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COMPOSITE OF ZnO/SBE AS CATALYST
MATERIALS FOR PHOTODEGRADATION OF
RHODAMINE-B
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ABSTRACT
Spent Bleaching Earth (SBE) is a solid waste material from the palm oil refining process, and its abundance
poses environmental challenges. Meanwhile, Rhodamine B (RhB) is a liquid pollutant produced by the textile
industry. SBE could potentially be a viable solution for RhB treatment, as it can adsorb on its surface.
However, SBE lacks the ability to chemically degrade the RhB pollutant. Therefore, in this study, SBE was
combined with ZnO, a highly effective photocatalyst semiconductor, to create a composite material for the
photodegradation of RhB. This experiment aimed to investigate the effect of SBE pyrolysis temperature on
the morphology and structure of the ZnO/SBE composite, as well as its capability to degrade RhB. The
pyrolysis temperatures chosen for variation were 450°C, 500°C, and 550°C. The experiments have shown
that SBE activated at 500°C exhibited the highest surface area, measuring 106.851 m* g™". Consequently,
the corresponding composite ZnO/SBE photocatalyst activated at 500°C demonstrated the most efficient
performance in RhB degradation, achieving a rate of 67.8%. The ability of ZnO/SBE to photodegrade RhB was
confirmed by the GC-MS results, which demonstrated the degradation of RhB into various other chemicals.
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INTRODUCTION

The textile industry is a significant contributor
to pollutant production, with 8000 kg of cloth
produced globally in 2019 (Pinto et al., 2019).
One of the main sources of textile pollutants is
textile colouring agents, which contain organic
compounds that are not easily degraded in nature
(Dianggoni ef al., 2017). Rhodamine B (RhB) is a
commonly used synthetic dye in the textile industry
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due to its affordability, accessibility, and vibrant
red colour (Aristanti et al., 2019). However, RhB is
known to be harmful to both human health and the
environment, necessitating appropriate pollutant
treatment methods to prevent pollution. One
environmentally friendly method is adsorption
(Bahram et al.,, 2014), which involves binding
molecules in fluids to solid surfaces (Yustinah et al.,
2019). However, adsorption alone does not degrade
the dyes and requires an additional process,
such as photodegradation, to achieve complete
degradation (Trivana et al., 2015).
Photodegradation is a process in which
molecules are degraded through the absorption of
photons from light (photo) (Yousif and Haddad,
2013). ZnO, a semiconductor material, is a potential
photocatalyst that can be used to facilitate the
photodegradation process (Khan et al., 2022). ZnO
offers several advantages, including low production
costs, non-toxicity, and widespread availability
(Cambrussi et al., 2019). However, ZnO has a
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limitation in terms of its low adsorption capacity
(Saraswati et al., 2015).

Spent Bleaching Earth (SBE), a waste product
from the crude palm oil (CPO) bleaching process,
can be utilised for adsorption due to its porous
characteristics. However, activation is required to
enhance its adsorption capacity, typically achieved
by using mineral acids such as hydrochloric acid
(HC1), sulphuric acid (H,SO,), or nitric acid (HNO,)
(Lesaoana et al., 2019). Liu et al. (2021) conducted
research on the synergistic carbonisation of residual
oil in SBE and the activation process of SBE using
KOH, resulting in the creation of a novel clay
(SBE)/carbon composite. This composite was then
employed as an effective adsorbent for the removal
of Pb(II) ions (Liu et al., 2021). The carbon produced
through the carbonisation process is commonly
referred to as ‘biochar’ (Foong et al., 2022).

The amount of solid SBE waste from palm oil
production is increasing significantly every year.
According to the Ministry of Environment and
Forestry in the Republic of Indonesia, for every 600
million tonnes of palm oil produced, there is an
estimated 600 000 t of solid waste (SBE) generated
(Kementerian Lingkungan Hidup dan Kehutanan
Republik Indonesia, 2020). It is worth noting that
SBE still contains a significant amount of valuable
palm oil, ranging from 25% to 40%. As a result, it is
highly flammable and poses a risk of causing fires
(Lee et al., 2000). Therefore, it is essential to handle
the disposal of SBE with utmost care to prevent any
adverse impact on the environment.

SBE is a group of montmorillonite clay, in which
montmorillonite is a typical of aluminosilicate of
2:1 layered structure. The structure theoretically
composed of two SiO, (silicon tetra oxide)
tetrahedral layers sandwiched with one AlO,(OH),
(aluminum dioxide tetra hydroxide) octahedral
layer making it a member of phyllosilicates family.
Montmorillonite is known for its exceptional
adsorption properties, high active surface area, and
ability to exchange ions or molecules. The ions or
molecules exchange capabilities were influenced
by isomorphous substitutions of lower-valent
metal cations, such as AI** to substitute Si*" in the
tetrahedral layer and Mg* to substitute Al** in
octahedral layer. Hence the surface structure of
montmorillonite is negatively charged and can
attract positively charged cations, such as Fe*', Ca*,
Mg?*, and Na*, to balance the surface charge (Chen
et al., 2022a; Ferreira et al., 2019; Sani et al., 2017)

Montmorillonite has great capacity to
accommodate new species and assist in the
formation of product through chemical reactions.
Due to its unique properties, montmorillonite
has various applications. Besides being used as a
chemical reaction catalyst, it serves as an excellent
adsorbent for diverse purposes, including waste
water treatment, pollutant removal, oil bleaching

processes, and radioactive waste management.
Moreover, montmorillonite can act as a support
material for other substances, such as ZnO and
g-C,N,, to enhance the material functionality, such
as for photocatalyst (Chen et al, 2022a; Sani et al,
2017)

Pyrolysis is a thermochemical technique
employed to decompose lignocellulosic materials
or biomass, primarily for the purpose of activation.
This process transpires in an environment devoid of
oxygen or with controlled oxygen concentrations,
resulting in the creation of a substance referred to
as biochar. Biochar is a solid product distinguished
by its elevated carbon content (Faramarzi et
al., 2015; Foong et al, 2022; Sukiran et al., 2018).
During pyrolysis, volatile matter from the biomass
evaporates, leading to increased porosity and
active surface area of the material (Fu et al., 2020).
The temperature during pyrolysis is critical as it
determines the pyrolysis rate and the amount of lost
volatile matter (Hu and Gholizadeh, 2019).

Pyrolysis can be categorised into two main
types: Slow pyrolysis and fast pyrolysis. Slow
pyrolysis is characterised by a gradual heating rate,
typically ranging from 0.02 to 1.00°C s”, and an
extended residence period spanning from several
hours to days occurring within 300°C-700°C. In
contrast, fast pyrolysis involves a rapid heating rate
exceeding 2.00°C s and a much shorter residence
time of less than 10 s occurring within 300°C-1000°C
(Foong et al., 2021).

Previous studies by the authors’ research group
have shown that SBE activated through pyrolysis
at 500°C resulted in a surface area of 158.7 m* g’
(Rizqiyah, et al., 2022). Other research reported that
SBE when further activated with KOH, exhibited an
adsorption rate of 206.65 mg g" for Pb** (Liu et al.,
2021). Similarly, Chen et al. (2022b) activated iron-
based SBE at 700°C, resulting in a surface area of
90.98 m*g"' and a degradation efficiency of 91.0%
for tetracycline hydrochloride. Therefore, pyrolysis
proves to be effective in activating SBE by opening
the pores and removing impurities.

ZnO/SBE composites offer several advantages
as photocatalyst materials for dye degradation,
such as enhanced photocatalytic activity, improved
adsorption  capacity,  cost-effectiveness, and
environmental friendliness. However, they also
have some limitations, including limited visible-
light absorption, photocorrosion and stability issues,
recyclability challenges, and potential substrate
compatibility concerns.

Numerous studies have been conducted
on the photocatalytic degradation and removal
of colorant/dye wastes, leading to significant
achievements. For instance, Hindryawati et al.
(2020) investigated the photocatalytic degradation
of methylene blue (MB) using SBE impregnated
with WO,, while Saputra ef al. (2020) studied the
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photocatalytic degradation of MB with CeFeO,/
calcinated SBE. In another investigation, Slamet
et al. (2021) explored the application of SBE/ZnO
composite for the removal of RhB, comparing its
adsorption ability in both dark and ambient light
conditions. Furthermore, Rahayu and Nurhayati
(2023) compared the adsorption capacities of SBE
and activated SBE for RhB dye. Additionally,
Yulikasari, et al. (2023) employed SBE/ZnO in
a catalytic ozonation process to remove RhB.
However, it is essential to note that the methods
used in the reported studies differ from those in
this research.

Another avenue of research involves the
application of semiconductor and montmorillonite
composite materials for photodegrading RhB.
Haounati et al. (2023) demonstrated the use of ZnO/
montmorillonite photocatalyst in RhB degradation
under UV light irradiation and the presence of
scavenger agents. Similarly, Djellabi et al. (2014)
employed a TiO,/montmorillonite composite for
RhB photodegradation under UV-A irradiation.
Notably, the reported studies utilised fresh
montmorillonite, whereas this research focuses on
spent montmorillonite (SBE).

Despite extensive efforts to find studies
employing the same materials, pollutant, and
methodology, there was a lack of research on the
photocatalytic degradation of RhB using ZnO/
SBE. Consequently, this study remains relatively
rare and presents ample opportunities for further
development and exploration.

Furthermore, the papers reported by other
groups seldom mention the examination of the
photodegradation products. According to the
mass conservation law, mass cannot be created nor
destroyed; it simply transfers from one substance to
another. As a result, it is crucial to conduct meticulous
observations to identify the products formed after
the photocatalytic process. This study has taken
the initiative to identify these products using gas
chromatography-mass spectrometry (GC-MS).

By focusing on the identification of the
photodegradation products, this work aims to
shed light on the complete mechanism of the
photocatalytic process and provide valuable
insights into the fate of the reactants and the
formation of new substances. This comprehensive
understanding is essential in assessing the efficiency
and environmental impact of photocatalytic
applications. Hence, this research not only
explores the photodegradation process but also
demonstrates a novel approach to examining the
photodegradation products using GC-MS, offering
valuable contributions to the field, and laying the
foundation for further exploration in this area.

In this research, a composite material consisting
of SBE and ZnO was synthesised for use as a
photocatalyst in the photodegradation process

of RhB. The variable studied was the pyrolysis
temperature, which was set at 450°C, 500°C, and
550°C for activating SBE. The structure, morphology,
active surface area, and chemical composition of SBE,
Zn0O, and ZnO/SBE composites were characterised
using various material characterisation techniques.
The photocatalytic performance of the synthesised
materials was evaluated through photocatalytic
tests. The correlations between pyrolysis
temperatures and the chemical and physical
properties of the materials were investigated, as well
as their effects on the photocatalytic performance.
At the end of the research, an investigation of the
photodegradation products was conducted using
GC-MS instrumentation. This analytical technique
was utilised to identify the substances produced
during the photocatalytic process.

MATERIALS AND METHODS

Prior to the activation process, as received or pure
SBE was characterised using Scanning Electron
Microscope (SEM), X-Ray Diffractometer (XRD),
Fourier-Transformed  Infra-Red  (FTIR), and
Brunauer-Emmet-Teller (BET) instruments. To start
the activation process of SBE, a total of 1000 g of
pure SBE was dried at 200°C for 10 hr in a mulffle
furnace, followed by soaking in 0.1 M KOH for 24
hr to decompose organic impurities such as the
remaining CPO in SBE. The SBE was then dried
in a vacuum oven at room temperature for 12 hr.
The dried SBE was subjected to pyrolysis under a
nitrogen flow in a horizontal vacuum furnace at
temperatures of 450°C, 500°C and 550°C for 2 hr.
The resulting pyrolysed SBE samples were washed
with 2 M HCI and distilled water until neutral
(pH =7), dried at 200°C for 10 hr in a muffle furnace,
and then filtered using 100 mesh filter paper. At
the end of these processes the activated SBE was
produced. The volatile matter compositions of the
pyrolysed samples were examined following the
American Society for Testing Materials (ASTM)
D-3174 procedure (Isnugroho et al., 2016). The SBE
samples activated at 450°C, 500°C and 550°C were
denoted as ASBE1, ASBE2 and ASBE3, respectively.
The synthesis of the ZnO/SBE composite
involved dissolving 78.7 g of zinc acetate dihydrate
(Zn(CH3CO2)2:2H20) in 337.5 mL of distilled water
and then mixing it with 120 mL of ethanol. The
complete formation of ZnO can be described by the
following reaction in Equation (1) (Ha et al., 2013).

Zn(CH,COOH),2H,0 + 2NaOH,, —»
ZnO,, + 2NaCH,COO,, + H,0,, (1)

Subsequently, 12.5 g of activated SBE was added
to the solution. The mixture was refluxed at 80°C
for 2 hr and then transferred to a 1000 mL glass
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beaker, where 225 mL of 2 M NaOH was added
while stirring with a magnetic stirrer for 1 hr to form
a gel composed of wet precipitate. The precipitate
was filtered using 100 mesh filter paper, and the
resulting ZnO/SBE composite precipitate was dried
in a vacuum oven at 60°C for 12 hr. The composite
material formed by combining activated SBE (ASBE)
with ZnO was designated as KSBE. Specifically,
KSBE1, KSBE2 and KSBE3 were used to represent
the composites of ASBE1, ASBE2 and ASBE3 with
Zn0O, respectively.

The structure, morphology, and composition
of the materials were characterised using X-ray
diffractometer (XRD Panalytical X'pert Cu Ka =
1.5406 A), Scanning Electron Microscope equipped
with Energy Dispersive X-Ray Spectrometer (SEM/
EDX, FEI Tecnai S50) and Fourier Transformed
Infra-Red (FTIR Shimadzu) instrument, respectively.
The active surface area was measured using a
Brunauer-Emmet-Teller (BET Quantachrome Nova
4200e) instrument and the photocatalytic test results
were measured using a UV-Vis spectrophotometer
(Thermo Fischer Scientific Genesys) and GC-MS
(Perkin Elmer) instrument.

Photocatalytic testing was performed to
analyse the effect of SBE activation temperature on
the performance of ZnO/SBE composite (KSBE)
in degrading RhB. Standard RhB solutions with
concentrations of 2, 4, 6, 8, 10, and 12 ppm were
prepared to build a linear curve showing the
correlation between absorbance and concentration
values. A 12 ppm RhB solution was then mixed with
0.5 g of SBE in a 50 mL beaker glass, which was tightly
covered and irradiated using a 20 W TL blue light
source (Philips TL blue light 20 W/521=400 - 500 nm,
peak 1 = 450 nm) for varying durations of 0, 2, 4,
6, 8, and 10 hr. This process was repeated for the
photocatalyst materials, including ZnO, KSBE1
(450°C), KSBE2 (500°C), and KSBE3 (550°C). Each
sample was measured using a UV-Vis instrument
every 2 hr, and the absorbance data were converted
into concentration in ppm.

Before  conducting the  photocatalytic
measurements on each material, the RhB
solution was pre-conditioned in the dark with
the photocatalyst materials, namely SBE, ZnO,
KSBE1, KSBE2 or KSBE3. This pre-conditioning
step aimed to ensure that the adsorption of RhB
reached equilibrium prior to exposing it to UV
irradiation. By doing so, it could be confirmed that
any reduction in RhB absorption observed was
solely attributed to photodegradation rather than
the adsorption of RhB in the ZnO/SBE composite.

RESULTS AND DISCUSSION

Figure 1a shows the X-ray diffraction peaks of the
samples SBE, ASBE1, ABSE2 and ASBE3, which

consist of quartz and montmorillonite (AlL,O,, SiO,,
CaO, and Fe,0,) phases (Yulikasari et al., 2022). The
findings were in line with the characteristics of SBE
which is classified as a group of montmorillonite
clay (Sabour and Shahi, 2018). The SiO, diffraction
peaks are observed at 20 = 20.7°, 21.5°, 26.5°, 27.3°,
39.3°, 59.7° and 68°, corresponding to (110), (002),
(022), (141), (321), and (262) planes, respectively,
as per JCPDS 46-1045 (Amritphale et al., 2016).
The diffraction peaks of ALO, are observed at
20 = 35.4°, 42.2°, 43.1° and 47.3°, corresponding
to (200), (202), (024) and (213) planes, respectively,
as per JCPDS 12-0219 (Yulikasari et al., 2022).
Fe,O, peaks are observed at 20 = 27.6°, 29.1° and
45.7°, corresponding to (121), (112), and (231)
planes, respectively, according to International
Crystallographic Diffraction Data (ICDD) no. 01-
089-0597 (Ilmi et al., 2021). The diffraction peak of
CaO is observed at 49.9° for the (143) plane, as per
JCPDS no. 82-1691 (Singh et al., 2018).

Figure 1b shows the diffraction patterns of
ZnO and activated ZnO/SBE composites. In
addition to the diffraction patterns shown in
Figure 1a there are diffraction peaks of ZnO
observed at 20 = 30.9°, 31.71°, 34.3°, 36.14°, 47.34°,
56.51° and 62.67° which correspond to (100),
(002), (101), (102), (110), (103), (112) and (201)
planes, respectively, according to JCPDS card
36-1451 (Nurbayasari and Saridewi, 2017). Based
on the XRD diffraction peaks, the crystallite size
of the materials was calculated using the Scherrer
formula, and the results were summarised in
Table 1.

The Scherrer formula for calculating crystallite
size is given by (Cullity and Stock, 2014):

KA
~ Bcos O @

which, d is the crystallite size (nm), K is the
constant (taken as 0.9), A is the X-ray wavelength
Cu K-a source = 0.15406 nm, B is the breadth or
full width at half maximum (radian) and 0 is the
diffraction angle (radian).

The crystallite sizes of SBE, ASBE1, ASBE2
and ASBE3 materials were calculated to be 127.5,
72.8, 56.6 and 102.0 nm, respectively. Similarly, the
crystallite sizes of ZnO, KSBE1, KSBE2 and KSBE3
were found to be 61.2, 65.2, 57.9 and 57.9 nm,
respectively. Interestingly, the crystallite sizes
of ZnO decreased upon composite formation
with ASBE, possibly due to reduced inter-atomic
collisions caused by the presence of ASBE, as
suggested by previous studies (Septiani et al.,
2014). Notably, there were significant changes
in the crystallite sizes of SBE before and after
the activation process, indicating a structural
transformation. In general, the SBE pyrolysed at
500°C exhibited the smallest crystallite size.
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Figure 1. XRD results of (a) SBE, ASBE1, ASBE2 and ASBE3, (b) ZnO, KSBE1, KSBE2 and KSBE3.

TABLE 1. THE CRYSTALLITE SIZE OF THE SAMPLES WAS CALCULATED USING DEBBYE-SCHERRER FORMULA

. Crystallite size oncine A) spacing (B)
No. Sample 20 (°) FWHM (rad) (am) P ngE I’ano
1 SBE 26.6214 0.0669 127.5 3.344 -
2 ASBE1 26.4618 0.1171 72.8 3.370 -
2 ASBE2 26.4396 0.1506 56.6 3.368 -
4 ASBE3 26.4480 0.0836 102.0 3.371 -
5 ZnO 36.2141 0.1428 61.2 - 2.478
6 KSBE1 36.0449 0.1338 65.2 3.368 2.62
7 KSBE2 36.0696 0.1506 57.9 3.37 2.49
8 KSBE3 36.1714 0.1506 57.9 3.36 2.48

As reported by Mana et al. (2011) on the TGA/
DSC of SBE, there was a sharp TG decreasing
curve corresponding to ~ 42% mass loss from room
temperature to 500°C which was attributed to the
evaporation of water content (represented by an

exothermic peak at 278°C), the release of volatile
products or remaining oil, and the decomposition as
well as the burning of organic matters (represented
by two exothermic peaks at 341°C and 400°C).
After 500°C to 800°C, the TG curve sloped and



JOURNAL OF OIL PALM RESEARCH

the mass loss was only ~2%. The DSC curve also
showed an endothermic peak at 500°C which was
attributed to the breakage of the hydroxyl group.
Hence, the crystallite size of SBE pyrolysed at 500°C
was the smallest due to the greatest mass loss of
impurities from room temperature to 500°C. The
loss of impurities caused the SBE to restructure the
atomic arrangement nearly to the structure of pure
BE. The energy given in the form of high pyrolysis
temperature was used to erase the impurities.
However, when the temperature increased to more
than 500°C, the remaining energy was used to
decompose further the material and enlarge the
crystallite size as well.

The lattice spacing (d,,,,) of material can be
calculated using Bragg’s law quuahon (3)] which is
expressed as follows (Cullity and Stock, 2014):

_nA
spacing 2 sin O

(©)

In which, d_ . is the lattice spacing (A), A is
the X-ray wavelength Cu K-a source = 0.15406 nm,
0 is the diffraction angle (°), n is the integer number
(1,2, 3, etc.).

The lattice spacings of the materials are
presented in Table 1. For SBE, the lattice spacing
was calculated from the SiO, peak at 20 = 26.6214°,
resulting in a value of 3.344 A. This value closely
matched the SiO, lattice spacing of SiO, (quartz)
with a trigonal crystal structure, o YN
3.34347 A (Heriyanti et al., 2018). Upon activation
of SBE at 450°C, 500°C and 550°C (ASBEI,
ASBE2 and ASBE3), the peaks shifted slightly
to the left, causing an increase in the d_, . to
approximately 3.37 A, 3.368 A, and 3371 A,
respectively.  Interestingly,  the - ‘activation
temperatures did not seem to significantly affect
thed_,,, of activated SBE.

The lattice spacing of ZnO calculated from
ZnO peak at 20 = 36.2141° was measured to be
24785 A. Once ZnO was composited with SBE,
the peaks slightly shifted to the left, and the d_ ..
of ZnO in KSBE1, KSBE2 and KSBE3 slightly
increased to 2.62 A, 2.49 A and 2.48 A, respectively.
Meanwhile, the dS ines Of SBE were calculated from
the highest peak ‘of SBE at 20 ~ 26.4° in KSBE,
KSBE2, and KSBE3, resulting in values of 3.368 A,
3.37 A and 3.36 A, respectively.

As SBE belongs to the family of montmorillonite
clays, it can undergo intercalation, similar to other
members of this group. Intercalation involves the
insertion of certain species through cation exchange
in the interlayer of the clay, thereby preserving
its layered structure. This process results in an
increased basal spacing within the clay. Upon
heating, the layered structure transforms into a
thermally stable mesoporous and/or microporous

material, all the while retaining its original layer
structure. This modified form of montmorillonite is
commonly referred to as “pillared montmorillonite”
(Al Kasour et al., 2022).

Prior studies on ZnO nanocomposites with
montmorillonite reported that introducing ZnO
into the clay resulted in a noticeable shift in the
X-ray diffraction (XRD) peak of montmorillonite
towards a lower angle. Furthermore, this
incorporation of ZnO caused an increase in the
dSIDaCln of montmorillonite from 0.99 - 1.19 nm (Sani

et al., 2017) In contrast, our research suggests that

the compositing process of ZnO with SBE did
not follow the typical pillaring or intercalating
process. This conclusion is based on the
observation that the d . of ZnO and SBE
after the compositing process did not exhibit
significant changes compared to their respective
values before the process. Indeed, it is likely that
the bonding mechanisms involved are of a low
physical or mechanical nature. This suggests
that the interaction between SBE and ZnO might
not involve strong chemical bonds or substantial
structural alterations. Instead, the compositing
process may rely on weaker physical forces such as
Van der Waals interactions or mechanical mixing.

Figure 2 displays the FTIR diagrams of the
samples, namely pure SBE, pyrolysed SBE at 450°C
(ASBE1), 500°C (ASBE2), and 550°C (ASBE3), as
well as composite ZnO/SBE at 450°C (KSBE1),
ZnO/SBE at 500°C (KSBE2), and ZnO/SBE at 550°C
(KSBE3). FTIR analysis was employed to identify the
chemical functional groups present in these samples
and characterize their compositions. Pure SBE
and activated SBE (Figure 1a) exhibit characteristic
peaks corresponding to the -OH functional group
at a wavelength of 3392 cm” (Majid and Mat,
2017). Additionally, peaks corresponding to Si-O
functional groups are observed in the wavelength
range of 420-485 cm”, Si-O-Si functional groups at
1017 cm™, and a C=C bond at 1636 cm™. Notably, no
significant changes in the functional groups of SBE
materials are observed before or after the activation
process, even with temperature variations of
450°C, 500°C, and 550°C (Yulikasari et al., 2022), as
evident from the FTIR results above. Furthermore,
Figure 1b reveals additional peaks in the activated
SBE samples, including -OH functional groups
at wavelengths of 3277 cm™ and 1408 cm™, a C=O
functional group at 1637 cm™ and a Zn-O functional
group at 300-650 cm™ (Herndndez et al., 2007).

SEM characterisations were conducted on pure
SBE, ASBE1, ASBE2, ASBE3, ZnO, KSBE1, KSBE2
and KSBE3 samples. As depicted in Figure 3a,
the surface morphology of SBE exhibits a porous
structure with montmorillonite phases, displaying
irregular and nearly spherical shapes with sizes
ranging from ~5-40 um. Figure 3b-c illustrate the
surfaces of ASBE1, ASBE2 and ASBE3 samples,
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which exhibit increased pore openness as a result
of the activation process with KOH and pyrolysis
at high temperatures. Figure 3e-h depict the surface
morphologies of ZnO, KSBE1, KSBE2 and KSBE3.
In Figure 3e, white lumps on the surface indicate
the formation of ZnO. Meanwhile, in Figure 3f-g,
the presence of white lumps of ZnO on the surface
of ASBE samples partially obstructs the pores of
ASBE.

The elemental compositions of the samples, as
shown in Figure 4a-d and Table 2, were determined
by EDX analysis. The main constituent elements

of SBE were found to be Si (Silicon) at 38.54%,
O (Oxygen) at 49.03% and C (Carbon) at 7.97%.
Among the activated SBE samples, ASBE1, ASBE2
and ASBE3, oxygen had the highest composition
with levels of 54.73%, 53.5% and 53%, respectively.
Moreover, an increase in carbon content was
observed with increasing temperature during the
activation process, from 7.97% in pure SBE to 16.52%
in ASBE activated at 500°C. Notably, the activated
SBE at 500°C exhibited the highest carbon content
compared to pure SBE and ASBE activated at 450°C
and 550°C, respectively.
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Figure 2. FTIR results of (a) SBE, ASBE1, ASBE2 and ASBE3 (b) ZnO, KSBE1, KSBE2 and KSBE3.
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Figure 3. Bright Field Secondary Electron SEM images of (a) SBE, (b) ASBE1, (c) ASBE2, (d) ASBE3, (e) ZnO,
(9 KSBE1, (3) KSBE2 and (h) KSBES.
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Table 2 and Figure 4e-h also reveal that Zinc (Zn)
was the major constituent element in ZnO and 7ZnO/
SBE composite samples, with percentages of 43.3%,
44.06%, and 40.06% for KSBE1, KSBE2 and KSBE3,
respectively. Additionally, the activated ZnO/SBE
composite samples exhibited increased carbon
content, similar to the activated SBE (ASBE) samples
in Table 2. The highest carbon content of 21.68%
was observed in the ZnO/SBE composite activated
at 500°C. This carbon content originated from the
remaining CPO in the SBE, which was thermally
degraded during the pyrolysis process and formed
‘biochar” (Foong et al., 2022). Overall, these results
were consistent with the XRD and FTIR findings,
confirming the elemental composition of SBE as
Si, O, and C.

The active surface area and pore total volume
of pure SBE before and after activation at different
temperatures (450°C for ASBE1, 500°C for ASBE2
and 550°C for ASBE3) were measured using the
BET (Brunauer-Emmett-Teller) instrument. The
tabulated results are provided in Table 3.

Table 3 shows that SBE, ASBE1, ASBE2, and
ASBES3 have pore volumes of 0.038, 0.051, 0.119 and
0.098 cm® g™, respectively. It is evident that there is
an increase in pore volume for SBE after activation.
However, when the activation temperature was set
at 550°C, the pore volume decreased. This trend is
also supported by the surface area measurements
of SBE, ASBE1, ASBE2 and ASBE3. The surface area
of SBE increased from 11.217 m*g™ to 20.313 m* g™
and 106.851 m* g™ when activated at temperatures
of 450°C and 500°C, respectively. However, when

the pyrolysis temperature was set at 550°C, the
surface area decreased to 74.6 m?g”. The average
pore diameters were 13.819 nm Dbefore the
activation process, 5.048, 2.237 and 2.636 nm after
activation at 450°C, 500°C and 550°C, respectively.
Therefore, the SBE activated at 500°C exhibited
the highest active surface area and total volume
of pores due to the lowest average pore diameter.
It is worth mentioning that the active surface area
was not solely contributed by SBE, but also by
the remaining carbon, which transformed into
activated carbon, as confirmed by FTIR and EDX
results. At higher temperatures, the functional
groups of carbon were decomposed, resulting in a
decrease in carbon content according to the EDX
results, and consequently, a reduction in active
surface area as well (Bazan et al., 2016)

According to Rizkiyah et al. (2022), the active
surface areas of SBE were reported as 88.7, 158.7
and 124.5 m* g when activated at 400°C, 500°C,
and 600°C, respectively. Similarly, Wafti et al. (2011)
reported the active surface areas of SBE as 186,
206 and 72 m* g when activated at 400°C, 500°C,
and 800°C, respectively. These studies revealed
that there is a turning point temperature where
the maximum active surface area is achieved, and
beyond this temperature, the active surface area
reduces due to the decomposition of the activated
carbon, which contributes to the formation of new
pores. This finding is also supported by the XRD
measurements of crystallite size, where smaller
crystallite size corresponds to larger active surface
area (Hossain et al., 2018).

TABLE 2. THE ELEMENTAL COMPOSITIONS OF SBE, ASBE1, ASBE2, ASBE3, ZNO, KSBE1, KSBE2, KSBE3
BASED ON EDX MEASUREMENTS

Wt (%)
No. Sample
Zn Si C o

1 SBE - 38.54 7.97 53.03

2 ASBE1 - 32.51 12.43 54.73

3 ASBE2 - 29.53 16.51 53.50

4 ASBE3 - 30.48 16.06 53.00

5 ZnO 63.96 - - 36.04

6 KSBE1 43.30 7.89 12.23 36.58

7 KSBE2 44.06 3.68 21.68 30.58

8 KSBE3 40.06 6.69 20.80 31.55

TABLE 3. BET AND VOLATILE MATTER RESULTS OF SBE, ASBE1, ASBE2, ASBE3
No. Sample Active suzrfgce area Total volur:Ie_lof pores Average pore diameter Volatile matter
(m*g™) (cm’g™) (nm) (%)

1 SBE 11.217 0.038 13.819 -
2 ASBE1 20.313 0.051 5.048 6.14
3 ASBE2 106.851 0.119 2.237 3.54
4 ASBE3 74.600 0.098 2.636 4.02
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Figure 4. EDX analysis of (a) SBE, (b) ASBE1, (c) ASBE2, (d) ASBE3 (e) ZnO, (f) KSBE1, () KSBE2 and (h) KSBE3.



JOURNAL OF OIL PALM RESEARCH

Similar findings were reported by Liu et al. (2021),
where a decrease in surface area and pore volume
was observed at higher activation temperatures.
This decrease in surface area was attributed to
pore damage caused by excessively high activation
temperatures. On the other hand, the increase in
surface area of SBE was generally attributed to the
decomposition of organic matter and the release of
volatile components during the activation process.

Furthermore, research has shown that the
amount of carbon formed during the activation
process is directly correlated with the pore volume
and surface area of SBE. Additionally, pre-soaking
of SBE with KOH prior to the activation process
has been found to increase the surface area and
adsorption capacity of SBE, as reported in previous
research (Liu et al., 2021).

Tuble 3 also presents the percentage of volatile
matter for ASBE1, SBE2, and ASBE3 as 6.14%, 3.54%
and 4.02%, respectively. Research conducted by
Kusdarini et al. (2017) indicated that if the activation
temperature increased, the percentage of volatile
matter would decrease. This is because non-carbon
compounds do not decompose during the activation
process, resulting in less volatile matter being
released. Furthermore, an increase in the number
of pores formed due to the released volatile matter
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results in a decrease in the material’s surface area.
Based on the BET test results shown in Table 3, the
ASBE2 sample has the largest surface area and
corresponds to the percentage of low volatile matter.

Figure 5 displays the adsorption-desorption
isotherm curves obtained from BET measurements
of the samples plotted as volume adsorbed (STP
cm’g") vs. relative pressure (P/P,). Figure 5a shows
the curve of SBE which fits to type III adsorption
isotherm classified by IUPAC. According to IUPAC,
type III represents the nonporous or macro porous
adsorbents (Zhang et al., 2020). As classified by
IUPAC, macroporous materials have pores with
diameter >50 nm, mesoporous materials have
pores with diameter between 2 — 50 nm, while
microporous materials have pores with diameter <2
nm (Alothman, 2012). However, referring to Table
3, the average pore diameter of SBE is 13.819 nm,
indicating that SBE is a mesoporous material. The
isotherm curve had a shape similar to that of type
I1I, likely due to the presence of remaining CPO
that covered the pores. This explanation is further
supported by the desorption curve in Figure 5a,
which was lower than the adsorption curve at P/
P,<0.4 (low pressure). It is possible that the sample
was not degassed sufficiently, and some impurities
may still be present.
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Figure 5. Adsorption-desorption curves from BET measurements (a) SBE, (b) ASBE1, (c) ASBE2, and (d) ASBE3.
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Figure 5b appears to be a transition from
Figure 5a-c, because the desorption curve was only
slightly higher than the adsorption curve. Therefore,
the temperature of 500°C was likely not sufficient
to activate the SBE. Additionally, the active surface
area and the total volume of pores of ASBE1 were
not significantly different from those of SBE, as
shown in Table 3.

Figure 5b-d exhibit adsorption-desorption
hysteresis of type H,, as classified by IUPAC. The
three basic models of pores include cylindrical,
ink-bottle, and slit-shape pores. Type H,
represents the slit-shaped pores formed by non-
rigid aggregates of plate-like particles (Alothman,
2012). Thus, the activated SBE samples had slit-
shaped pores and were classified as mesoporous
materials, with pore diameters ranging from 2.237
to 5.048 nm.

Figure 5 illustrates that the volume adsorbed
of SBE (y axis) was the lowest, followed by ASBEI,
ASBE3, and ASBE2. This trend is consistent with
the results presented in Table 3, where ASBE2
had the smallest average pore diameter size and
highest active surface area and total pore volumes,
while SBE had the largest average pore diameter
size and lowest active surface area and total pore
volumes.
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Figure 6a illustrates the UV-Vis measurement
of RhB with a concentration of 12 ppm before
undergoing  photocatalysis.  The  maximum
wavelength was observed at approximately 554 nm
with an absorbance of around 2. This outcome
served as the baseline to determine the absorbances
of other concentrations in Figure 6b, which were
then used to establish a standard for assessing
changes in RhB concentration during the
photocatalytic test based on UV-Vis absorbance.

In Figure 6b, RhB was subjected to varying
concentrations of 2, 4, 6, 8, and 10 ppm, yielding
absorbance values of 0.295, 0.591, 1.104, 1.454, and
1.872, respectively. The resulting linear regression
equation is y = 0.1861x — 0.0731, where y denotes
the absorbance of the solution, and x represents
the concentration of the RhB solution (ppm). The
coefficient of correlation (R?) is equal to 0.98847,
which indicates a strong linear relationship
between concentration and absorbance based on the
Lambert-Beer law, since the R* value approaches 1.

The results of UV-Vis measurements on the
ZnO, SBE, KSBE1, KSBE2 and KSBE3 samples are
presented in Figure 6¢ as absorbance vs. time of the
photocatalytic experiments. Based on Figure 6b,
these results were then converted into % degradation
of RhB vs. time of the photocatalytic experiments,
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Figure 6. (a) UV-Vis measurement result of RhB 12 ppm. (b) Linear regression of UV-Vis measurement of RhB at concentrations of 2, 4, 6, 8, 20,
and 12 ppm plotted as absorbance vs. RhB concentration. (c) UV-Vis measurements on the ZnO, SBE, KSBE1, KSBE2, and KSBE3 samples. (d) The
conversion of RhB UV-Vis measurements in Figure 6¢ into % degradation of ZnO, SBE, ASBE1, ASBE2 and ASBE3 samples.
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as shown in Figure 6d. After 10 hr of photocatalytic
testing, KSBE2 showed the highest percentage
degradation of RhB (62.5%), followed by KSBE3
(42.8%), KSBE1 (36.5%), ZnO (33.2%) and SBE (24%).
Hence, drawing upon the aforementioned results
and focusing on the most significant outcome, if we
were to assess the contribution of SBE adsorption
within the composite, an approximate estimation
would be at 26.2%.

The percentage degradation results were
consistent with the active surface area, with KSBE2

(a)

having the highest active surface area, followed
by KSBE3, KSBE1l, and SBE. The high active
surface area allowed more RhB to be stored in
the pore volume, resulting in an increased photo-
degradation process. The compositing process of
ZnO with SBE significantly improved the ability of
ZnO as a photocatalyst semiconductor to degrade
RhB. Moreover, if the trendline of KSBE2 in

Figure 6d is extended to reach 100% degradation,
the photocatalytic process will need approximately
14.3 hr to complete.
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Figure 7. (a) Plot of RhB concentration (C) vs. times follows zero order kinetic, (b) plot of In C vs. times follows first order kinetic,
and (c) plot of 1/C vs. times follows second order reaction to determine the pollutant degradation kinetic.
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Figure 7 displays linear plots of reaction
rates for all samples to study the pollutant
degradation kinetics. Zero order reaction rate can
be expressed as follows (Upadhyaya and Dube,
1985):

dc
=k 4)

C=—kt+C, (5)

Where, C, is RhB concentration (ppm) at t = 0,
C is RhB concentration (ppm) at any time, ¢ (hr)
and k (ppm hr™) is the reaction rate constant. After
integration with initial value of C = C, at t = 0 and
final value of C = C at t = f, Equation (4) becomes
Equation (5). Equation (5) was plotted as seen in
Figure 7a.

For the first order reaction, the reaction rate can
be expressed as follows (Upadhyaya and Dube,
1985):

dC
i —kC (6)

Integration of Equation (6) results in Equation (7):
InC = —kt + IncC, (7)

And for the second order reaction, the reaction
rate can be expressed as follows:

f;_f — kC? 8)

In the same way, integration of Equation (8)
results in Equation (9) (Upadhyaya and Dube, 1985):

1 1
f—kt+?0 9)

Equation (7) and (9) were linearly plotted in
Figures 7b and c, respectively.

The reaction rate constants (k) and the correlation
coefficients (R?) are listed in Table 4, as follows:

Notably, all experimental data exhibit a
strong correlation with linear trendlines, boasting
correlation coefficients (R?) exceeding 93.51% for
zero order reaction kinetic, 91.96% for first order
reaction kinetic and 88.48% for second order
reaction kinetic. Consequently, it can be inferred
that the degradation kinetics of RhB adhere to
the zero-order reaction model. The reaction rate
constants ranked from the highest to lowest for all
the kinetic models were as follows: KSBE2, KSBE3,
KSBE1, ZnO, and SBE. Hence the reaction rates
ranked from the fastest to the slowest were KSBE2,
KSBE3, KSBE1, ZnO, and SBE.

The results of RhB degradation in Figure 6d
were probably less than reported in other papers.
For example, Slamet et al. (2021) conducted a study
comparing the adsorption ability of SBE/ZnO
composite towards RhB waste in both dark and
ambient light conditions. The results revealed that
the presence of ambient light significantly enhanced
the adsorption ability, reaching up to 147.059 mg
g'. In a study by Rahayu and Nurhayati (2023), the
abilities of SBE and activated SBE to adsorb RhB
dye were compared. The highest removal efficiency
reported was 76.77% for SBE and 81.8% for activated
SBE. The adsorption kinetics followed a pseudo-
second order reaction.

In another study conducted by Yulikasari, et
al. (2023), a catalytic ozonation process using SBE/
ZnO was employed to remove RhB. Remarkably,
the RhB dye was removed by 97.43% within just
12 min, with a catalyst dose of 0.5 g L", a pH of 7,
and an ozone flow rate of 31 min"'. However, the
methods of the reported research mentioned above
were different from our research.

The ZnO/montmorillonite photocatalyst, as
reported by Haounati et al. (2023), exhibited an
impressive 99% maximum degradation efficiency
of RhB after 70 min of UV light irradiation when
there was no scavenger agent added to the
RhB solution. The degradation followed a first-
order reaction kinetic. In contrast, the TiO,/
montmorillonite composite studied by Djellabi
et al. (2014) achieved a degradation efficiency
of 79.8% for RhB under UV-A irradiation over a
longer duration of 6 hr. It is worth noting that both

TABLE 4. COMPARISON OF ZERO ORDER, FIRST ORDER, AND SECOND ORDER RHB DEGRADATION KINETICS

PARAMETERS
Zero order First order Second order
Sample k (ppm h) R’ k (") R’ k (ppm h) R?
ZnO 0.3341 0.9544 0.037 0.9196 0.0042 0.8848
SBE 0.3097 0.9485 0.0258 0.9501 0.0022 0.9424
KSBE1 0.4436 0.9625 0.0517 0.9577 0.0061 0.9486
KSBE2 0.7028 0.952 0.1044 0.9659 0.0166 0.9752
KSBE3 0.5093 0.9351 0.0623 0.9463 0.0078 0.9363




JOURNAL OF OIL PALM RESEARCH

studies involved photocatalyst composites using
fresh montmorillonite, unlike SBE, which utilises
spent montmorillonite.

Hindryawati et al. (2020) reported the
degradation of 99.12% of methylene blue (MB)
by SBE impregnated with WO, catalyst during
2 hr of photocatalytic experiment and Saputra
et al. (2020) reported the degradation of 99.5%
of MB by CeFeO,/calcinated SBE after 2 hr
photocatalytic test. The experiment conducted by
Pinto et al. (2019) reported the RhB degradation of
maximum 80.46% after 24 hr photocatalytic contact
using geopolymer material. Hence, research of
ZnO/SBE as a photocatalyst for photodegradation
of RhB is still rarely found, so comparison of the
same photocatalyst material and solution waste
was difficult to find.

SBE, a type of montmorillonite clay, is
categorised as an insulator material. The
electrical conductivity of montmorillonite shows
temperature dependence; at 100°C, it ranges from
7.94 x 10 to 1.58 x 10”° Q' em™, while at 1000°C,
it ranges from 5.01 x 10° t0 8.71 x 10* Q' cm™. The
activation energy of montmorillonite’s electrical
conductivity is relatively low, ranging from 0.2 to
4.1 eV (Guseinov, 2017). Lower activation energy
corresponds to a higher energy band gap, while
higher activation energy indicates a smaller energy
band gap (Sawicki et al., 2016). Consequently,
with its low activation energy of electrical
conductivity, montmorillonite exhibits a relatively
high energy band gap. Previous studies have

Potential vs.
NHE (eV)
A

A

Visible light
A =450 nm

reported the energy band gap of montmorillonite
as 4.75 eV (Horwarth and Liang, 2011), 4.63 eV for
Mg*-doped montmorillonite, and 4.3 eV for
Fe’*-doped montmorillonite (Ferreira et al., 2019).
These values further support the insulating
properties of montmorillonite. On the other hand,
ZnO is a semiconductor material with an energy
band gap of 3.21 eV (Haounati et al., 2023). Hence
in this research, the photocatalytic activity was
solely governed by ZnO without heterojunction
mechanism of ZnO and SBE.

Figure 8 represents the schematic diagram of
RhB photodegradation by composite of ZnO/SBE.
Theoretically, when a photocatalyst semiconductor
material such as ZnO is exposed to light energy,
such as sunlight, its electrons (e’) are excited from
the valence band to the conduction band. This
leaves holes (h*) in the valence band which directly
oxidize the pollutant (RhB). Additionally, the
electrons (e) in the conduction band can react with
oxygen to produce superoxide anion radicals (O,).
The O, can react with H,O to form ¢OH radicals.
These *OH and O, radicals then participate in
redox reactions with organic compounds, such as
RhB, causing the breakage of chemical bonds and
the production of new compounds (Rajendrachari
et al., 2021) and (Irfan et al., 2019).

Further explanation, the conduction band
potential (E.;) and valence band potential (E,;)
of ZnO, as determined by Haounati et al. (2023)
using the Butler and Ginley method, were -0.32 eV
and +2.88 eV vs. the normal hydrogen electrode
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Figure 8. Schematic illustration of RhB photodegradation assisted by ZnO/SBE composite photocatalyst.
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(NHE), respectively. Due to the E_; potential of ZnO
(-0.32 eV) being more positive than the reduction
potential of O,/O, (-0.33 eV vs. NHE), the electrons
are unable to reduce O, into O,". Instead, the electrons
in ZnO conduction band react with dissolved O, to
produce H,0,, given that the potential of the electron
is more negative than the reduction potential of
O, to H,0O, (+0.682 eV wvs. NHE). Furthermore,
the produced H,O, reacts with ZnO electrons in
conduction band to generate * OH radicals and OH"
(Haounati et al., 2023).

Meanwhile, the potential of the ZnO conduction
band electrons is more negative than that of OH/
H,O (~2.72 eV vs. NHE), resulting in the inability
of the holes to react with OH" to produce *OH.
Consequently, the holes directly react with RhB,
degrading it through an oxidation reaction to form
products such as CO, and H,0.

The incorporation of SBE led to a homogeneous
dispersion of ZnO species and the establishment
of a well-connected interface between ZnO
particles and SBE layers, facilitated by electrostatic
interactions or weak physical bonds, such as Van
der Waals forces, as previously observed in XRD
results. Consequently, the excited electron-hole
pairs of ZnO could efficiently migrate due to the
electrostatic repulsion between the negatively
charged electrons and the negatively charged
SBE layers. In comparison to pure ZnO, the
likelihood of electron-hole recombination in ZnO
photocatalysts was substantially reduced, enabling
more electrons to react with adsorbed O,, thereby
generating sufficient ¢O,” and resulting in an
improved photocatalytic activity (Li et al., 2016).
The enhanced adsorption of RhB and O, facilitated
by the increased active surface area of SBE led to a
higher percentage of RhB degradation. As a result,
the sample KSBE2 exhibited the most significant
degradation performance due to its highest active
surface area among the tested samples.

The remaining RhB solution, with a molecular
structure of C,;H,,CIN,O, and a molecular weight of
479.017 g mol™, underwent Gas Chromatography —
Mass Spectroscopy (GC-MS) analysis to determine
if it had been degraded after photocatalytic test.
The results, shown in Table 5, indicate that RhB was
broken down into 6 new compounds, confirming
the effectiveness of the photocatalytic process.

Figure 6d and Table 5 provide evidence that the
degradation of RhB resulted from both photocatalytic
and adsorption mechanisms. If degradation
were exclusively attributed to the photocatalytic
process, one would anticipate the most substantial
photodegradation percentage to appear in Figure 6d,
corresponding to the ZnO photocatalyst material.
Nevertheless, if the degradation were primarily
prompted by the adsorption mechanism, the
transformation of RhB into different materials, as
outlined in Table 5, would not be observed.

These findings support the conclusion that the
degradation of RhB involved a combination of both
photocatalysis and adsorption processes.

CONCLUSION

Composites of ZnO and activated SBE have
been successfully synthesised and wused as
photocatalyst materials for the photodegradation
process of RhB through combination of two
mechanisms,  photocatalytic by ZnO and
adsorption by activated SBE and follow zero
order reaction kinetic. The pyrolysis process has
proven to be effective in enhancing the properties
of SBE, and a pyrolysis temperature of 500°C
yielded the best photocatalytic result due to the
superior structure and properties of the material,
as indicated by the material characterisation
measurements. Based on BET analysis, the surface
area of SBE, ASBE1, ASBE2 and ASBE 3 were 11.217,
20.313, 106.851 and 74.6 m* g, respectively. After
10 hr of photocatalytic testing, KSBE2 showed the
highest % degradation of RhB (62.5%), followed
by KSBE3 (42.8%), KSBE1 (36.5%), ZnO (33.2%),
and SBE (24%). These results were certainly in
line with the BET results. SBE facilitated the
creation of a larger active area for the dispersion
of ZnO, adsorption of RhB and O, and played
a role in impeding the recombination of ZnO’s
electron-hole pairs through a repulsion mechanism
between the negatively charged electrons and
the negatively charged SBE surface. GC-MS
analysis revealed that RhB was decomposed into
six new compounds after the photocatalytic test.
Thus, the photocatalyst material was effective in
decomposing RhB, demonstrating its potential for

TABLE 5. GC-MS RESULTS OF RHB SOLUTION AFTER PHOTOCATALYTIC TEST

No Compound name Chemical formula Percentage (%)
1. 9,12-Octadecadienoic acid CH,,0, 9.720
2. Methyl Octadetanoate C,H,0, 23.292
3. 8-Octadecenoic acid, methyl ester C,,H,0, 23.068
4. Octadecadienoic acid, methyl ester C,,H,,0, 23.019
5. Hexadecanoic acid, methyl ester C,H,0, 7.840
6 Methylbenzene CH, 4.140




JOURNAL OF OIL PALM RESEARCH

environmental remediation applications despite of
the lower degradation percentage compared to the
other reported research.
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