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Pillarization of bentonites (from East Java) with ZnO semiconductors has been synthesized using co-precipitation methods into a
ZnO/Bentonite composite and applied as a catalyst in a photocatalytic process to remove Methyl Orange (MO) dyes. The optimum
pH condition of MO dyes is at pH 2 with a degradation rate of 22.91% (from 15 mg/L to 11.523 mg/L). The optimum ZnO/Bentonite
catalyst weight condition is 200 mg, with a degradation rate of 29.11% (from 15 mg/L to 10.596 mg/L). The optimum time condition
for UV lamp irradiation is 60 minutes, with a degradation rate of 64.92% (from 15 mg/L to 5.244 mg/L). The kinetics of MO
photocatalytic reaction using ZnO/Bentonite catalyst follows the pseudo-first-order Langmuir-Hinshelwood-Santosa kinetic model
with photocatalytic reaction rate constant (k;) of 0.014 and photocatalytic equilibrium constant (K) of 0.012.
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1. INTRODUCTION

MO dyes are included in the waste dyes that are usually pro-
duced by the textile industry, and they are dangerous if in high
concentrations (Patel and Vashi, 2012). Dyes can cause eye
irritation, and skin allergies, and disrupt the human reproduc-
tive system if touched and consumed (Shaban et al., 2017).
Many technologies have been developed to reduce dye con-
centrations in wastewater (Shaban et al., 2018). Such methods
as adsorption, coagulation-flocculation, and photocatalysis are
currently being developed (Fu et al., 2020; Huang et al., 2020;
Soliman and Moustafa, 2020). Photocatalysis is considered a
better process because the dye will be degraded first by UV light,
which can generate hydroxyl radicals as an oxidizer (Ameta
et al., 2018). Photocatalytic is a sustainable and inexpensive
waste degradation process (Ameta and Prajapati, 2016).

The process of photocatalysis requires a catalyst, which is
a semiconductor material. Semiconductor catalysts are the
safest materials because their physical or chemical properties
remain unchanged during the photocatalytic process (Harun
etal., 2018). The semiconductors that are often used to reduce
dangerous organic compounds are TiOg (band gap: 3.2 eV)
and ZnO (band gap: 3.3 €V) because they have high activity,

good chemical stability, and are non-toxic (Al-Baghdadi et al.,
2022; Nhu et al., 2017).

To increase the degradation percentage, ZnO can be modi-
fied with mineral clays that have a high surface area using the
pillarization method. Bentonite is one of the good clay min-
erals to be used as a pillaring agent for semiconductors. The
bentonite surface structure consists of three layers of alumina-
silicate, where two layers of silica (tetrahedral) bind one layer of
alumina (octahedral), and it’s stabilized by metal cations Na*,
Ca®*, Mg?", Fe?', etc. in the interlayer of bentonite (Ozcan
etal., 2007). Metal cations can be substituted with metal oxides
such as ZnO, TiOg, and SnOgy semiconductors using the pil-
larization method to produce pillared bentonite with a higher
surface area and can be used as a catalyst due to the presence
of metal oxides (Supeno et al., 2018).

7ZnO/Bentonite nanocomposite has been synthesized and
reduced the ZnO band gap from 8.8 €V to 3.21 €V, and it’s
used as a catalyst in phenol and metal Cr(VI) degradation
(Chakraborty et al., 2019). SnOg/Bentonite nanocomposite
has been synthesized, where the band gap of SnOg has de-
creased from 38.41 eV to 1.51 €V, and it’s used for the degrada-
tion of methylene blue, MO, and malachite green (Babu and
Antony, 2019). Both of these research studies provide the same
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result, which indicates the ZnO-Bentonite or SnOq9/Bentonite
catalyst gives a higher degradation percentage than the ZnO
or SnOy catalyst alone (Babu and Antony, 2019; Chakraborty
etal., 2019).

Based on the explanation above, in this research study,
pillarization of bentonite with a ZnO semiconductor was syn-
thesized by the co-precipitation method, and the success of
synthesis was characterized by X-Ray Fluorescence (XRF), X-
Ray Diffraction (XRD), and Diffuse Reflectance/UV-Visible
Spectroscopy (DR/UV-Vis). The bentonite used in this study
comes {rom Pacitan (Eastern Java) because it contains Al com-
pounds that affect the closure power of bentonite and contains
a Si compound that can absorb organic matter, thus enabling
it to be actified, modified, and applied as a catalyst for organic
substances such as dyes. ZnO/Bentonite was applied as a cat-
alyst for MO dye photocatalysis. The studied photocatalytic
processes are variations in pH dyes, catalyst weight, and UV
lamp contact time. The photocatalytic kinetics studied are the
pseudo-first-order Langmuir-Hinshelwood kinetic model and
the pseudo-second-order Ho-McKay kinetic model. Not only
that, in this study, the photocatalytic kinetics were also studied
using the derivatives of the Langmuir-Hinshelwood-Santosa
formula. In this study, the efficiency of ZnO/Bentonite synthe-
sized from ZnO semiconductors with positive charge surfaces
has been modified with bentonites with negative charge sur-
faces and positive charge interlayers when degraded MO as an
anionic dye is well studied.

2. EXPERIMENTAL SECTION

2.1 Chemical and Instrument

The bentonite used was prepared from clay from East Java. Ad-
ditional chemicals, such as HoSO4 97% (Merck), Zn(NOg) 9.4H
90 (Smart-Lab A-3386 PA/AR), ethanol (Merck), NaOH
(Merck), and MO dye. The materials were characterized using
several instruments, such as XRF (ARL 9900 series), XRD
(Rigaku Miniflex-600), DR/UV-Vis (JASCO V-760), UV-
Visible Spectrophotometry (Hitachi U-2900), and 3 pcs of
UV-C Lamp (Krisbow 500 Watt, 253.7 nm Wavelength).

2.2 Actifation of Bentonite

Bentonite from East Java was actified using 50 mL of HgSO4
with concentrations of 15% for 80 minutes and dried at 110°C.
The actified bentonite was characterized using XRF and XRD.

2.3 Synthesis of ZnO/Bentonite

100 mL of 0.05 M Zn(NOg) 9.4H9 O solution was slowly dosed
with NaOH (prepared with ethanol solvent) at 2 M to pH 12
(Romadhan et al., 2016). The reaction was maintained at
70°C for 5 hours. Then, the solution was cooled to a normal
temperature and filtered. The ZnO precipitate was dried at
150°C for 38 hours. The synthesized ZnO material of 2 g was
reacted into 1 g of actified bentonite dissolved in 250 mL of
distilled water, the reaction was maintained at pH 12 and a
temperature of 70°C for 5 hours. Then, the ZnO/Bentonite
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solid was calcinated at 150°C for 4 hours and characterized

using XRD and DR/UV-VIS.

2.4 Photocatalytic Method

2.4.1 Variation of MO pH

200 mg of ZnO/Bentonite was reacted with 20 mL of MO 15
mg/L solution for 20 minutes at pH 2; 3.5; 6.

2.4.2 Variation of ZnO/Bentonite Weigh

20 mL of MO 15 mg/L was reacted with 100, 200, 300, 400,
and 500 mg ZnO/Bentonite for 20 minutes at optimum pH
conditions.

2.4.3 Variation of UV Lamp Irradiation Time

20 mL of MO 15 mg/L was reacted with ZnO/Bentonite
under conditions of optimum pH of MO and optimum weight
of ZnO/Bentonite exposed to UV light for 10, 20, 30, 40, 50,
60, 70, and 80 minutes.

All photocatalytic processes were worked on a closed box
illuminated by three UV-C lamps on the top, left, and right. In
this removal, MO with a photocatalytic process, the variation
of MO pH, variation of ZnO/Bentonite weigh, and variation
of UV lamp irradiance time will be studied. The percentage of

degradation MO will be calculated using the following Equation
1.

Co-GC

%Degradation = ( ) x 100% (1)

0
Cy represents the initial concentration of MO and C, represents
the final concentration of MO after the photocatalytic process
at time (t) minutes. The photocatalytic kinetics studied were de-
termined using the pseudo-first-order Langmuir-Hinshelwood
kinetic model following Equation 2 and the pseudo-second-
order Ho kinetic model following Equation 3 (Prandini et al.,

2022).

Co
In C

kl'l
+
CO_Ct

:CO_Cz

K 2)
k1 is the reaction rate constant at pseudo-first-order and K is the
photocatalytic equilibrium constant (Langmuir-Hinshelwood
kinetic model).

o 1 +1t
Q ke-Q2 Q.

Q. (mg/g) represents the degradation capacity at equilibrium;
Q; (mg/g) represents the degradation capacity at time (t); and
kg is the reaction rate constant at pseudo-second-order (Ho-
McKay kinetic model). Degradation capacity (Q;) can be cal-
culated following Equation 4.
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3. RESULTS AND DISCUSSIONS

Natural bentonite actified using HoSOy at 15% causes the ben-
tonite interlayer to swell and the active side to increase (Er-
liyanti et al., 2020). The results of XRF measurements of
actified bentonite are presented in Table 1. The results show
the type of bentonite is Ca-bentonite due to the presence of
CaO content of 2.35% and the absence of NagO.

Table 1. XRF Result of Actifed Bentonite

Science and Technology Indonesia, 9 (2024) 539-545

1.6
ZnO/Bentonite

1.2
£ 084

0.4

0.0

1.6 2.0 24 2.8 3.2 3.6
Energy (eV)

Composition  Presentation (%)
SiOq 64.91
AlyOg 5.07
FCQO3 292
KO 0.25
CaO 2.35
MgO 0.44
NayO 0.00

In line with these results, the XRD spectrum shows in Fig-
ure 1 the characterization of Bentonite modified with ZnO as
a semiconductor with a ratio of 2:1 (Bentonite:ZnO). A typical
bentonite peak will appear at 20.7° and quartz at 36.3° (Hebbar
et al., 2018). Typical montmorillonite peaks will appear at 26
20-22°, 35°, and 68° while quartz peaks appear at 20 25-28°
(Zaher MS et al., 2018). Typical diffraction peaks of ZnO
include 81.7°, 84.3°, 36.8°, 47.5°, 56.7°, 62.9°, and 68.01°
(Chakraborty et al., 2019). These peaks indicate the hexago-
nal crystal planes of ZnO (Muhammad et al., 2019). Peaks
68-70° indicate ZnO produced in the hexagonal wurtzite struc-
ture, which is the most stable and cleanest ZnO structure from
contaminants (Yedurkar et al., 2016).

1600
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Figure 1. XRD Patterns of Bentonite and ZnO/Bentonite

Figure 1 shows the XRD patterns of the actified bentonite.
Peaks 22.02° and 35.46° show typical Ca-Montmorillonite,
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Figure 2. Kubelka-Munk Plot Curve of ZnO/Bentonite
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Figure 3. MO Color Conditions at pH 2(a); 3.5(b); 6(c)
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Figure 4. Structure of MO if Delocalized of Electrons in Acid
and Base Conditions

and peak 23.92° shows quartz (SiOg) in bentonite. Figure 1
shows the XRD patterns of ZnO/Bentonite. Peaks 31.76°,
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Figure 6. C, of MO (%Degradation) at Variation of
7ZnO/Bentonite Weight

34.4°, 36.26°, 47.49°, 56.65°, 62.79°, and 68.03° show the
wurtzite hexagonal structure of ZnO. Peak 21.59° shows Ca-
Montmorillonite, and peak 27.84° shows quartz of bentonite.
Typical bentonite and ZnO peaks appear in the resulting XRD
patterns, so it can be said that both were successfully modified
(Byun et al., 2028; Khobzaoui et al., 2019).

Peak 22.02° in XRD patterns of bentonite has a d-spacing
of 4.082A. D-spacing shows the interlayer distance of the alu-
minum silicate structure of bentonite. Then, peak 21.59° in
the XRD results of ZnO/Bentonite has a d-spacing of 4.12A.
The values of these two d-spacings don’t have a significant
difference. It shows that ZnO doesn’t enter the interlayer of
bentonite, but only attaches to the bentonite surface. This
may be because Ca-bentonite is more difficult to swell than
Na-bentonite, which makes it difficult for ZnO to enter the
bentonite interlayer (Byun et al., 2028). The crystal structure
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Figure 7. C; of MO (%Degradation) at Variation of UV
Irradiation Time

of bentonite is also rigid (Khobzaoui et al., 2019), making it
difficult to change its structure, making it difficult for ZnO to
attach to the bentonite interlayer and only attach to the surface.

Figure 2 shows the Kubelka-Munk Plot Curve of ZnO/Ben
tonite. In general, the band gap of ZnO is about 3.2-3.87 eV
(Chakraborty et al., 2019; Kumar et al., 2015). Modified ZnO
with Bentonite decreases the ZnO band gap to 3.14 eV. If the
band gap value is smaller, the energy needed in the electron
excitation process when the degradation process occurs is also
smaller, so it can increase the percentage of degradation (Pelaez
etal., 2012).

The synthesized ZnO/Bentonite was applied as a catalyst
(semiconductor) in the MO photocatalytic process. The pH
range of MO is 3.1-4.4 (Niu, 2013). So to find the optimum
pH conditions for MO photocatalytic, it was applied in 8 con-
ditions, including pH conditions below the pH range of MO at
pH 2 when MO is red, pH range conditions of MO at pH 3.5
when MO is orange, and at pH conditions above the pH range
of MO at pH 6 when MO is yellow as shown in Figure 3. The
maximum wavelength obtained from each pH 2, 8.5, and 6 is
504 nm, 495 nm, and 464 nm.

Figure 4 shows the changes in MO structure at acid and
base conditions. The delocalization of electrons in the MO
structure will occur when the pH is changed, as shown in Figure
4. When the MO condition is acidic (pH 2), H" ions in the
MO structure increase, so more conjugated double bonds are
formed, which cause a shift at longer wavelengths. This is
called a bathochromic shift or red shift. Thus, MO will be
more positively charged in acidic conditions (Pratiwi et al.,
2020).

The results of MO degradation using a ZnO/Bentonite
catalyst are shown in Figure 5. According to Figure 5, Co MO
of 14.948 mg/L (15 mg/L) gave Ct of 11.523 mg/L at pH
2, 12.8312 mg/L at pH 8.5, and 13.804 mg/L at pH 6 when
degraded by ZnO/Bentonite/UV. These results show that the
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Figure 8. Langmuir-Hinshelwood (a); Ho-McKay (b); Langmuir-Hinshelwood-Santosa (c) Kinetic Curve

highest percent degradation occurred during MO conditions
at pH 2 of 22.91%. As explained earlier, at an acidic pH of 2,
MO will be positively charged, which makes it easier to attach
to the bentonite surface, which is negatively charged (Baik and
Lee, 2010) before the degradation process occurs.

Figure 6 shows the Ce and %degradation of MO (15 mg/L)
conducted under conditions of ZnO/Bentonite catalyst weight
variation and at optimum pH conditions (pH 2). According to
Figure 6, ZnO/Bentonite with 200 mg weight degraded MO of
4,404 mg/L (Ct MO = 10,596 mg/L) gave the highest percent
degradation result, namely 29.11%. Figure 6 shows that when
the weight of ZnO/Bentonite is 300, 400, and 500 mg, the
percent degradation is decreased. This is perhaps because when
the weight of ZnO/Bentonite is >200 mg, it will cover the MO
particles, making it difficult for UV light to degrade the MO
dyes.

Based on the above observations, the MO degradation pro-
cess was continued by varying the UV lamp irradiation time
at the optimum pH of MO (pH 2) and the optimum weight
of ZnO/Bentonite (200 mg). The results of MO (15 mg/L)
degradation based on variations in UV irradiation time are
shown in Figure 7. According to Figure 7, the optimum time
of MO degradation is 60 minutes, which degraded MO by
9.756 mg/L (Ct MO = 5.244 mg/L) and showed the highest

© 2024 The Authors.

percent degradation of 64.92%. Figure 6 shows an increase in
the percent degradation of MO from 10 minutes to 60 minutes
but a not-so-significant decrease in percent degradation at 70
and 80 minutes. At this time, the percent degradation shows an
equilibrium condition. If the UV irradiation time is increased,
the percent degradation can decrease continuously. This is
possible because if the degradation of MO by ZnO/Bentonite
is longer, ZnO/Bentonite is in a saturated condition to degrade
MO, which can cause MO to be released from the catalyst
surface and the percent degradation will decrease.

Based on the UV irradiation time data above, the pseudo-
first-order Langmuir-Hinshelwood kinetic model (Equation
2) and the pseudo-second-order Ho kinetic model (Equation
3) were studied. The kinetic model calculation data is shown
in Table 2.

Based on Equation 2 and Table 2. the Langmuir-Hinshelwo
od kinetic curve is shown in Figure 8(a). k] (reaction rate con-
stant) of pseudo-first order is indicated by the slope value. and
K (photocatalytic equilibrium constant) is indicated by the
intercept value. Based on Equation 3 and Table 2. the Ho-
McKay kinetic curve is shown in Figure 8(b). k9 (reaction rate
constant) of pseudo-second order is indicated by intercept and
@ The reaction constants and linear regression values are
shown in Table 3.
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Table 2. Langmuir-Hinshelwood Kinetic Model Calculation
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Co Co
Time (Minutes) C, (mg/L) C, —C, (mg/L) # %] In %—‘L’ (h:_? (I—L In(—?’ Q; é
0 14.948 0.000 0.000 1.000 0.000 0.067 0.000 0.000 1.000 0.000
10 11.891 3.557 2.811 1.312 0.272 0.076 0.878 0.024 1.312 7.620
20 10.596 4.352 4596 1.411 0.344 0.079 1.888 0.032 1411 14.177
30 9.347 5.601 5856 1.599 0.469 0.084 3.210 0.050 1.599 18.759
40 7.430 7.518 58320 2.012 0.699 0.093 5.384 0.094 2.012 19.882
50 5.796 9.152 5463 2.579 0947 0.104 8.626 0.163 2.579 19.388
60 5.244 9.704 6.183 2.850 1.047 0.108 11.441 0.200 2.850 21.051
70 5.500 9.448 7.409 2.718 1.000 0.106 12.728 0.182 2.718 25.755
80 5.522 9.426 8.487 2.707 0.996 0.106 14.488 0.180 2.707 29.553

Table 3. Calculation of Kinetics Model of MO Photocatalytic

Kinetic Model Parameters  Value
Langmuir-Hinshelwood R? 0.772

ky 0.005

K -0.064

Ho-McKay R? 0.894

ko 0.064

Langmuir-Hinshelwood- Santosa R? 0.935
ky 0.014

K 0.012

According to Table 3, the value of K in kinetics is negative.
In thermodynamics. the value of the reaction constant is not
allowed to be negative. Langmuir-Hinshelwood kinetics are
refined (Santosa et al., 2007) and the initial concentration (Cg)
doesn’t affect the reaction rate in the photocatalytic process. so
it is recalculated using Langmuir-Hinshelwood-Santosa kinet-
ics using the following formula Equation 5.

In & A
C, 1L
= K 5
G G + (%)

4. CONCLUSIONS

Bentonite from East Java has been successfully modified with a
71O semiconductor (band gap: 3.14 €V) and applied as a cat-
alyst in the photocatalytic process to remove MO dye concen-
tration. The success of ZnO/Bentonite material modification
was characterized using XRF. XRD. and DR/UV-Vis. In the
photocatalytic process that has been carried out. the optimum
pH for MO dye degradation is pH 2. the optimum weight of
the ZnO/Bentonite catalyst is 200 mg. and the optimum time
of UV lamp irradiation is 60 minutes. The kinetics of MO
photocatalytic reaction using ZnO/Bentonite catalysts follow
the pseudo-first-order Langmuir-Hinshelwood-Santosa kinet-
ics model with a photocatalytic reaction rate constant (k7) of
0.014 and a photocatalytic equilibrium constant (K) of 0.012.

© 2024 The Authors.

The ZnO/Bentonite composite’s catalyst degradation capabil-
ities are quite good in this study. ZnO semiconductors with
positive charge surfaces have been modified with bentonites
with negative charge surfaces and positive charge interlayers.
capable of degrading MO dye up to 64.92%.
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