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Abstract

This study aims to investigate, the effect of organic loading rates (OLRs), nutrient ratio addition, and sludge
retention time (SRT) on treating dairy wastewater in a sequencing batch reactor (SBR) system. This investigation
is verified by experiments conducted in 3 phases at 3 different OLRs (1.8, 1.2, and 0.9 kg/m’d, respectively). Urea
((NH2)2CO) is added to make a suitable (COD:N:P) ratio of (100:5:1) in dairy wastewater. The SRT is adjusted
from 50 days to an appropriate value of 18 days. The obtained results show that the COD, TN, and TP removal
efficiencies are increased with decreasing OLRs. Sludge concentration in the SBR tank is stable at 1100 mg/L after
adding (NH»),CO. In addition, the SBR operated at a suitable SRT (i.e. 18 days) helps the biomass stably, resulting
in enhancement of COD, TN, and TP removal. The results are helpful to the design of SBR for treating dairy

wastewater.
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1. Introduction

Dairy wastewater contains a very high concentration of pollutants, such as very high COD, BOD, TN, and TP. Therefore,
it makes strong pollution in the receiving waters. It is not easy to treat dairy wastewater in a conventional activated sludge. In
addition, dairy wastewater is strongly dependent on production processing. Its flow rate fluctuated largely over time. Treating
this wastewater in a continuous system may not be a beneficial way. Therefore, using an intermittent way, such as a sequencing
batch reactor (SBR) would be a good solution. SBR has been developed and is increasingly applied in wastewater treatment
around the world [1]. In the US, Europe, and China, SBR was applied to treat urban wastewater and industrial wastewater [2].
In addition, industrial wastewater from dairy production, pulp, and tanning has been treated by using an SBR system [3-4].
Vietnam, there are many treatment technologies, i.e., conventional activated sludge, anoxic-oxic, anaerobic-anoxic-oxic,
trickling filter, SBR, and lagoons, etc., that were applied for domestic and municipal wastewater treatment. Among them, SBR

was most used for domestic wastewater treatment [5].

SBR is operated with five consecutive stages, such as wastewater loading, treatment, sedimentation, decanting treated
wastewater, and sludge discharge [6]. The biggest advantage of SBR is flexibility in operation, e.g., the aeration and settling
times in the reactor could be changed simply [7]. Moreover, biological treatment processes, i.e., BOD treatment, nitrification,
denitrification, decomposition, and absorption of phosphorus could be taken place in only one reactor [7]. Because of the above

advantages, the secondary clarifier could be removed from the SBR system. In addition, anaerobic conditions could appear
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during the influent filling and mixing stage. This could enhance nitrate reduction and phosphorus decomposition [8]. During
the aeration stage, nitrification and phosphorus absorption into biomass could be carried out [9]. Phosphorus treatment in SBR
tanks was highly dependent on the amount of organic matter input and the amount of nitrate present in the sludge which was

retained from the previous working cycle [10].

Phosphorus treatment could be impaired if the organic up flow content was low and the nitrate content of the sludge was
high [11]. Nitrification, denitrification, and phosphorus treatment could be closely related to the low organic load rate for the
SBR system [12]. If the input organic matter content was relatively stable, the organic load rate would be largely dependent
on the sludge content in the reactor [13]. SBR could be applied as an alternative technology for biological nutrient removal
[14-15]. However, its performance was affected by several operational conditions, such as organic loading rates (OLRs), sludge
retention time (SRT), and sludge concentration in the reactor. In particular, the novelty aspects of the work include testing a

lab-scale SBR at high OLRs for synthetic dairy wastewater.

In addition, the imbalance of carbon and nutrient (i.e., nitrogen and phosphorus) would result in low performance of the
SBR. Therefore, an attempt at nutrient ratio addition could provide a good solution. Moreover, maintaining a suitable sludge
concentration in the SBR plays an important role during the treatment processes. Therefore, controlling the SRT in the SBR
would be the best choice. Those would help to identify suitable operational conditions of the SBR applied to treat real dairy

wastewater at higher capacities.

This study aims to improve dairy wastewater treatment efficiency by employing SBR technology. In particular, the effect
of organic load rate on the treatment efficiency of the system and the effect of SRT on the amount of activated sludge in the
SBR system were examined. In addition, a variation of activated sludge and its characteristics, i.e., sludge volume index (SVI),
in the SBR system operated at different conditions were identified. Especially, removal of organic compounds in terms of
COD, and nutrients (in terms of total nitrogen and total phosphorus) from dairy wastewater was explored thoroughly in this

SBR system.
2. Materials and Methods

2.1. Experimental SBR system
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Fig. 1 Diagram of the SBR system used in the study

The study was conducted in a lab-scale SBR system (Fig. 1). The SBR with a cylindrical structure was made of
polypropylene plastic material. The SBR system includes a diameter of 90 mm, a wall thickness of 1.5mm, and a height of
950 mm. It could contain a maximum volume of 5.5 L. However, it only operated at a working volume of 4.5 L. A pipe
(diameter of 21 mm) for sludge discharge was placed at the bottom of the SBR system to discharge sludge which was controlled
by a valve. The effluent was discharged from the reactor by gravity. In this SBR system, the Hailea ACO-238 aerator (220 V,

capacity of 60 W, maximum aeration flow rate of 82 L/min, pressure of 0.035 MPa) was used. Aerators were mounted on the
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back of the tank to supply air to the tank through rubber conductors and air distribution heads. This is to ensure providing a
necessary amount of oxygen for microorganisms in the SBR system. In this system, an automatic switch was used to help set

the past time, flowmeter, pressure gauge, and electric meter.

2.2. Operation of the SBR system

The system was operated in a cycle of four alternating stages. The operational stages were illustrated in Fig. 2 which
included a cycle of four steps, i.e., wastewater filling, aeration/mixing and reaction, sedimentation, and draining clean water

(at the same the excess sludge could be removed).
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Fig. 2 Operational stages of the SBR system in the study

In addition, the operational conditions in the SBR system could be modified easily by controlling the dissolved oxygen
concentration in the aeration stage. In this study, the seed sludge was taken from the aerobic tank in a dairy wastewater
treatment plant, located in Gia Lam (Hanoi, Vietnam). The initial sludge concentration of mixed liquor suspended solids
(MLSS) was about 2500 mg/L. It was cultivated with the synthetic dairy wastewater in the batch reactor to increase up to 5000
mg/L. After that, it was transferred to the SBR system for treating synthetic dairy wastewater. The study was conducted in 3
phases which corresponded to the OLRs of 1.8 kg/m?d, 1.2 kg/m3d, and 0.9 kg/m3d, respectively. To make a suitable (COD:N:P)
ratio of (100:5:1) in synthetic dairy wastewater, urea (NH,),CO was used as a supplementary nutrient source. In this study, the
SBR was operated by 4 stages, in which filling was carried out in 0.5 h, aeration was maintained in 8 h, settling lasted in 1 h,
and decanting was taken in 0.5 h. Other detailed operational conditions and their purposes were presented in the supplementary

material.

2.3. Analytical methods

The input and output samples were taken daily and mostly were analyzed on the same day. In some cases, samples were
stored at 4°C in polyethylene bottles for further analysis. The analyzed and measured parameters include: nitrate, ammonium,
TN, TP, COD, suspended solids (SS), MLSS, mixed liquor volatile suspended solids (MLVSS), and SVI. Supernatants of all
samples were achieved by using vacuum filtration (Model SLSSF03001, Hawach Scientific Co., Ltd., P.R. China) with a
membrane pore size of 0.45 pm. The analytical methods used in this study comply with Vietnamese regulations and standard

methods [16].
3. Results and Discussion

3.1. Variation of MLSS, MLVSS, and its ratio during operation

Fig. 3 shows a variation of MLSS, MLVSS, and MLVSS/MLSS ratio over time. In this study, phase 1 was from day 1 to
day 17. The system was operated at the organic loading rate of 1.8 kg/m3d. As shown in Fig. 3, the initial MLSS content was
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2200 mg/L. The MLSS was reduced to about 1400 mg/L on day 8 due to the unstable mixing and aeration conditions. After
the problem was fixed, the MLSS increased over time. At day 15, the sludge content reached the range of 2700 to 2800 mg/L.
It seems that, in the first 15 days of operation, the microorganisms were adapting to the new environment; therefore, some
microorganisms may have not adapted yet, as the result, the amount of sludge was unstable and tends to decrease. The amount

of organic matter indirectly indicates the number of active microorganisms in activated sludge [17].

After 10 days, it is highly likely that the microorganisms in the bioreactor adapted and could grow fast, leading to an
increase in the amount of activated sludge. As seen in Fig. 3, the activated sludge was stabilized after 15 days of operation. It
could be seen from Fig. 4 that the floc was dark brown when it was newly added to the SBR system. After one week of running

the SBR system, the sludge has become a lighter brown and yellow color.
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Fig. 3 Variation of MLSS, MLVSS, and its ratio over time

(a) New sludge (b) After a week

Fig. 4 Changes of sludge floc from dark brown and lighter brown and yellow

After that, the system was operated at phase 2 (OLR of 1.2 kg/m?d). It was decreased by half compared to phase 1. The
sludge content decreased very quickly. After three days, the sludge content was decreased to 2100 mg/L, then decreased
continuously to 1224 mg/L at the end of phase 2. The reason for the decrease in sludge content in the tank could be explained
by the fact that the OLR was halved at the same time as the number of feed supplied, which could reduce the number of
microorganisms by half. It should be noted that, before that, microorganisms were growing steadily with a fixed amount of feed
added daily. In this condition, the weaker microorganisms could die due to lacking food (carbon source) and oxygen. Therefore,

only powerful microorganisms survived [18]. In this phase, the sludge was darker than in the first phase.

In phase 3 (OLR of 0.9 kg/m>d), the MLSS content still tended to decrease to less than 1000 mg/L. This is due to a lack
of carbon sources for the growth of microorganisms. In addition, it was reported that microorganisms could not be developed
well in low-nitrogen wastewater [19]. Therefore, in this period, a test was applied with supplementary urea (NH>)>CO to make
a balanced ratio of 100:5:1 for COD:N:P, respectively [13]. After a few days, the amount of sludge remained in the range of
1100 mg/L. It was seen that the sludge became more yellow. The amount of sludge in the SBR tank was stable. During the
next period, from day 38 to day 46, the OLR remained the same. At this period, the SRT was adjusted to the appropriate value
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for the SBR tank (from day 17 to day 19). It was noted that, before the system was adjusted to the appropriate value, the SRT
fluctuated in a larger range. Therefore, a certain amount of the excess sludge was withdrawn daily to remove the old sludge in

the tank.

After the adjustment, the sludge in the SBR tank was clearly increasing. The concentration of sludge in the tank on day
38 was 1078 mg/L, which was increasing gradually over days, i.e., 1404 mg/L (day 41) and 1652 mg/L (day 44). Thus, the
SRT plays an important role in the development of activated sludge. The OLR is an important parameter affecting the
characteristics of sludge, i.e., particle size, settling capacity, and microbiological activity of the sludge. It could be seen that
low OLR could lead to low sludge formation. It takes a long time to reach a steady state. It should be noted that SBR could be
worked well at high sludge concentrations of over 3000 mg/L, whereas the sludge concentration in the traditional activated
sludge system is normally lower than 2500 mg/L. This could be a great advantage of SBR in the aspect of reducing the volume

of the reactor resulting in lowering the investment cost.

The ratio of MLVSS and MLSS is the ratio of volatile organic matter to the activated sludge content, which is the common
parameter used to determine sludge activity [17]. As shown in Fig. 3, the ratio of MLVSS and MLSS during the system
operation was in the range of 0.8-0.9. The ratio of MLVSS and MLSS in our study was slightly higher than the mean values
reported in the conventional activated sludge 0.7-0.8 [17, 20]. As a result, it is assumed that the activated sludge in the SBR

tank has a high content of volatile organic matter.

3.2. Variation of sludge volume index at different loading rates

The sludge volume index at different OLRs was presented in Fig. 5. It was noted that the SVI was used to evaluate the
efficiency of solid-liquid separation in the reactor. The SVI reflects the settling characteristics of activated sludge and

biological suspension [14].
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Fig. 5 Variation of sludge volume index over time

If this factor is low, it could help to reduce the decant time in SBR tanks. It also could help to reduce the rear construction
area of the sedimentation tank in the wastewater treatment system, resulting in reduced treatment costs. During phase 1 from
day 1 to day 17, the SVI fluctuated mainly in the range of 140-150 mL/g (from day 1 to day 6). After that, the SVI fluctuated
from 38-47 mL/g. From day 13 to day 17, the SVI was stable in the range of 60-70 mL/g. Thus, from day 9 to day 17, the

sludge was settled well.

In the second period from day 18 to day 27, the SVI fluctuated over 100 mL/g (from day 28 to day 22). The OLR was
reduced a half, making a reduction in the amount of activated sludge in the tank. In this condition, the sedimentation volume
of the sludge was increased, causing the SVI to increase. So, during this time, the sludge was not settled well. From day 23 to
day 27, the activated sludge content was decreased continuously. At the same time, the sedimentation volume was decreased

by three times. At this period, the SVI ranged from 60-70 mL/g. The SVI is an important parameter to determine the volume
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of the settling part. The SVI obtained in this work was lower than 100 mL/g which is much lower than that in other works, i.e.
150 mL/g, or even up to 180 mL/g [18]. Low SVI meant the sludge could be settled well. In addition, good settling sludge

could control high sludge concentration in the SBR. It also could help to retain sludge in the reactor.

3.3. Effect of SRT on the development of activated sludge

A variation of SRT over time was presented in Fig. 6. The SRT shows the biomass concentration stored in the reactor.
This factor could affect simultaneously the ability to remove COD and nitrification in the system. The SRT was maintained
by extracting a fixed volume of sludge for each batch. However, in this study, the excess sludge was not withdrawn for each
batch. It was only withdrawn with a small volume of 15-50 mL for the MLSS measurement. The SRT was dependent on the
amount of biomass in the tank. Besides, it also depended on the biomass available in the volume of water withdrawn, the

biomass drifted out of each batch, and the volume of sludge withdrawn.
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Fig. 6 Variation of SRT over time

In this study, the SRT of the system has fluctuated in a quite wide range. During the initial period of system operation,
due to the small amount of sludge withdrawn per day, only 15 mL, the retention times of large systems ranged from day 50 to
day 80. From day 23 and onwards, 50 mL of sludge was decanted daily to make the system operate stably. The SRT remained
stable for about 35-40 days which was smaller than the first time. However, this SRT was still larger than the suitable SRT of
the SBR tank (from day 10 to day 20). Therefore, from day 1 to day 37, the retention time in the system fluctuated over to a
high value of 35 days. By day 38, there was an adjustment of SRT to an appropriate value from day 10 to day 20. Instead of
withdrawing 50 mL, the amount of sludge was withdrawn daily up to 200 mL. With such extracted sludge volume, the value

of SRT from day 38 onwards was from day 17 to day 19.

After adjustment of the SRT to the appropriate range, the amount of sludge increased each day. The sludge has a brighter
yellow color. Its size was bigger than that in the previous period. So far, dairy wastewater has been mixed with a part of
domestic wastewater. This combination wastewater was treated in the SBR at a very high SRT of over 70 days. In such a high
SRT, the COD removal was achieved only about 69%. More importantly, some of the sludge was hydrolyzed and degraded at

high SRT. This made a reduction of sludge during operation. Therefore, the system performance could be ineffective [20].

3.4. Effect of OLRs on COD removal efficiency

The effect of OLRs on COD removal efficiency was presented in Fig. 7. As illustrated in Fig. 7, in the first phase, with
an input COD of 1800 mg/L, COD concentration after treatment was about 163 mg/L, corresponding to a treatment efficiency
of 90.9%. By the second phase, when the input COD was reduced to 900 mg/L, COD concentration in the effluent was about
142 mg/L. This means that the treatment efficiency dropped to 84.2%. In this phase, the wastewater after treatment still

contained more suspended solids. Its turbidity was higher than that in phase 1. The input COD in phase 2 was 2 times smaller
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than that in phase 1, but the output COD was similar to that in phase 1. The system was operated stably after urea was added.
This helped to adjust the appropriate nutrient ratio of COD:N:P of 100:5:1. At this condition, the input COD content was 1200

mg/L, and the COD after treatment was only 23 mg/L. The treatment efficiency was increased up to 98.1%.
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Fig. 7 COD treatment efficiency with different OLRs

It shows that the proportion of nutrients in wastewater plays an important role in increasing COD treatment efficiency
[21]. The values of COD removal efficiency in our studies were consistent with prior results (COD removal efficiency from
synthetic dairy wastewater using SBR was 94.74%) [14]. So far, a study has been conducted to treat dairy wastewater by SBR
under low SRT (i.e., only 5.5 days). The study was carried out for about 60 days at a low OLR of only 0.6 kg/m>*d. Under this
low OLR, the COD removal efficiency reached only about 84%. However, when OLR was increased to about 1.9 kg/m3d, the
treatment efficiency of COD was reduced to only about 62% [21]. The obtained results show that the OLRs have a significant

effect on COD removal in the SBR system to treat dairy wastewater.

3.5. Effect of OLRs on nitrogen treatment efficiency

The effect of OLRs on nitrogen treatment efficiency was shown in Fig. 8. As shown in Fig 8, the nitrogen content in this
wastewater was quite low. At the OLR of 1.8 and 0.9 kg/m?d, the nitrogen concentrations were 18 and 9 mg/L., respectively.
After the treatment process, the nitrogen output concentrations were 8.0 and 4.7 mg/L, respectively. Nitrogen treatment
efficiencies in the two OLRs reached 55.6% and 47.8%, respectively. The nitrogen concentration in the effluent when the
system operated at the OLR of 0.9 kg/m*d was lower than that at the OLR of 1.8 kg/m*d. However, the nitrogen treatment

efficiency was reduced at the second loading rate [21].
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Fig. 8 Nitrogen treatment efficiency with different OLRs
When the SBR system operated with an OLR of 1.8 kg/m?d, the concentration of activated sludge in the tank was in the
range of 2700-2800 mg/L. Whereas, at the OLR of 0.9 kg/m?d, the content of activated sludge in the tank was only about 1200
mg/L. Thus, the higher the concentration of activated sludge in the tank, the better the nitrate process would be taken place.
The nitrogen treatment consists of two phases such as ammonia is converted to nitrate under aerobic conditions (nitrification

process), and nitrate is reduced to nitrogen under low oxygen conditions (denitrification process) [22]. In phase 3, the nitrogen
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input concentration was 57 mg/L. The activated sludge content in this period was similar to that value in phase 2. At this phase,

the output nitrogen was about 17 mg/L, corresponding to the removal efficiency of 70.2% which was greatly increased

compared to the previous two phases.

As seen, although the activated sludge content was less than half compared with phase 1, the nitrogen treatment efficiency
was still higher than in phase 1. This could be due to the adjustment of an appropriate nutrient ratio. Though the activated
sludge content was the same as the operating conditions in phase 2, it was evident that treatment efficiency has greatly increased
from 47.8 to 70.2%. Thereby, it was found that the appropriate nutrient ratio played a very important role in the nitrogen
treatment process [23]. It was reported that a high OLR could improve the nitrification process. This process mainly happened
in the aeration stage. After that, the denitrification process could be carried out in the next stage of settling or mixing without

aeration. The denitrification process normally played an important role in treating total nitrogen in the SBR.

3.6. Effect of OLRs on phosphorus treatment efficiency

The effect of OLRs on phosphorus treatment efficiency is shown in Fig. 9. As seen from Fig. 9, the phosphorus treatment
efficiency was increased with increasing OLRs. The average phosphorus treatment efficiency at 3 levels of OLRs were about
92.2%, 86.7%, and 82.2%, respectively (the phosphorus in the effluent was found to be 2.8 mg/L, 2.4 mg/L, and 3.2 mg/L,
respectively). The phosphorus treatment efficiency achieved in our study was comparable to data reported previously (about
90%) [24]. It has been found that bacteria belonging to the family Comamonadaceae played an important role in
orthophosphate uptake in dairy wastewater and constituted considerable composition in the microbial biomass of activated
sludge [24]. Phosphorus compounds in wastewater exist in three types of compounds: single phosphate, polyphosphate, and

phosphate-containing organic compounds [25]. In which the following two compounds accounted for a larger proportion [26].
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Fig. 9 Phosphorus treatment efficiency with different OLRs

During biological treatment, the phosphorus in wastewater was only absorbed by microorganisms to build cells [27].
Phosphorus treatment was mainly going into the sludge which was then discharged out of the system [28]. The phosphorus
content in cells was about 2% (1.5-2.5%) of the dry weight. In the aerobic process, some types of microorganisms could be
capable of absorbing phosphates higher than normal levels in microbial cells (2-7%). In which, the excess phosphorus was
stored by microorganisms. Under anaerobic conditions, in the presence of organic matter, the excess phosphate was excreted
out of the microbial body as a single phosphate [29]. The above phenomenon could be used to remove phosphorus compounds

from the wastewater by separating microorganisms with high phosphorus content in the form of sludge [30].

4. Conclusions

Dairy wastewater could be efficiently treated using SBR technology. The effect of OLRs on the treatment efficiency of
dairy wastewater was investigated. Besides, the effect of the ratio of nutrient content in the wastewater and the effect of SRT

on the development of activated sludge was examined in detail. When the OLR was decreased from 1.8 to 0.9 kg/m’d, the
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amount of activated sludge in the SBR tank was decreased from 2700 mg/L to 1400 mg/L. The COD and TN treatment
efficiency decreased from 90.9 to 84.2%, and from 55.6 to 47.8%, respectively. The OLRs and the proportion of nutrients in
the wastewater played a significant impact on the treatment efficiency of COD and TN. Phosphorus treatment efficiency was
increased from 82.2 to 92.2% when the OLR was increased from 0.9 to 1.8 kg/m3d. The phosphorus-accumulated bacteria
would be beneficial when the SBR system was operated at higher OLRs.

The concentration of activated sludge in the SBR tank was increased from 1000 to 1500 mg/L. when the SRT was adjusted
to an appropriate range. On average, the SVI fluctuated within the range of 60 to 110 mL/g, showing that the settling was
relatively good. The results of this study provide valuable information for the application of SBR technology to treat dairy

wastewater.
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