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Graphical abstract Abstract

UV'Iight y 0. .oﬁo;“""»\%\,,z Photocatalytic is an advanced technology for water remediation which potentially to be
T ’) applied for river pollution treatment. The key to the highest photocatalytic efficiency is the

i\\ ornraamt) = & type of photocatalyst used and the process variables including light sources, light intensity,
x,.u{.:i%.;‘"i"x“-"dff <o, and time operations. However, the study on the interaction of process variables on
W+ O - H photocatalytic efficiency for polluted river water treatment has not been well studied. Thus,

the present study focused on the performance of pilot-scale photocatalytic reactor
incorporated with ZnO-Kaolin under various light intensities such as 100, 125, and 225 Watts
with varied time operation at 20, 40, 60 and 80 minutes for reduction of ammoniacal
nitrogen (AN) and chemical oxygen demand (COD). Followed by the elucidation of kinetic

i .
Chiller A Aeration study through pseudo-first and pseudo-second-order models. It was found that 225 Watts of
Drgin UV-light contributed to the highest reduction of AN (59.34%) and COD (90.91%) for 60
minutes of treatment. Furthermore, the kinetic study revealed that the photocatalytic
process follows pseudo-first-order model with a rate constant of 0.0184 min™. Hence, the
Standard highest photocatalytic efficiency of ZnO-Kaolin is mainly attributed to the intensive light
Re::laiiron intensity, leading to the higher generation of reactive species for rapid photocatalytic
degradation, consequently improving the performance of pilot-scale photocatalytic reactor.
Highest NH:s-N reduction (59.34%) Keywords: River water, Polluted, Photocatalysis, Pilot-scale, Environment
Highest COD reduction (90.91%) :
— - - © 2025 Penerbit UTM Press. All rights reserved
1.0 INTRODUCTION river water, including physical, chemical, biological, ecological,

and engineering techniques [2]. Recently, photocatalytic
degradation has emerged as a superior treatment technology,
especially when compared to electrocoagulation, membrane
bioreactor (MBR), and conventional biological processes such
as activated sludge. From both technical and environmental
perspectives, photocatalysis offers high efficiency in removing a
wide range of pollutants, including organic and inorganic
matter. This method consistently outperforms conventional

Urbanization and modernization lead to river water pollution,
which creates severe problems for the sustainability of water
resources. The river in Malaysia facing major challenges
especially in terms of Biochemical Oxygen Demand (BOD),
Ammoniacal Nitrogen (NHs-N), and Suspended Solids (SS) [1].
Many efforts have been devoted to the remediation of polluted
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biological processes under optimal conditions, while
electrocoagulation and MBR systems require more complex
operations and  frequent = maintenance. = Moreover,
photocatalysis is environmentally friendly and capable of
degrading a wide range of pollutants with minimal
environmental impact. Economically, photocatalytic processes
are more cost-effective in the long term due to their rapid
treatment capabilities, significantly reducing operational time
and associated costs. In contrast, electrocoagulation and MBR
systems incur substantial operating expenses related to energy
consumption and maintenance, making them less economically
viable over time [3]-[6].

It was reported that the performance of photocatalytic
degradation is highly influenced by process variables, such as
type of photocatalyst, light intensity and time operation [7].
Previously 90% degradation of organic and inorganic
compounds was achieved using ZnO photocatalysts, owing to
the highly photosensitive and oxidative properties of ZnO [8],
[9]. Nonetheless, ZnO properties can be further improved by
embedding with kaolin, as pure ZnO tends to agglomerate. The
combination of ZnO and kaolin has been reported to improve
the active site and effectively prevent the agglomeration of
ZnO nanoparticles [10]. Moreover, kaolin is widely used as a
supporting material for ZnO nanoparticles due to its adsorption
behaviour, chemically and mechanically stable [11], [12].

To the best of the authors’ knowledge, a pilot-scale study for
polluted river water remediation via photocatalytic degradation
process has not been establish yet which brings to the fact that
studying the stability and process variables of pilot-scale
photocatalytic systems is crucial to investigate the behaviour of
the process on a large scale. Hence, this study provides an
investigation on photocatalytic degradation for river water
remediation which focuses on the optimization of light
intensity and operation time. The outcome would give a best
picture in relating the process variables with the photocatalytic
degradation performance.

2.0 MATERIALS AND METHODS

This section discussed the procedure for sampling the polluted
river water, synthesis the ZnO-Kaolin photocatalyst, and
characterize its properties. Followed by set-up operation for
the pilot-scale photocatalytic reactor, analysis of the treated
water and the kinetic study.

2.1 Polluted River Water Sampling

The polluted river water samples were directly collected from
Sungai Sembrong, Parit Raja and characterized through
ammoniacal nitrogen (AN) and chemical oxygen demand (COD)
by using DR6000 UV-Vis Spectrophotometer according to the
standard method of 8038 and 8000, respectively. From the
investigation, the river water has an AN of 2.41 mg/L and COD
of 55 mg/L. It proved that this targeted river highly contained
ammonia and organic pollutants for which further treatment is
required.

2.2 Synthesis Of Zno-Kaolin

ZnO-Kaolin was synthesised through the precipitation method
using zinc acetate dihydrate, oxalic acid dihydrate, and kaolin
powder purchased from R&M Marketing Essex, UK and used as
it. A solution of 0.1M of zinc acetate and 0.15M of oxalic acid
was mixed with 33.33 g/L of kaolin powder. Then, the mixture
was stirred for 24 hours, filtered, dried, and calcined at 550°C
for 3 hours. The resulting white powder was collected for
further analysis.

2.3 Characterization Of Zno-Kaolin

The functional group and crystallinity of the ZnO-Kaolin were
individually analyzed through Perkin Elmer Spectrum 100
Fourier Transform Infrared Spectroscopy (FTIR) Spectrum and
Bruker AXS GmbH X-ray diffractometer (XRD), respectively. The
optical band gap of the ZnO-Kaolin was performed by UV-Vis
Diffuse Reflectance Spectra (UV 3600 Plus).

2.4 Pilot-Scale Photocatalytic Reactor And Experimental Set-
Up

The pilot-scale photocatalytic reactor has a volume capacity of
80L and is equipped with an ultraviolet-C (UV-C) lamp
(wavelength: 280 nm). A blower was installed in the reactor for
mixing and aeration. The photocatalytic reactor is also
equipped with a cooling jacket connected to a chiller to
maintain a mild temperature during the treatment. At first, 80 L
of the samples were fed to the photocatalytic reactor with 5%
wt of ZnO-Kaolin photocatalyst. The blower was engaged to mix
the solution and photocatalyst for effective adsorption-
desorption. After that, the UV light was activated to run the
photocatalytic process. The treated sample was collected for
further analysis. Various UV light power (100, 125 and 225
Watts) and time operations (20 - 80 minutes) were conducted
to optimize the process condition. Figure 1 shows the set-up of
the pilot-scale photocatalytic reactor.

UV-light

Figure 1 Pilot-scale photocatalytic reactor set-up experiment

2.5 Analysis Of The Water Quality
The efficiency of the treatment was evaluated through the

percentage removal of AN and COD after the treatment by
using the Eq. 1:

Efficiency = (Co- Ct)/Co x 100% 1
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where, C, is the water quality before the treatment, C; is the
water quality after the treatment.

2.6 Kinetic Study

Pseudo-first and pseudo-second-order models were suggested
to investigate the kinetic study for the pilot-scale photocatalytic
reactor. The integrated forms of the pseudo-first and pseudo-
second-order models are according to Eq. 2 and Eq. 3,
respectively.

In (Co/Ct) = kt 2
1/Ct=1/Co+kt 3

where C, is the initial concentration of the pollutant, C; is the
concentration of the pollutants at time, and k is the rate
constant.

3.0 RESULTS AND DISCUSSION

This section will further discuss the findings of this study. There
are 3 components that have been discovered which are ZnO-
Kaolin  characterization, optimization  of  pilot-scale
photocatalytic reactor and kinetic study.

3.1 Characterization Of Zno-Kaolin

Figure 2a shows the XRD pattern for ZnO-Kaolin. It was
observed that the peaks of ZnO were detected well as the
standard ZnO according to JCPDS no. 36-1451. The detected
peaks were <100>, <002>, <102>, <110> and <103> at 31.8°,
36.3°, 33.1°, 56.6°, 63.1° and 68.1°, respectively. These peaks
correspond to crystallographic orientations of the ZnO wurtzite
structure [13]. While the presence of kaolinite structure was
found at <001>, <002>, <020> and <021> at 12°, 24.5°, 35.5¢,
and 39.5° according to JCPDS no. 14-0165. It could be
concluded that the synthesized ZnO-Kaolin has higher purity.
Besides, the FTIR spectra of ZnO-Kaolin have been illustrated in
Figure 2b. The FTIR analysis was conducted within the
wavenumber of 400 — 4000cm™. From the observations, the
region of metal oxide, Zn-O stretching vibration probably
occurs in the range of 500 — 1000 cm [14], [8]. Additionally,
within this range also exhibits kaolinite compounds which are
silicate and aluminates (Si-O-Al). Moreover, bands around
1040-1080 cm? correspond to silicate (Si-O) stretching
vibrations. The broad bands within 3000 — 37000 cm are
associated to hydroxyl (O-H) stretching vibrations due to
moisture in the atmosphere [15]. This finding proved that the
synthesized ZnO-Kaolin contains only a selective compound. On
the other hand, the graph in Figure 2c represents Tauc plots for
determining the optical band gap of the ZnO-Kaolin. The
extrapolation of the tangent line in the graph corresponds to
the value of the optical band gap, which is 3.23 eV. It was
reported that the optical band gap of ZnO is typically within the
range of 3.10 eV to 3.37 eV [16]. The obtained optical band gap
is slightly low and within the range, which means that ZnO-
Kaolin has great potential in photocatalytic degradation. Figure
3 illustrates the distribution of ZnO nanoparticles on the kaolin
matrix using FESEM. The FESEM image reveals a layered, flat-
sheet shape with the attachment of an oval shape

corresponding to kaolin and ZnO nanoparticles, respectively.
Similarly, Awang et al. also observed a flake-like shape for ZnO-
Kaolin using FESEM [17]. Overall, the FESEM findings highlight
that no agglomeration of ZnO nanoparticles was found and
distributed evenly.
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Figure 2 Analysis of ZnO-Kaolin through: (a) XRD, (b) FTIR, and (c) optical
band gap

Figure 3 FESEM image of ZnO-Kaolin
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3.2 Optimization Of Pilot-Scale Photocatalytic Reactor

The optimization of the pilot-scale photocatalytic reactor was
studied across various UV-light power and time operations as
illustrated in Figure 5. Figure 5(a) revealed the interaction of
various UV-light powers (100, 125 and 225 Watts) to
photocatalytic efficiency. It was observed that the elevation of
UV-light power exhibited an increase in pollutant reduction.
The power of 225 Watts UV-light corresponded to the highest
reduction of AN and COD by 59% and 90%, respectively. This
phenomenon is due to the utilization of UV-C with intensive
power. Intensively applied power contributes to higher light
intensity, which triggers excessive photons for electron mobility
within the ZnO-Kaolin, consequently heightening the amount of
reactive radical species, such as hydroxyl radical and
superoxide radical for greater oxidation of ammonia and
organic compounds [18]. The mechanism for photocatalytic
degradation of pollutants has been illustrated in Figure 4.
Additionally, the presence of ZnO-Kaolin enhanced
photocatalytic degradation by having a lower optical band gap
(3.23 eV) to suppress electron recombination. Moreover,
merging ZnO with Kaolin improved the adsorption rate of
pollutants to reach the ZnO active site for rapid oxidation [19].
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Figure 4 Photo-degradation mechanism of ZnO-Kaolin
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Figure 5 Performance of pilot-scale photocatalytic reactor under various
conditions: (a) UV-light power and (b) time operations

Besides, the interaction of time operation on the performance of
pilot-scale photocatalytic reactor for the reduction of pollutants is
illustrated in Figure 4(b). The graph shows that 60 minutes yields
the highest reduction of AN and COD by 59.34% and 90.91%,
respectively. A gradual increase in ammonia nitrogen (AN) and
chemical oxygen demand (COD) reduction was observed from 20
min to 60 min. This phenomenon was influenced by the increased
amount of reactive oxidative species, leading to higher
photocatalytic degradation. However, beyond 60 min, the
efficiency of the photocatalytic process decreases significantly.
This is probably due to the photocatalyst reaching its maximum
photon absorption capacity, especially within the ZnO-Kaolin. At
this point, the generation of reactive oxidative species becomes
insufficient to maintain the high rate of pollutant degradation.
This saturation effect occurs when all available active sites on the
photocatalyst are occupied, causing the rate of electron-hole pair
formation to stabilize and leading to a reduction in the overall
photocatalytic activity [13]. The photocatalytic efficiency of
different ZnO was briefly summarized in Table 1.



Table 1 Summary of photocatalytic efficiency of different zZnO

photocatalysts.

Mohamad Alif Hakimi Hamdan et al. / ASEAN Engineering Journal 15:3 (2025) 01-06

Water Photocatalyst Light Efficiency Remarks Ref
matrices source
Aquaculture Nano-ZnO uv AN *in [20]
wastewater irradiation reduction: | presence of
86.66% H,0, to
(1h); achieve
cob high
reduction: | efficiency
n
Domestic Cu/Zn0O/rGO Xenon AN *Required [21]
wastewater light reduction: | complex
Irradiation | 83.1% catalyst
(120 watt) (2h); synthesis
cob method
reduction:
84.3%
(2h)
Aerobically Zn0O-CC UV-light AN *Required [22]
palm oil mill (Cymbopogon | irradiation reduction: | plant
effluent Citratus) n; extraction
CcoD to synthesis
reduction: | catalyst
75.4% (60 *Conducted
min) at small-
scale (2 1)
Sago Zn0 UV-light AN *Conducted | [23]
wastewater irradiation reduction: | atsmall-
effluent (8 watt) n; scale (150
cob mL)
reduction: | *Required
90% (2h) pre-
treatment 2
h of
aeration to
achieve
high
reduction
of COD
Polluted Zn0-Kaolin UV-light AN *Simple This
river water (225 watt) reduction: | preparation work
59% of catalyst
(60min); *Conducted
CcoD at pilot-
reduction: | scale (80 L)
90%
(60min)

*n indicates no info was provided

3.2 Kinetic Study

The kinetic study on photocatalytic degradation via pilot-scale
photocatalytic reactor was studied for its optimum conditions
based on pseudo-first and pseudo-second-order models. Figure
6 displays the graph of pseudo-first and pseudo-second-order
models. It was found that pseudo-first-order model was
applicable due to the highest value of R2 (0.9118) with a rate
constant of 0.0184 min-1. The pseudo-first-order model defined
that the photocatalytic degradation rate is proportional to the
concentration of the pollutants, typically the limiting reactant
[24].
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Figure 6 Graph of (a) Pseudo-first-order model and (b) Pseudo-second-
order model

4.0 CONCLUSION

This study revealed an advanced photocatalytic system for
polluted river water treatment. The performance of a pilot-
scale photocatalytic reactor incorporated with ZnO-Kaolin for
polluted river water remediation has been successfully
evaluated under different operating conditions such as light
intensity and time operation. From the findings, 225 Watts of
UV-light yielded the highest reduction of AN and COD by
59.34% and 90.91%, respectively for 60 minutes of treatment.
Moreover, a kinetic study revealed that pseudo-first-order
models are applicable for this treatment due to the highest
correlation coefficient (R2) value obtained with a rate constant
(k) of 0.0184 minL. It revealed the photocatalytic degradation
rate is proportional to the concentration of pollutants.
Therefore, a pilot-scale photocatalytic reactor is believed to
have great potential in maintaining environmental
sustainability and approaching sustainable development goals
(SDG 6) in sustaining water and sanitation availability and
sustainable management.
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