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ABSTRACT

This study aimed to evaluate the efficacy of polyvinyl alcohol (PVA) gel beads as an
immobilized biofilm carrier to enhance the reduction rate of Ammonia-Nitrogen (NH;-N)
and Chemical Oxygen Demand (COD) in domestic wastewater. Laboratory scale reactors
were developed to assess the reduction levels of ammonia-nitrogen and COD with and
without PVA gel beads using optimal and non-optimal treatment mode settings based on
operation procedures from the sewage treatment plant in Taman Kajang Utama, Selangor.
The treatment method used is an activated sludge sequencing batch reactor with a treatment
cycle duration of 288 minutes. The findings showed the ammonia-nitrogen reduction by
non-optimal treatment mode is more effective, with a reduced rate of 62.96% to 65.71%
compared to optimal treatment mode with a reduced rate of 30.94% and treatment without
PVA gel beads (optimal and non-optimal) with a reduced rate of 32.41% to 47.85%. The
ammonia-nitrogen reduction rate using PVA gel beads for non-optimal treatment mode
was significantly increased from 17.86% to 18.82% and complied with ammonia-nitrogen
reduction parameter 10mg/L, Standard A of Environmental Quality (Sewage) Regulations
2009 (EQSR 2009). The rate of COD reduction using the non-optimal treatment mode was
also more stable, with a reduced rate of 70.68%. It was also found that the COD reduction

rate using PVA gel beads for the non-optimal

mode was better than the optimal mode,

which was 70.68% compared to 42.0%, and
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INTRODUCTION

According to Malaysian Sewerage Industry Guideline (MSIG) Volume IV, 2009, all domestic
sewage treatment plants (STP) in Malaysia are designed to treat the incoming biodegradable
organic loading Biochemical Oxygen Demand (BOD) of 250mg/L and Chemical Oxygen
Demand (COD) of 500mg/L of influent values (Services, 2016). Nonetheless, preliminary
studies and previous data records show that Malaysia’s biodegradable organic loading of
sewage is low and fluctuating, which the influent measured COD concentration can reach
as low as 50-150mg/L and the BOD reading can reach as low as 40—70 mg/L (Hanafiah et
al., 2019). The ammonia-nitrogen reduction can be accomplished through the nitrification
and denitrification processes, for which most STPs in Malaysia are either designed or
upgraded. The efficiency of ammonia-nitrogen reduction is determined by several variables,
including the amount of biodegradable organic material loaded into the STP. This low
concentration is most likely the result of dilution or infiltration through the sewerage
conveyance system. Infiltration occurs due to poor pipe jointing, cracks, aging pipe, and
other factors (Suruhanjaya Perkhidmatan Air Negara, 2016). When the organic matter
content of the wastewater influent is low, especially the carbon source, the denitrification
process by denitrification bacteria is hampered. The process of converting nitrite ions (NO,
) and nitrate ions (NO;) into harmless nitrogen gas (N,) is inhibited, which impedes the
ammonia-nitrogen reduction process The high concentration of NO;™ and NO, ions released
into the receiving water body does not meet the ammonia-nitrogen reduction parameter
10mg/L, Standard A of Environmental Quality (Sewage) Regulations 2009 (EQSR 2009)
and it would disrupt the receiving water quality and aquatic ecosystem (Rahimi et al.,
2020). To address water quality degradation by improving water quality, the Government
spent approximately RM26.3 billion from the 8th Malaysia Plan to the 11th Malaysia Plan
(2001-2020) to modernize sewerage facilities and infrastructure. Therefore, this study is
relevant and essential for further analysis and proposing suitable and practical solutions
for optimizing and removing ammonia-nitrogen from low-strength domestic wastewater.

MATERIALS AND METHODS

Biological Treatment Process by Sequencing Batch Reactor Without Polyvinyl
Alcohol (PVA) Gel Beads

For this study, optimum and non-optimum treatment mode settings were adopted from the
actual operation of the sewage treatment plant (STP) in Taman Kajang Utama, Selangor,
as shown in Table 1. Taman Kajang Utama STP is operated by using sequencing batch
reactor (SBR) process in continuous feed configuration targeting pollutants removal as
specified under Standard A, EQSR 2009 (EQA 1974), and it received the same influent as
the lab-scale reactor (though in continuous feed vs semi-batch feed) with similar operating
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conditions. Originally, the Taman Kajang Utama STP was designed to operate in non-
optimal treatment settings. However, for energy-saving measures, the plant operator has
optimized the operation of the current sewage treatment system by minimizing the use of
blowers during the aeration phase while at the same time maintaining the effluent quality
that meets the Standard A effluent discharge.

Table 1
Summary of the biological wastewater treatment process in Taman Kajang Utama, Selangor
Treatment mode Treatment duration Treatment mode Treatment duration
(Optimum) (minutes) (Non-optimum) (minutes)

Aeration 72 Aeration 120
Denitrification - idling 48 Denitrification - idling 0
Denitrification - stir 48 Denitrification - stir 48
Settling 48 Settling 48
Discharged 72 Discharged 72
Total Treatment Time 288 Total Treatment Time 288

One lab-scale reactor with 5L capacity (4L raw sewage taken from the secondary screen
chamber of Taman Kajang Utama STP and 1L of seed sludge (MLSS) taken from SBR
tank No. 2 of Taman Kajang Utama STP was fed into the reactor) was developed to run an
ammonia-nitrogen and COD reduction simulation using an activated sludge sequencing
batch reactor. The simulation of the sequencing batch reactor was conducted based on two
scenarios as per Table 2.

Table 2

Experiment set-up by a sequencing batch reactor
Scenario Treatment Setting Remarks
1% Scenario Optimum The total simulation time is 288 minutes.
Low COD and NH;-N Non-optimum Raw sewage (low concentration) was taken
concentration at the beginning of from Taman Kajang Utama STP to run the
the treatment process simulation
20 Scenario Optimum * The total simulation time is 288
High COD and low NH;-N minutes, and raw sewage (low
concentration at the beginning of concentration) was taken from
the treatment process Taman Kajang Utama STP to run the

Non-optimum simulation

* 1.2 g glucose (C¢H},04) was added to
the raw sewage at the beginning of the
treatment process.

The low concentration of incoming raw sewage (consists of Biochemical Oxygen
Demand (BOD), COD, Ammonia-Nitrogen, oil & grease, total organic carbon, and
alkalinity, among others) and activated sludge were collected from the same sewage
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treatment plant for this experiment.

e Aeration 3L/min

In this experiment, 1.2g glucose
(CsH,04) was added to the raw
sewage collected from Taman Kajang

DO prob
pH prob

Utama, Selangor, at the beginning of

/
S

the treatment process to increase the Sampling
concentration of COD to play a vital bottle =~

. . Aeration
role as a carbon source, especially in stone N Raw sewage &
the denitrification process. Ventilation @) | @ |activatedsludge
and stirring were used in the treatment Stirring speed | Temperature

control Stirring control

process depending on the mode of

treatment to be performed. The NH3-N' pigy 1. Schematic of a laboratory-scale reactor
and COD parameter were observed
and tested by American Public Health Association (APHA) standard method. Dissolved
oxygen (DO), pH, and temperature were also measured during the operation of the lab-scale
reactor. The setup of a lab-scale reactor is shown in Figure 1. The experiment observed that
the pH range was between 6.0-7.5, and the temperature range was kept at 25-28°C with
no alteration to the parameters. DO content was maintained at 4.71-7.10 mg/L

The COD and NH;-N reduction efficiency (%) was determined by using the following
Equation 1 (Kim et al., 2021):

Co e

COD and NH;-N reduction efficiency (%) = C

Where Co: initial COD and NH;-N concentration, mg/L; Ce: final equilibrium COD and
NH;-N concentration, mg/L

Biological Treatment Process by Sequencing Batch Reactor with Polyvinyl Alcohol
(PVA) Gel Beads-Preparation of Synthetic Wastewater

This experiment developed two different size reactor tanks with SL and 4L capacity. A
3L and 2.4L synthetic wastewater (60% of reactor capacity) with various compounds and
compositions were prepared, contained (per lit): C¢H;,Os 500mg, NH,CI 122mg, K,HPO,
22mg MgS0, 50mg, FeSO, 7H,0 40mg, NaCl 15mg, CaCO; 100mg, EDTA 6mg and
Na,HPO, 15mg (Tuyen et al., 2018). This experiment used C;H,,0¢and NH,CI chemical
reagents as COD and ammonia sources. In addition, a 1L and 0.8L activated sludge
(20% of reactor capacity) was collected from SBR Tank No. 2 at Taman Kajang Utama,
Selangor sewage treatment plant, and 1L and 0.8L of PVA gel beads (16% —20% of total
reactor volume) were added to the reactor tank and mixed with synthetic wastewater
(Wang et al., 2018). PVA gel beads with 3—4mm diameter in a spherical shape with a
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density of 1.025g/cm?, a surface area of 2,500-3,000 m?*/m?® and network 10-20-micron
pores were purchased from Kuraray Co. Ltd., Japan. The experiment with PVA gel beads
was performed for low COD and NH;-N concentrations at the beginning of the treatment
process. The low concentration of raw sewage represents the actual state of domestic
wastewater characteristics in Malaysia.

Experiment Start-Up Process with Polyvinyl Alcohol (PVA)-Gel Beads

All substances were mixed and continuously aerated (24 hours) in a 5L and 4L single
reactor to promote microbial growth in highly porous PVA gel beads and to adapt bacteria
to organic matter. The startup phase for microbial growth in synthetic wastewater took
about 28 days (acclimatization phase). During this phase, 1.2L—1.5L synthetic wastewater
in the reactor was replaced with new synthetic wastewater at certain interval days until the
startup phase stabilized with a consistent reduction rate of COD and NH;-N. On day 29,
the synthetic wastewater was replaced with 1.6L—2.0L raw sewage collected from Taman
Kajang Utama, Selangor, to acclimate the microbial growth in PVA gel beads with actual
domestic sewage. This startup process continued until day 34, when the bacteria had reached
the stationary phase and were ready to be used for the study until the reduction rate of
COD and NH;-N became consistent and stable at 60—70% at the end of the acclimatization
period. The NH;-N and COD parameter were observed for 34 days startup phase and tested
by American Public Health Association (APHA) standard method. Similarly, pH, dissolved
oxygen (DO), and temperature were also measured for 34 days startup phase using digital
portable devices, namely, Eutech Instruments Cyberscan pH 300 and Hanna multiparameter
DO meter-HI2040. The overall timeline of the startup phase is shown in Figure 2.

. . Microbial growth Acclimatization phase
M'ﬁ:‘)sb'gtlr?;gx"th Iin sylntﬁqeﬁc completed at day 34
wast &, tor with wastewater and and PVA gel beads

P??Ae ; gea i raw sewage with ready to be used for
(28 days) oot domeate "
Y (6 days) wastewater

Figure 2. Overall timeline for the startup phase of microbes with PVA gel beads

RESULTS AND DISCUSSION

Biological Treatment Process by Sequencing Batch Reactor Without Polyvinyl
Alcohol (PVA) Gel Beads

The summary of COD and NH;-N reduction performance without PVA gel beads is shown
in Table 3. The graph of ammonia-nitrogen and COD reduction performance without PVA
gel beads for low COD and NH;-N concentration at the beginning of the treatment process
(optimum and non-optimum treatment setting) is shown in Figures 3 and 4.
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Table 3
COD and NH;-N reduction efficiency without PVA gel beads
Scenario Treatment  Temp i COD NH;-N C/N
Setting °O) p Reduction Rate Reduction Rate  ratio
1% Scenario Optimum 25.0to 6.52to 55.95% to 32.41% to 2.62 to
Low COD and NH;-N 27.7 7.50 86.14% 44.30% 2.89
concentration at the Non-  258to 6.87t0  58.65%to 44.14%t0  637to
beginning of the treatment  Optimum ~ 27.8 7.59 84.30% 47.85% 10.05
process
21 Scenario Optimum 25.8to 6.85to 33.48% to 11.68% to 20.34 to
High COD and low NH;-N 27.5 7.65 59.46% 26.20% 24.92
concentration at the Non-  250t0 687t  64.52%to 53.03%to  21.6to
beginning of the treatment  optimum ~ 27.5 7.67 65.32% 55.50% 22.77

process (1.2 g glucose
(C¢H,,04) was added)
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Figure 3. Graph of (a) COD analysis and (b) NH;-N analysis for optimum mode treatment
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Figure 4. Graph of (a) COD analysis and (b) NH;-N analysis for non-optimum mode treatment
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The graph of ammonia-nitrogen and COD reduction performance without PVA gel
beads for high COD and NH;-N concentration at the beginning of the treatment process
(optimum and non-optimum treatment setting) is shown in Figures 5 and 6.
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Figure 5. Graph of (a) COD analysis and (b) NH;-N analysis for optimum mode treatment
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Figure 6. Graph of A) COD analysis and B) NH;-N analysis for non-optimum mode treatment

Reduction Efficiency of Ammonia-Nitrogen Without PVA Gel-Beads

The experiments showed that nitrification and denitrification were the primary biological
nitrogen reduction processes. The C/N ratio, variation of carbon sources, DO concentrations,
and the number of intermittent aeration sequences affect the ammonia-nitrogen reduction
in these experiments. However, other factors, such as temperature and pH, will also be
discussed in this section.
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As shown in Table 3, under the first scenario of the optimum mode setting, the ratio
of carbon to ammonia-nitrogen nitrogen (C/N) is between 2.62 to 2.89 with a 32.41% to
44.30% reduction, while for the non-optimum mode setting, the C/N ratio is between 6.37
to 10.05 with 44.14% to 47.85% reduction, respectively. The influent for both treatment
settings presented a low organic matter (COD) concentration of 84 to 223mg/L. Even
though the experiment failed to achieve the required effluent discharge standard of 10mg/L,
the non-optimum mode has shown better performance than the optimum mode setting. In
the second scenario, it was observed that the C/N ratio for the optimum mode setting is
between 20.34 to 24.92 with an 11.68% to 26.20% reduction, and for the non-optimum
mode, the setting is between 21.6 to 22.77 with 53.03% to 55.50% reduction. The COD/N
ratios were pretty high due to the addition of glucose to the fed wastewater. The influent
for both treatment settings presented a high organic matter (COD) concentration of 451 to
592mg/L. The non-optimum mode setting has shown better performance than the optimum
mode setting and met the required effluent discharge standard of 10mg/L.

In contrast, the optimum mode setting failed to achieve the desired effluent discharge
limit. Therefore, it can be summarized that the low C/N ratio in the first scenario represents
low organic matter (COD) in the substrate, and the high C/N ratio in the second scenario
represents high organic matter (COD) in the substrate. In the denitrification process,
heterotrophic bacteria perform biological denitrification and require a biodegradable organic
carbon source as an electron donor.

Thus, the availability of organic carbon as an electron donor (typically written as
biodegradable chemical oxygen demand (bCOD)) determines the denitrification potential of
wastewater. According to Sun et al. (2010), in simultaneous nitrification and denitrification
(SND), the optimal C/N ratio, in which the nitrification and denitrification reactions are
balanced, was found to be 11.1. Water Environment Federation (2007) highlighted that 8.6
mg of COD is required to eliminate 1 mg of nitrate-nitrogen from wastewater. Moreover, it
was found in the previous study that COD (readily biodegradable COD) (rbCOD) in tropical
countries like Malaysia has low soluble COD content and high slowly biodegradable COD
(sbCOD) content. Thus, the low tbCOD content was insufficient to reach the complete
denitrification process (How et al., 2020). In the first scenario, it can be seen that the average
C/N ratios are all below 11.1. Thus, the denitrification process is not in the best condition
due to the lack of carbon sources for the denitrification process in the deep biofilm. In
the second scenario, 1.2g glucose was added to increase the COD concentrations in the
existing domestic sewage to investigate the effect of external carbon sources on nitrogen
reduction performance. It was observed that the reduction rate of NH;-N has increased
and improved in non-optimum mode as compared with the optimum mode and the first
scenario experiment. Therefore, it can be concluded that the nitrogen reduction in the second
scenario under non-optimum mode is supported by adding an external carbon source from
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glucose in deep biofilm to facilitate denitrification. In addition, the average C/N ratio is
above 11.1, thus improving the nitrogen reduction in this experiment.

In the SND process, due to diffusional limitations, the dissolved oxygen (DO)
concentration gradients within the microbial biofilms (typical floc size: 100 to 150um
diameter, optimum floc size: 80 to 100um diameter) form different populations throughout
the biofilm: the nitrifying regions are located in high DO concentration zones, while the
denitrifying regions are located in lower concentration zones (Bueno et al., 2018; Sun
et al., 2010). Khanitchaidecha et al. (2015) reported that the rate of nitrification could be
accelerated by increasing the DO concentration in the reactor tank. As a result, in this study,
the reactor tank was aerated at a higher air flow rate of 3L/min with a DO of 5-7mg/L
intermittently. However, it impacts the denitrification process since the increased air flow
rate and DO concentration resulted in increased oxygen retention in the anaerobic stage,
lowering denitrification activity and nitrogen reduction efficiency.

According to Jimenez et al. (2011), previous studies have found that DO concentrations
for nitrification in SND should be higher than 1.0 mg/L, and the most recommended value
is 2.0 mg/L or less to produce higher nitrification rates. Low DO concentrations may result
in a low nitrification rate, affecting TN removal. When DO concentrations are high, it may
lead to low denitrification rates due to the reduction of anoxic zones. How et al. (2018)
reported low COD concentration in sewage may have contributed to active nitrification in
low DO conditions by minimizing oxygen competition between heterotrophs and nitrifiers.
At low DO concentrations, the microbial community structure of the nitrifying sludge is
expected to be different from a standard high DO nitrifying community. Active nitrification
in low DO settings has been associated with increased oxygen affinity in both ammonia-
oxidizing bacteria (AOB) and nitrite-oxidizing bacteria (NOB).

Therefore, the SND process’s effectiveness depends on the proper DO concentrations
range for both kinetic reactions, nitrification, and denitrification in the same reactor (Li et
al., 2007). On the other hand, the higher ammonia-nitrogen reduction rate in non-optimal
mode was attributed to a longer aeration process of 120 minutes (5 cycles of intermittent
aeration) compared to 72 minutes (3 cycles of intermittent aeration) in optimum mode.
The ample time taken and the optimum intermittent aeration sequences to supply DO
concentration during the nitrification process have increased the conversion rate of NH," to
NO;-N, lowering the NH;-N concentrations in the reactor. Despite having an optimal C/N
ratio of 11.1 in the denitrification process, sufficient aeration time also plays an important
role in nitrogen reduction in these experiments. The DO concentration and the effective
time taken to supply DO concentration during nitrification are crucial for the growth of
nitrifying bacteria in the nitrification process. It is probably due to the nitrifiers requiring
enough time to react with the ammonia, and they (autotrophic bacteria) grow slower in the
nitrification process compared with denitrifiers (heterotrophic bacteria) in the denitrification
process (Curtin et al., 2011; Ruscalleda Beylier et al., 2011).
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As discussed earlier, other factors influencing biological nitrogen reduction are
temperature and pH reading. In these experiments, temperature and pH readings were
measured at 6.52—7.59 and 25.0 to 27.8°C for the first scenario. While in the second scenario,
temperature and pH readings were measured at 6.85—7.67 and 25.0 to 27.5°C, respectively.
Alkalinity in the form of calcium carbonate (CaCO;) in raw wastewater serves as a carbon
source for nitrifiers to perform well in the nitrification process. Typically, 0.454kg of
ammonia requires 3.239kg of alkalinity (CaCOs) to oxidize to nitrate. Nitrification is a
chemical reaction that results in the formation of acids. This acid production, together with
the consumption of calcium carbonate during nitrification, can lower the pH of the nitrifiers,
causing nitrifying bacteria to develop at a slower rate (Trygar, 2009). In nitrification, the
optimum pH range is 6.8 to 8.0 (Curtin et al., 2011); for denitrification, the pH range is
6.5 to 7.5. Based on both scenarios, the pH reading is within the optimum range and has
not significantly affected the nitrogen reduction process. According to Curtin et al. (2011),
to maintain a stable population of nitrifiers, the temperature must be higher than 7°C. At
liquid temperatures between 25-28°C (Rodziewicz et al., 2019), nitrification reaches its
maximum rate. For denitrification, the optimal temperature is between 20-35°C (Ni et
al., 2017). Hence, the experiments’ temperatures of nitrification and denitrification were
within an optimal range.

Reduction Efficiency of COD Without PVA Gel-Beads

The study was conducted to analyze the reduction efficiency of organic matter (COD). In
the first scenario, COD concentrations decreased at a higher reduction rate of 55.95% to
86.14%. They met the required discharge limit of 120mg/L, whereas, in the second scenario,
COD concentrations decreased at a lower reduction rate of 33.48% to 65.32 %. However,
under the non-optimum mode, the COD concentration was reduced in the second scenario
more than in the optimal mode. In the suspended growth process, microorganisms are
thoroughly mixed with organic matter (COD), stimulating their growth by allowing them to
consume the organic matter as food. Individual bacteria clump together (flocculate) to form
an active mass of microbes (biologic floc) termed activated sludge as they proliferate and
are mixed by air agitation. Air is introduced to mix the activated sludge with the wastewater,
and oxygen is provided for the microorganisms to break down the organic matter.

Mixed liquor is the mixture of activated sludge and wastewater in the reactor tank.
From the first scenario, it was envisaged that sufficient food (organic matter) and oxygen
supplied to suspended microbes facilitated the reduction of organic matter in the wastewater.
The concentration of MLSS/MLVSS in the mixture is also found to be in the appropriate
quantity for effective treatment. Hence, there is no significant difference in performance
for both optimal and non-optimal modes under the first scenario. In the second scenario,
due to the addition of 1.2g glucose, the poor performance of organic matter reduction was
observed, especially under the optimal setting. It is most likely due to the high loading of
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organic matter (COD) into the system, low MLSS/MLVSS concentrations to consume the
organic matter as food, and inadequate aeration period to supply oxygen to break down the
organic matter. In addition, the adaptation of microorganisms with the additional organic
matter has also led to ineffective treatment, affecting the microbes’ ability to degrade
the organic matter (Herlina et al., 2019). However, in non-optimal settings, reduction
effectiveness is higher than in optimal settings, and this could be due to a longer aeration
process of 120 minutes (5 cycles of intermittent acration) compared to 72 minutes (3 cycles
of intermittent aeration) in the optimal setting, which facilitated organic matter reduction.

Biological Treatment Process by Sequencing Batch Reactor with Polyvinyl Alcohol
(PVA) Gel Beads

The summary of COD and NH;-N reduction performance with PVA gel beads is shown
in Table 4.

Table 4
COD and NH;-N reduction efficiency with PVA gel beads
Scenari Treatment Temp COD NH;-N C/N
cenario Setting (°C) P Reduction Rate Reduction Rate  ratio

1¢ Scenario Optimum 24.0to 7.00 to 42.02% 30.94% 8.56
Treatment with PVA gel-beads 26.1 7.59
Low COD and NH;-N Non-  25.0to 6.78to 70.68% 62.96%to 8.8 to
concentration at the beginning  Optimum ~ 27.0  7.69 65.71% 11.26

of the treatment process

The graph of ammonia-nitrogen and COD reduction performance with PVA gel beads
for low COD and NH;-N concentration at the beginning of the treatment process (optimum
treatment and non-optimum setting) is shown in Figures 7 and 8. Figure 9 depicts the color
of new PVA gel beads (white) and used PVA gel beads (yellowish), and Figure 10 depicts
the lab-scale reactor with PVA gel beads.
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Figure 7. Graph of (a) NH;-N analysis and (b) COD analysis for optimum mode treatment
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Figure 8. Graph of (a) NH;-N analysis and (b) COD analysis for non-optimum mode treatment

Figure 9. A) Unused PVA gel beads (white color) and B) used PVA gel ~ Figure 10. Lab scale-reactor
beads (yellowish color) after a lab-scale experiment with PVA gel beads

Reduction Efficiency of Ammonia-Nitrogen Nitrogen with PVA Gel Beads

According to the experiment’s results, under optimal setting, the C/N ratio is at 8.56, while
under a non-optimal setting, the C/N ratio ranges from 8.8 to 11.26. Thus, the C/N ratio
is within the optimal condition of 11.1 for nitrification and denitrification to perform well
in SND as the reactions were balanced. Furthermore, an analysis of a lab-scale reactor
under non-optimal conditions revealed that the nitrogen reduction efficiency significantly
improved when PVA gel beads were added to the reactor. The NH;-N reduction performance,
on average, was increased by 17.86% to 18.82% under the same treatment setting. The
improvement of ammonia-nitrogen nitrogen reduction with PVA gel beads indicated that
the active core and highly porous immobilized biofilm carriers developed an efficient
denitrification microreactor. Each PVA gel bead with high specific surface areas provided
an anoxic microenvironment when placed in an aerobic reactor (Li et al., 2021). On the
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other hand, the microbes (living cells) are contained in a porous polymeric matrix that
allows substrate molecules to diffuse in and product molecules to diffuse out (Pham &
Tho Bach, 2014).

However, it is contrary to the optimal setting in which the reduction rate is not in
the best performance. As discussed in the previous section, the ineffective treatment was
most likely associated with high DO concentrations throughout the treatment process and
less intermittent aeration sequences during the nitrification process. Zhang et al. (2021)
highlighted that different DO concentrations significantly affect the activity of various
functional microorganisms in the reactor, making it one of the most significant elements.
As DO rises, the population of ammonium-oxidizing bacteria (AOB) and nitrite-oxidizing
bacteria (NOB) rises, affecting nitrifying and denitrifying activities. DO can significantly
affect the proportions of aerobic and anaerobic zones within the biofilm and the microbial
community structure, thus making it the most critical parameter for improving the SND
rate. It is suggested that DO concentration should be controlled at an optimal range, within
2.0 to 5.0mg/L in the aerobic phase, as reported by Jimenez et al. (2011), to maintain a
suitable operational condition. Another factor that promotes effective nitrogen reduction is
the concentration of organic loading (COD) in the raw sewage as a carbon source during
the denitrification process. The best results of nitrogen reduction were found in a non-
optimal setting as the influent COD level was relatively higher than the COD level in the
optimal setting. The concentration of ammonia entering the treatment system, which will
affect the growth of bacteria in the nitrification process (Rodriguez-Gomez et al., 2021),
also affects the nitrogen reduction process.

As shown in Figure 9, the color of the new PVA gel beads was white and turned
yellowish after 1 month of acclimatization. According to Jin et al. (2016), the color of PVA
was yellowish after 1 month cultivation period, and after 5 months of treatment, the color of
matured PVA gel beads was black. It is supported by another study by Khanh et al. (2011),
where the matured black color of PVA gel beads was used in wastewater treatment. Another
study found a similar finding in which the color of PVA gel beads turned from white to
yellowish after 1 month of operation and became red-brown after 3 months. During the
3 months of operation, the reduction rate of NH;-N and COD were 70-80%, respectively.
The change of color represents that microbial growth increased with the proportionality of
time (Wang et al., 2018). Hence, the color changes in PVA gel beads in this study were still
in the culture process, and the ammonia-nitrogen reduction rate increased with increasing
acclimatization time. These findings are supported by the reduction levels of NH;-N and
COD of 60—70% during the startup phase. Therefore, it is suggested that the acclimatization
period with the domestic wastewater should be extended until the reduction efficiency of
NH;-N and COD reaches a minimum of 70-80% and becomes stable prior to undertaking
the sequencing operation based on the optimum and non-optimum setting.
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As discussed previously, temperature and pH readings influenced the nitrogen reduction
process. In these experiments, temperature and pH readings were measured at 7.14-7.59
and 24.0 to 26.3°C in an optimal setting, while temperature and pH measurements in the
non-optimal configuration were 6.78—7.69°C and 25.0-27.0°C, respectively. Thus, as
observed in both treatment settings, the pH value and temperature are within the ideal ranges
of 6.8 to 8.0 in nitrification and 6.5 to 7.5 in denitrification and 25-28°C, respectively.
Moreover, the total volumetric capacity of PVA gel beads in the range of 5 to 15% allows
hydraulic capacity to enter the system more than 50 to 70% volumetric capacity for other
carriers (Singh et al., 2016).

Reduction Efficiency of COD with PVA Gel Beads

Similar to ammonia-nitrogen nitrogen, the reduction rate of COD in a non-optimal setting
has shown a high effect than in the optimal setting. During the experiment, the COD
influent ranged from 119 to 232 mg/L. The COD reduction rate under the optimal setting
was only 42.0%, while the COD reduction rate under the non-optimal setting was measured
at 70.68%. In addition, an analysis of a lab-scale reactor with PVA gel beads under non-
optimal conditions revealed that the COD reduction efficiency was stable and consistent.
The gap in COD reduction efficiency without PVA gel beads is between 25-30%. This
condition demonstrated that the treatment efficiency was inconsistent even though the
reduction rate could achieve higher than 80%. The consistent and stable COD reduction
rate with PVA gel beads is likely due to the microbes being preserved in their native form
by encapsulation within a membrane, inhibiting leakage and protecting the microbes from
adverse conditions.

Thus, PVA gel beads allow microbes to grow quickly and steadily on the media and in
the inner part of the media resulting in non-flocculent biomass with fewer self-oxidizing
protozoans and metazoans (Rajpal et al., 2021). In addition, these results show that the
system can handle variable organic loading, thus delivering consistent results of organic
matter removal (Singh et al., 2016). When microbes are confined or curbed within a
semi-permeable membrane, tiny substrate molecules can diffuse while product molecules
can diffuse out (Bouabidi et al., 2019; Krishnamoorthi et al., 2015). At the same time,
this treatment has both biofilms in the carrier and freely suspended biomass in the same
reactor. Unlike treatment without the carrier, the gap in COD reduction efficiency is likely
due to microbes growing freely in suspended conditions and not being protected from the
adverse environmental situation and easily washout from the reactor (El-Naas et al., 2013).
However, more experiments need to be performed for this study to establish the findings.
Other factors that affect microbes’ proliferation are pH and temperature. According to
Herlina et al. (2019), the anaerobic process is most effective in the pH range of 6.5-7.5,
while the aerobic process is most effective in the pH range of 6.5-8.5. Furthermore, the
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microbes can proliferate at the best temperature of 25-35°C. These experiments’ average pH
readings and temperature were 7.23 and 25.69°C, respectively. Thus, from the observation,
the pH and temperature were in the optimal range and facilitated microbial growth in the
reactor.

In addition, it was observed in non-optimal settings that reduction effectiveness is
higher than in optimal settings. It is likely due to more intermittent aeration sequences
with a total aeration period of 120 minutes vs. 72 minutes in an optimal setting, facilitating
organic matter degradation. The trend of COD reduction performance with PVA gel beads
at optimal configuration is similar to the COD reduction without PVA gel beads. Based on
these trends, it can be concluded that the COD reduction with more intermittent acrobic
sequences significantly improved the reduction of organic compounds.

CONCLUSION

Based on the study performed, it is proven that PVA gel beads as an immobilized carrier are
able to treat low-medium concentrations of domestic wastewater in Malaysia. Wastewater
treatment using this carrier can increase the reduction level of nitrogen and organic matter.
In addition, it can be used as an alternative option to enhance existing biological wastewater
treatment systems without involving major construction works, thus reducing the capital
cost of building a new sewage treatment plant or upgrading the existing sewage treatment
plant. It can be concluded that the reduction efficiency of ammonia-nitrogen and COD
with PVA gel beads under a non-optimal setting is better than with PVA gel beads under
the optimal setting and meets the required effluent discharge, Standard A of Environmental
Quality (Sewage) Regulations 2009. The nitrogen reduction improved significantly, and
organic matter reduction showed a more stable performance than wastewater treatment
without PVA gel beads. The results showed that the combination of attached and suspended
biomass was superior to the freely suspended biomass for nitrification and denitrification
of wastewater. The color change of PVA gel beads from white to yellowish after one month
of operation indicates that a colony of microbes was growing in the highly inner porous
carriers.
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