentage removal of 69%. Shabangu [35] and Bakare et al. [39]
reported that higher COD efficiencies of up to 90% in SBR systems operated at mesophilic
temperature conditions ranging between 20 and 25 ◦ C can be achieved at longer HRTs
ranging from 5 to 7 days. However, long HRT of up to 7 days may not be feasible for
regions experiencing freshwater scarcity such as the southern part of Africa. Moreover,
high HRTs of up to 7 days can result in high operation costs in terms of aeration.
Furthermore, the lower TCOD concentrations in the effluent stream when compared
to the influent stream was an indication that indeed microbial activities were taking place
inside the reactor during treatment. According to Tchobanoglous [23], during the anaerobic
phase, POAs consume readily biodegradable organic substrates (e.g., biodegradable COD)
with the aid of energy made available from stored phosphorus. Thus, enriching the sludge
with PAOs. Based on organic substrate consumption mechanisms on orthophosphate
removal systems reported by Tchobanoglous [23], it can be said that the 54% TCOD removal
represents the fraction of readily biodegradable TCOD.
Moreover, for the current work, the pH range of the SBR influent stream was between
4.9–8.4 for different batches. The range in pH is attributed to varying brewery wastewater
composition, depending on the brewery activities taking place inside the brewing house.
The pH was left adjusted, as it was alluded in Section 2.4 that metabolic activities for
microorganisms are inhibited at pH values of 9.5 and above or pH values below 4 [23].
The effect of pH on microbial activities is not explicitly accounted for in the current study;
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however, it can be seen from Figures 2–7 that microbial activities were not inhibited despite
the pH variation for different batches.

Figure 7. Orthophosphate and TCOD removal profile.

Table 2 presents a summary of similar work conducted on brewery wastewater treatment using a SBR system. The majority of reported studies do not focus on simultaneous
COD and phosphorus removal. The high COD removal [18,19,39] compared to the current
study, is attributed to high SRT and soluble COD [18,19]. Bakare et al. [39] reported high
COD removal efficiency at a HRT of 120 days, which suggests that the brewery wastewater
investigated had a high fraction of slowly biodegradable COD. Based on the results presented in Table 2, it is evident that a lot of work must be carried out aimed at investigating
simultaneous COD and phosphorus removal from brewery wastewater.
Table 2. Summary of studies on brewery wastewater treatment using a SBR system.
Treatment Method

COD, %

TP, %

HRT, Hours

SRT, Days

OVLR,
kg COD/m3 .day

Reference

Anaerobic SBR
Aerobic SBR
Aerobic SBR
Aerobic–anaerobic SBR

>90
88.7
90
54

69

24
15
120
18

60
90
7

1.5–5
3.5
1.4–4.1

[13]
[14]
[26]
Present study

3.5. Substrate Utilisation Rate and Microbial Population Growth Late
From Table 1, it is apparent that the brewery wastewater used in this study had a high
COD composition compared to orthophosphates. Hence, COD was considered the microbial substrate. According to the Michaelis–Menten empirical model presented in Equation
(2), the substrate utilization rate is directly proportional to the substrate concentration.
The findings of the study presented in Figure 8 are congruent to the Michaelis–Menten’s
principle on substrate utilization rate. Note that the correlation between the utilization rate
and the substrate (COD) concentration gave a coefficient of determination of less than 0.9.
This is attributed to the fact that the first three system points which are beneath the trend
line gave low substrate utilization rates relative to high COD concentrations. It is worth
mentioning that the substrate utilization rate is a function of volatile suspended solids
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which are considered to be organic bio-solids. Therefore, low substrate utilization rates
relative to high COD concentration could be attributed to the reactor influent stream having
a high composition of inorganic bio-solids compared to organic bio-solids. Such bio-solid
ratios result in low VSS fractions, consequently resulting in low substrate utilization rates
despite high COD concentrations. This is accounted for in the findings presented in Table 1
showing a higher TS range compared to VSS.

Figure 8. Substrate utilization rate as a function of COD concentration (g COD/m3 ).

The relationship between the substrate utilization rate and microbial population
growth rate was investigated using the Monod empirical model presented as Equation (3).
Figure 9 presents the findings of the current study on the microbial growth rate, which
indicates a strong correlation between microbial growth rate and substrate utilization rate.
This is explicitly accounted for by the coefficient of determination R2 = 0.9582. Moreover,
the findings are congruent to the Monod’s principle on microbial growth rate which clearly
states that the substrate utilization rate is directly proportional to the microbial growth.
The findings of the study recorded an average microbial growth rate of 16.86 kg/m3 .day.

Figure 9. Microbial population growth rate as a function of substrate utilization rate.

4. Conclusions and Future Perspectives
In this study, the performance of an anaerobic–aerobic SBR for orthophosphate and
COD removal from brewery wastewater was investigated. The findings of the study
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demonstrated good removal efficiencies on orthophosphates ranging from 33 to 81%,
recording an overall treatment efficiency of 69%. Additionally, an average COD removal
efficiency of 54% was recorded. Moreover, high removal efficiencies of orthophosphates
and COD were obtained at a SRT of 3 to 7 days and a HRT of 18 h under mesophilic
temperature of ±25 ◦ C. Furthermore, the system did not show any negative effect on
orthophosphate removal with the variation in organic volumetric loading rate which
ranged from 1.14 to 4.83 kg COD/m3 .day. The low removal efficiency of COD maybe
attributed to brewery effluent having particulate as well as slowly bio-degradable COD
which can be removed by chemical methods. Based on the findings of the study, it can
be concluded that the SBR demonstrated good treatment efficiency on orthophosphate
removal from brewery wastewater with high-strength organic pollutants. However, the
findings on COD suggests that the SBR performance can be improved by incorporating the
SBR system with a chemical process aimed at eradicating pollutant fractions which cannot
be removed by biological processes.
Despite the good performance of the SBR for the current study and from previous
studies as reported in Table 2 on brewery wastewater treatment, none of the reported studies
recorded a SBR effluent meeting the dewatering limits as presented in Table 1. This suggests
that a lot of work still needs to be carried out on biological COD and orthophosphate
removal from brewery wastewater. There are limited studies reporting on optimizing
the OVLR to microbial population ratio for optimal biodegradation of organic pollutants.
Moreover, more work needs to be carried out on techno-economic analysis for biological
wastewater treatment processes integrated with AOPs since it is a promising emerging
technology in wastewater treatment.
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