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ABSTRACT: Sugar cane bagasse (SB) was modified with cetyltrimethylammo-
nium bromide (CTAB), followed by impregnation with zinc oxide (ZnO) to create
a synergistic adsorption and photocatalytic system for methyl orange (MO) and
methylene blue (MB) removal. The presence of CTAB and ZnO was confirmed by
X-ray diffraction, Fourier transform infrared, and energy dispersive X-ray (for Zn
and O). Modification of SB with CTAB (CSB) generated more positive sites on
the surface of SB, which enhanced MO removal compared with that of pristine SB.
ZnO impregnation induces a decrease in MO removal due to the ZnO presence on
the CSB surface, which might reduce the positive sites on the CSB. In addition, the
positive sites on CSB can interact with Zn2+ and O2− to form ZnO and lead to a
decrease in MO removal. In contrast, the presence of ZnO facilitated good removal
of MB compared to CSB, indicating that the photocatalytic process plays a greater
role in removing MB. However, the addition of H2O2 can improve MO and MB removal under irradiation due to the formation of
external •OH. The photocatalytic performance of MO and MB was also observed to be favored under acidic and alkaline conditions,
respectively.

1. INTRODUCTION
Synthetic dyes are the main pollutants in wastewater
discharged from textile, food, and leather industries.1−3 The
presence of colored organic compounds, such as dyes, in
wastewater generally reduces the transmission of sunlight, thus
impending photosynthesis and damaging aquatic ecosystems.4

In addition, the toxic and carcinogenic properties of dyes can
severely harm human beings.5,6 Various physical, chemical, and
biological methods have been adopted to eliminate dyes from
contaminated waters.7−10 Recently, photocatalysis has received
much attention and is considered one of the most promising
strategies to solve these problems due to its affordability,
feasibility, simplicity, and pollution elimination capacity, which
allows it to degrade dyes from wastewater streams. Photo-
catalysts involve photochemical reactions on the surfaces of
metal oxide semiconductors. This requires at least two
reactions to occur at the same time, namely, the oxidation
reaction by holes and the reduction reaction by photo-
generated electrons.11 The positive hole and negative electron
will react with oxygen and water to generate hydroxyl radicals
and superoxide radical anions, and both species can degrade
and mineralize stable organic pollutants.12

Zinc oxide (ZnO) is an n-type semiconductor that has been
investigated for photocatalytic processes. ZnO possesses a
band gap similar to that of titanium dioxide (TiO2), which
leads to high absorption efficiency across a large fraction of the

ultraviolet (UV) spectrum.13,14 In addition, ZnO is a promising
semiconductor for green environmental management systems
due to its unique properties, including a wide bandgap in the
near-UV spectral region, strong oxidizing capacity, excellent
photocatalytic properties, and large free exciton coupling.15−17

ZnO crystallization and growth can also be easily controlled;18

therefore, it has emerged as a strong candidate. Moreover, the
large band gap permits ZnO to absorb only UV light (∼4% of
the solar spectrum) and not visible light (∼43% of the solar
spectrum),19−21 leading to a low degradation efficiency in the
solar spectrum. Therefore, many studies have reported
modifications to semiconductors that involve combining
semiconductors and support materials to achieve synergy
between adsorption and photocatalysis,4,22,23 therby preventing
semiconductor coagulation and facilitating photocatalyst
separation.24 For instance, Calzada et al. reported ZnO-
supported SBA-15 preparation by an incipient wetness
impregnation technique, and the photocatalysis exhibited
high photocatalytic efficiency (99%) for methylene blue
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(MB) degradation.25 Tehubijuluw et al. also reported the
deposition of ZnO on ZSM-5 by wet impregnation methods,
and these photocatalysts yielded the highest photocatalytic
efficiency toward MB (99%).26 Nasrollahzadeh et al.
investigated methyl orange (MO) photodegradation by
ZnO/activated carbon. Their research showed low photo-
catalytic efficiency (∼20%) toward 25 mg L−1 MO solution
due to the negative charges on the surface of the composite,
which led to repulsion between the negatively charged surface
and negatively charged MO.27

Biomasses based on agricultural waste have become
promising materials for supporting ZnO for MO and/or
anionic molecules (AMs) removal to enhance the photo-
catalytic ZnO/support material for MO and/or AMs. Using
renewable resources and agricultural wastes as adsorbents for
pollutant removal in contaminated water is a strategy that
benefits water campaigns for the environment and sustainable
development.28 Sugar cane bagasse (SB) is the waste product
generated after the extraction of sucrose-containing juices from
sugar cane. SB is the most productive crop residue and is
composed of cellulose (35−59%), hemicellulose (18−26%),
and lignin (16−25%), and it has been widely utilized for the
production of fuels, surfactants, activated carbon, and
adsorbents.29 SB contains hydroxyl and carboxylic acid groups;
therefore, it is an efficient adsorbent for pollutant removal. For
instance, Zhang et al. reported on ball mill-modified SB, which
facilitated 80% Congo Red removal at a dosage of 8 g L−1.30

The adsorption efficiency of SB can be increased by modifying
SB with surfactants to improve its wettability and reduce its
surface tension, which allows for the adsorption of various
organic pollutants, such as phenolics, oil, and anionic dye
effluents.31,32 In addition, cetyltrimethylammonium bromide
(CTAB) is less toxic to the ecosystem.33 Rovani et al.
synthesized silica nanoparticles derived from SB ash and
modified them with CTAB.34 Silica/CTAB exhibited excellent
adsorption efficiency and high capacity for bisphenol A (BPA)
degradation due to the hydrophobic nature of the CTAB
micelles, which favor the dissolution of BPA. CTAB was
employed as well to modify hectorite, resulting in increased
surface area and a significant number of active sites.35 As a
result, CTAB-modified hectorite outperformed pristine
hectorite in terms of adsorption performance by approximately
10-fold. Recently, Asranudin et al. reported the fabrication of
hectorite-CTAB-alginate composites in the form of beads.36

These strategies improved the adsorption performance toward
MO, which was approximately 10 times greater than original
hectorite beads. A summary of CTAB-modified absorbents
demonstrates that CTAB stimulates the improvement of the
adsorption characteristics of the adsorbent, resulting in
increased adsorption performance.

Based on this observation, we developed ZnO modified with
SB, which was first modified with CTAB. SB was collected
from a sugar cane juice seller in Keputih, Sukolilo, Surabaya.
The utilization of SB enhances the value-added SB in order to
reduce the number of SB wastes. CTAB modifies the surface of
SB by the interlayer formation, as confirmed by X-ray
diffraction (XRD) results. The impregnation of ZnO onto
CTAB-modified SB (CSB) alters the surface of CSB and
changes the photon absorption profile, which is active as a
photocatalyst. We also provide the proposed mechanism of the
formation of CSB and ZnO-modified CTAB-SB (ZCSB) to
demonstrate the interaction of SB, CTAB, and ZnO in detail.
The adsorption performance of CSB and ZCSB was evaluated

in batch adsorption experiments. The photocatalytic activity of
the composite was also investigated under UV-LED irradiation,
and MO and MB were used as the model pollutants due to
their anionic and cationic nature, respectively. The optimiza-
tion of ZnO loading, dosage, pH and the presence of H2O2
were also investigated.

2. RESULTS AND DISCUSSION
2.1. Vibrational Analysis. The vibration modes of the

samples were determined using Fourier transform infrared
(FTIR) spectroscopy. The IR spectra of the samples are
displayed in Figure 1. All samples showed the presence of the

main cellulose absorption bands at 3400, 2905, 1740, 1640,
1503, 1430, 1060, and 897 cm−1. The absorption band at 3400
cm−1 was attributed to the stretching vibration of the O−H,
which corresponded to the strong hydrogen bonding in the
sample. A stretching mode vibration for C−H was observed at
2905 cm−1. The absorption band at 1740 cm−1 was attributed
to the stretching mode vibration of C=O, corresponding to the
carbonyl and carboxyl functional groups in the hemicellulose
structure.37 Skeletal aromatic ring vibration was observed at
1503 cm−1.38 The absorption band at 1430 cm−1 corresponded
to the bending vibration of symmetric CH2. The strong
absorption band at 1060 cm−1 was assigned to the C−O
stretching vibration, characteristic of lignocellulosic materi-
als.39 The sharp absorption band at 897 cm−1 was associated
with the β-glucosidic linkage between sugars.40 Following
CTAB modification, new absorption peaks were observed at
2850 and 1479 cm−1. The first absorption peak was ascribed to
the C−H symmetric vibration of CTAB, and the second
absorption peak was associated with the CH3 vibration in the
CTAB-modified SB, indicating the presence of ammonium salt
in the samples. ZCSB also exhibited an absorption band at
2850 cm−1, indicating that CTAB was retained even after
impregnation with ZnO. The intensity of the absorption bands
after ZnO impregnation decreased due to the reaction between
CTAB, Zn2+, and O2−. However, the absorption band for Zn−

Figure 1. IR spectra of samples. SB (green), CSB (pink), and ZCSB
(blue).
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O−Zn was not clearly observed due to an overlapping band at
800−400 cm−1.

2.2. XRD Analysis. As shown in Figure 2, all samples
exhibited diffraction patterns for native cellulose at 2θ = 15.3°,

16.2°, 21.8°, and 34.9°, which were associated with the (1−
10), (101), (002), and (040) planes, respectively.41,42 The
peaks at 2θ = 15.3° and 16.2° were observed as one broad
peak, similar to the previous study reported by French43

because of the small crystallite size.44 Compared with the
tunicate standard of cellulose, the peaks about 23° shifted to
21.8°, revealing small changes in the unit cell dimensions,
especially the a-axis that has become significantly longer.45

Following CTAB modification, the peaks at 2θ = 15.3°, 16.2°,
and 21.8° shifted to 15.9°, 17.0°, and 21.5°, respectively. The
shifted peaks indicated the successful formation of interlayer
spaces on the SB surface.46 However, after CTAB modification,
the peak intensity at 2θ = 34.9° decreased due to the presence
of CTAB on the SB surface. ZnO impregnation on the CSB
surface resulted in characteristic peaks for the wurtzite form of
ZnO at 2θ = 31.785°, 34.352°, 36.297°, 47.566°, and 56.741°,
which corresponded to the (100), (002), (101), (102), and
(110) planes, respectively, according to JCPDS No. 36−1451.
The coprecipitation product also exhibited the typical peak of
wurtzite ZnO, indicating that ZnO is easily produced via
coprecipitation at low temperatures. The analysis using the
Debye−Scherrer equation yielded a ZnO crystallite size of
26.5−58.2 nm. The lattice parameters “a” and “c” for ZnO
were estimated to be 0.3251 and 0.5221 nm, respectively.
Compared with the standard data from JCPDS No. 36−1451,
the lattice parameter was slightly higher, which might be due to
the influence of experimental conditions on ZnO synthesis.
ZnO impregnation also caused peak loss at 2θ = 34.9° because
the peak overlapped with the ZnO peak. However, the other
peaks that were characteristic of sugar cane bagasse were
retained after ZnO impregnation.

2.3. Morphology Analysis. Figure 3 shows the
morphologies of SB, CSB, and ZCSB using scanning electron

microscopy (SEM). SEM analysis of SB displayed an
aggregated and rough morphology, indicating the presence of
lignin, hemicellulose, and other noncellulosic compounds. CSB
showed the presence of CTAB molecules on the surface of SB.
CTAB molecules formed chip-like structures with rough
surfaces. The distribution of CTAB on the SB surface was
not uniform. However, the rigid, rough, and aggregated surface
of SB was retained even after CTAB modification. After ZnO
was impregnated on the CSB surface, ZnO agglomerates were
observed on the surface of CSB, as shown in the SEM image in
Figure 3e. The clumped molecules on the CSB surface were
Zn(OH)2 particles. These phenomena can be described by the
effect of the electrostatic forces that form ZnO and the high
surface energy that is common during the synthesis process.47

According to the energy dispersive X-ray (EDX) analysis in
Figure 3f, Zn and O were clearly visible. The weight
percentages of Zn and O were 8.6% and 91.4%, respectively.
The high percentage of O was due to the contribution of O
from compounds in the SB, such as hemicellulose, lignin, and
other noncellulosic substances, as mentioned before. The
presence of Zn and O in the EDX analysis also confirmed the
presence of ZnO and Zn(OH)2 on the CSB surface.

2.4. X-Ray Photoelectron Spectroscopy (XPS). The
element compositions of SB, CSB, 10ZCSB, and ZnO were
determined using XPS analysis, as depicted in Figures 4 and 5.
The C 1s spectra of SB, CSB, and 10ZCSB (see Figure 4a−c)
contain five deconvoluted peaks at 285.4, 286.4, 287.4, 288.6,
and 290 eV, which correspond to sp2, C−C/C−H,48 C−
O,49,50 C=O (carbonyl),48 and COO (carboxyl),51 respec-
tively. Interestingly, the peak at 287.4 in C 1s spectra of CSB is
higher than that of SB due to the existence of C−N groups
after the addition of CTAB. Following the impregnation of
ZnO on CSB, the five deconvoluted peaks shifted toward
higher binding energy, suggesting that the presence of ZnO on
the CSB surface triggered electron redistribution in the
composite. In the O 1s spectra, SB and CSB exhibit two
peaks at 533 and 535 eV, corresponding to C−O/C=O and
O−H, respectively.52−54 The impregnation of ZnO on CSB

Figure 2. Diffraction patterns of (a) ZCSB, (b) CSB, (c) SB, and (d)
the coprecipitation product. The vertical red and green dashed lines
are the typical peaks of ZnO and cellulose with their corresponding
planes.

Figure 3. SEM micrographs of (a,b) SB, (c,d) CSB, (e) ZCSB, and
(f) EDX of ZCSB.
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yields three peaks at 534, 535.8, and 537.2 eV. The peaks at
534 and 535.8 eV are associated with the presence of C−O/C
= O and O−H, respectively. The existence of O−H might also
be attributed to O−H in SB and Zn−O−H. In addition, the
peak at 535.8 eV can be correlated with the O2− ion in Zn−O
bonding.55 A new peak at 537.2 eV is assigned to O− and O2−

ions in oxygen-deficient regions in the ZnO matrix.55,56 For

comparison, the O 1s spectra of ZnO show three peaks at
531.6, 532.7, and 534 eV, corresponding to lattice oxygen,
adsorbed oxygen, and the OH surface.57,58 The peak in pure
ZnO appears at a lower binding energy than that in ZCSB due
to the difference in electron distribution between the two. The
presence of a nitrogen atom in CTAB outcomes in N 1s
spectra was recorded in SCB and ZSCB as well. The peak at
402 eV corresponds to the nitrogen cation,59 whereas the peak
at 406 eV is assigned to the N−O− bond.60 Typically, the Br
2p spectra emerge from the bromide atom in CTAB. However,
the Br 2p peak in ZCSB is more challenging to deconvolute
since it has a lower signal than CSB. Apart from that, the Br 2p
spectra moved toward higher binding energy, which is
consistent with prior findings in the C 1s and O 1s spectra.
Especially for ZCSB, Zn 2p spectra arise at 1010 and 1020 eV,
correlating with the Zn 2p3/2 and Zn 2p1/2 in the ZnO
structure.61 This result is in line with the Zn 2p spectra of
pristine ZnO, as shown in Fi5gure 55m.

2.5. Thermal Analysis. The thermal behavior of the ZCSB
was investigated using thermal gravimetry analysis (TGA),
which is displayed in Figure 6. The coprecipitation product
was analyzed for comparison. The coprecipitation product was
synthesized by mixing zinc acetate dihydrate (Zn(CH3COO)2·
2H2O) and sodium hydroxide (NaOH) until the pH of the
solution was 11. ZCSB and the coprecipitation product were
found to undergo three decomposition processes. Initially, the
losses in the ZCSB and the coprecipitation product were
observed to be ∼11% and ∼1.33%, respectively, from 27 to
100 °C due to the evaporation of H2O molecules, which were
physically adsorbed to the surface of the samples. ZCSB
showed temperature stability in the range of 100−150 °C,
revealing the maximum limit up to which SB maintained its
original structure before undergoing combustion to carbon,
which could be observed by the large weight loss to 77.1%
from 150 to 500 °C. The coprecipitation product showed a
weight loss of 5.2% in the range of 100−240 °C, indicating the
decomposition of organic molecules and evaporation of
chemically adsorbed H2O in the samples.62 We observed
1.9% weight loss in the temperature range of 240−450 °C,
which was assigned to a phase transition from Zn(OH)2 to
ZnO. The lower amount of weight loss in the coprecipitation
product indicated the higher stability of the formed ZnO and
confirmed the low amount of Zn(OH)2 present in the
coprecipitation product.

2.6. Nitrogen (N2) Adsorption−Desorption. To inves-
tigate the influence of CTAB modification and ZnO
impregnation on the textural properties of SB, N2 adsorp-
tion−desorption was carried out, and is shown in Figure 7. N2
adsorption using SB was increased at the beginning stage of
adsorption until the end of the adsorption process. SB
exhibited a type III isotherm, implying that SB was a
nonporous material. A smaller hysteresis loop was observed
in SB due to the capillary condensation process. The surface
area of SB was 34.517 m2 g−1. Modifying SB with CTAB
(CSB) resulted in decreased N2 uptake compared to SB, which
revealed that the surface of SB was covered by CTAB, and this
decreased the surface area (10.556 m2 g−1). Decreasing the
surface area of CSB indicated that a strong interaction between
SB and CTAB occurred.63 Additionally, the hysteresis loop of
CSB was wider than that of SB, which was due to the tissue
percolation effect from the intercalated CTAB.35 Following
ZnO impregnation (ZCSB), ZnO was deposited on the surface
of CSB, and leading to an increase in the N2 uptake of ZCSB.

Figure 4. (a−c) C 1s and (d−g) O 1s XPS spectra of samples,
including (a, d) SB, (b, e) CSB, (c, f) ZCSB, and (g) ZnO.

Figure 5. N 1s, Br 2p, and Zn 2p XPS spectra of the samples,
including (a, c) CSB, (b, d, e) ZCSB, and (f) ZnO.
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As a consequence, the surface area of ZCSB was improved to
be 25.379 m2 g−1. Both CSB and ZCSB exhibited a type II
isotherm, revealing that the samples promoted multilayer
adsorption. A similar trend was also observed in the intensity
of dV(d), as shown in Figure 7b. The pore diameters of SB,
CSB, and ZCSB were 4.887 nm, 3.537 nm, 4.887 nm,
respectively. It is important to note that the presence of pores
in SB was formed due to the agglomeration of the SB particles.
The addition of CTAB decreased the pore size, which was
caused by the accumulation of CTAB macromolecules,
reducing the formation of the pore between the SB particles.
In addition, the rearrangement of particles by the formation of
the interlayer also affected the pore size of CSB. Uniquely, the
deposition of ZnO on CSB enhanced the pore size to be as
large as that of SB, revealing that ZnO decreased the
interaction between CTAB and SB and promoted the
formation of the pore between particles.

2.7. Ultraviolet−visible Diffuse Reflectance (Uv−vis
DR) Spectroscopy. The optical properties of the samples
were investigated by UV−Vis DR spectroscopy in the
wavelength range of 200−800 nm. As shown in Figure 8a, all
samples absorbed wavelengths above 400 nm, which means
that the samples could respond to the visible region. After ZnO
impregnation of CSB, the absorption edges of the sample
gradually shifted to longer wavelengths compared to CSB,
changing the charge transfer pathway from CSB to ZnO, which
could prevent the recombination of photoinduced electron−
hole pairs.64 The presence of ZnO on the CSB resulted in a
redshift that could help adjust the bandgap and create more

electron−hole pairs.65 The Tauc plot was used to determine
the band gap energy of the samples. The band gap energies of
CSB, 5ZCSB, 10ZCSB, and 20ZCSB were 3.18, 3.05, 2.73, and
3.13 eV, respectively.

2.8. Proposed Mechanism of CSB and ZCSB For-
mation. Based on the characterization data above, the
formation mechanisms of CSB and ZCSB were proposed, as
shown in Figure 9. First, CSB formation potentially occurrs
through the configuration of a bilayer. The monolayer could
have formed through electrostatic interactions (COO− groups
in SB and protonated amine groups in CTAB) and
hydrophobic interactions (aromatic rings of lignin in SB and
chain tails of CTAB). The second layer may have formed due
to the hydrophobic interaction between the chain tail of CTAB
(tail to tail). These results indicate the presence of a large
positive charge on the SB surface, thus indicating a strong
ability to remove anionic contaminants (such as MO dyes)
from water. The presence of Zn2+ cations and HO− anions
changed the bond structure between CTAB and SB in the
CSB. The positive charges of CTAB on SB were bonded with
the HO− anions to form SB−CTA−OH. This chemical
interaction is evidenced by the existence of N−O− bond
shown in the N 1s XPS spectra depicted in Figure 5. The
process continued through covalent bonding between the O
and Zn atoms, followed by hydrogen capture by Br− anions to
form SB−CTA−O−Zn+. As a result, the formation of CTA−
O−Zn led to the chemical shift of the N−O−bond toward
higher BE energy in the core-level N 1s spectrum of ZSCB.
The positive charge on Zn+ could further bond with HO−

anions to form SB−CTA−O− Zn−OH. This process was

Figure 6. TGA curves of the (a) ZCSB and (b) coprecipitation product.

Figure 7. (a) N2 adsorption−desorption and (b) pore distribution of
the samples.

Figure 8. (a) UV−Vis spectra and (b) Tauc plots of the samples.
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repeated to form SB−CTA−O−Zn−O−Zn−O−. However,
the possibility of direct ZnO formation on the CSB surface
without interactions with the positive charges of CSB via
physical interactions could not be ruled out. The formation of
ZnO in ZCSB is aligned with the XPS analysis that exhibits the
existence of Zn 2p and O 1s spectra, revealing the presence of
Zn−O−Zn and oxygen lattice that comprise ZnO. The
reaction mechanism of ZCSB formation was described by
the following reactions in eqs 1−3.

SB CTA Br HO SB CTA OH Br+ + (1)

SB CTA OH Zn SB CTA OZnH Br
SB CTA O Zn H Br

2 2+ +
+ +

+ +

+ + (2)

SB CTA O Zn HO SB CTA O Zn OH
SB CTA O Zn O Zn O

++

(3)

2.9. Adsorption Performance of SB and CSB. Figure
10a shows the adsorption performances of SB and CSB under
the same conditions. CSB showed good adsorption perform-
ance toward MO removal compared with SB at the same
dosage of adsorbent. CSB exhibited an MO removal of 98.17%,
while SB exhibited an MO removal of 11.38%. The presence of
CTAB in SB significantly enhanced the MO adsorption
performance by the formation of cationic active sites, which
provided electrostatic attraction between cationic active sites
and negatively charged MO. The adsorption of MO can be
described by the following reaction in eq 4.

SB CTA Br MO(SO )

SB CTA SO MO Br Na
3

3

+

+ + +
(4)

The influence of CSB dosage for four amounts in the range
0.5−2 g L−1 was investigated at 30 min in a solution at a
neutral pH (6.5). As shown in Figure 10b, the MO adsorption

efficiency significantly improved by increasing the adsorbent
dosage from 0.5 to 1.5 g L−1. MO removal via adsorption
improved from 41.09 to 96.2%. Increasing the adsorbent
dosage provided a high surface area and a large number of
positive sites for MO adsorption. The increase in the
adsorption efficiency demonstrated an increase in cationic
active sites that provided more electrostatic attraction. The
adsorption capacity of CSB gradually decreased with increasing
CSB dosage. When adsorption reached saturation, the total
amount of adsorbed MO did not change, resulting in a decline
in the unit adsorption capacity. In contrast, the MO adsorption
efficiency did not significantly increase at an adsorbent dosage
of 2 g L−1, indicating that equilibrium was attained at an
adsorbent dosage of 1.5 g L−1. Therefore, higher doses of
adsorbent did not significantly enhance MO removal.

Figure 9. Proposed mechanism of CSB and ZCSB formation.

Figure 10. Adsorption performance of SB and CSB for removing MO
(a) and MB (c) from the solution. (b,d) MO and MB removal due to
the influence of CSB dosage.
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In contrast, CSB has a poor adsorption performance for
removing MB from the solution, but SB has a greater
adsorption efficiency for removing MB. Figure 10c shows
that the adsorption removal of SB and CSB in absorbing MB is
67.13% and 21.08%, respectively. Figure 10d shows that
increasing the adsorbent dose improves MB adsorption
removal. However, the removal percentages are still lower
than those of SB. This finding suggests that the presence of
CTAB on SB is detrimental to MB adsorption because the
adsorption removal of CSB is lower than that of SB.
Furthermore, the adsorption efficacy of SB and CSB in
eliminating MO and MB yields opposite findings. We
tentatively postulate that the presence of CTAB on SB
resulted in a significant amount of positive surface charges. As
a result, such electrostatic repulsion could facilitate tMB
adsorption onto the CSB surface become unfavorable. On the
contrary, the high positive surface charge promotes the MO
adsorption. Based on these findings, our adsorption data
unambiguously demonstrated that CTAB is a good candidate
for anionic dyes like MO. The impact of the CSB dose was also
investigated, as seen in Figure 10d. The changes of CSB
concentration potentially enhance the MB elimination rate,
facilitating a high number of active sites.

In order to strengthen the discussion, the zeta potentials of
SB, CSB, and 10ZCSB are depicted in Figure 11a. SB possesses
a negative surface charge, allowing MB adsorption by
electrostatic attraction. Meanwhile, the negative surface charge
caused repulsion with MO molecules, resulting in poor
efficiency. After the addition of CTAB, the surface charge of
SB became positive, promoting electrostatic interaction
between MO molecules and their surface. The zeta potential
results are consistent with the adsorption performance
described above. In further detail, the postadsorption study
of SB and CSB was performed using FTIR based on the
previous reported works.66−68 FTIR was used to investigate the
interaction between SB, CSB, and dye molecules, as
demonstrated in Figure 11b,c. Following MO adsorption, the
primary cellulose absorption peaks in SB are more noticeable
than those in CSB, indicating that MO molecules accumulated
on the CSB surface. The absorption peak of C−H elongation

of − CH2 and − CH3 at 2939 and 2874 cm−1 can be observed
in MO/SB and MO/CSB,69 demonstrating the accumulation
of MO molecules on the SB or CSB surface. Apart from that,
the existence of both C−H elongation groups in the MO/CSB
also indicates that the CTAB cation was not leached during the
adsorption process. The existence of an absorption peak at
1600 cm−1 in MO/SB and MO/CSB is due to the phenyl
group vibration of the MO anion.70 The presence of a sulfonic
acid group vibration at 1058 cm−1 further supports the
presence of MO on the SB and CSB surfaces.70 The absorption
peak at 1198 cm−1 is attributed to the C−N stretching
vibration in MO structure.71 On the other hand, the cellulose
peak is more visible in CBS than in SB due to the smaller
amount of MB molecules adsorbed on the CSB surface. Several
peaks correlated to the typical MB absorption peak, including
C−H elongation of − CH2 and − CH3, phenyl group, C−N,
C=N, and C−S, are seen at 2944, 2882, 1615, 1505, 1332, and
1141 cm−1, respectively.66,69 The appearance of the typical
peak of MB molecules indicates that MB has adsorbed on the
surface of SB and CSB. According to IR analyses, the presence
of SO3

− in MO and (CH3)3−N+ in MB promotes electrostatic
interaction with positive and negative surface charges,
respectively.36,72 Aside from that, hydrogen bridges are
generated when the hydroxyl group (OH) in SB or CSB
interacts with the oxygen atom in MO’s SO3

− or the nitrogen
atom in the MB.73,74 Furthermore, the OH group facilitates
n−π contact with phenyl groups in MO or MB, as evidenced
by the presence of phenyl groups in the FTIR spectra following
adsorption.73

2.10. Photocatalytic Evaluation of ZCSB. The photo-
catalytic evaluation of ZCSB was conducted under dark and
irradiated conditions. A mixture of photocatalyst and MO was
irradiated for 30 min to compare with the adsorption
performance of CSB. The MO removal efficiency of 10ZCSB
via the adsorption (dark) process was slightly lower compared
with the adsorption efficiency of CSB under dark conditions
(Figure 12a). The impregnation of ZnO on the CSB surface
led to new interactions due to the presence of Zn2+ and HO−,
and consequently, the positive charge on the 10ZCSB
decreased, which is in agreement with the zeta potential of

Figure 11. (a) Zeta potentials of SB, CSB, and 10ZSCB. (b, c) FTIR spectra of SB and CSB after the adsorption process with MB and MO for
comparison.
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10ZCSB in Figure 11a. The decrease in the positive sites of
10ZCSB led to a decrease in MO capture on the 10ZCSB
surface and resulted in a decrease in adsorption-driven MO
removal. MO removal was slightly enhanced via the photo-
catalytic process compared with the dark condition due to the
presence of low amounts of ZnO on the surface. However,
during the early stages, the adsorption process was more
dominant than the photocatalytic process, which can be seen
from the slight difference in efficiency. Next, we observed the
photocatalytic activity of ZCSB at different irradiation times
and various ZnO amounts. Similarly, the photocatalytic
degradation of MB using 10ZCSB is slightly more efficient
compared to the CSB. Previously, we indicated that by
introducing CTAB to SB yielded a lowering its negative surface
charge and thereby facilitated the adsorption performance
toward MB. Following ZnO impregnation, the adsorption
performance of 10ZCSB is somewhat increased by approx-
imately 1.5% (in the same dosage) with MB removal of
17.73%. In Figure 12c, the MB removal is 11% in dark
conditions, which is lower compared to CSB since only 0.02 g
of adsorbent was used in this condition as a comparison to the
photocatalytic results. A small number of MB interacts with
radical species to destroy MB, resulting in poor photocatalytic
activity of 10ZCSB. As shown in Figure 12b,d, the photo-
catalytic activity of ZCSB increased with increasing irradiation
time. 10ZCSB exhibited the highest photocatalytic activity of
55.36%, followed by 5ZCSB (44.76%) and 20ZCSB (43.15%)
for removing MO in solution. In addition, 10ZCSB showed a
removal gap in photocatalytic activity from 1 to 5 h of ∼16%,
which was higher than that of 5ZCSB (∼11%) and 20ZCSB
(∼11%). In MB photoremoval, 10ZCSB also exhibited the
highest photocatalytic performance with the efficiency of
39.27%, followed by 20ZCSB (34.64%) and 5ZCSB (23.51%).
Since the adsorption performance of ZCSB is lower in
removing MB, MB removal under light irradiation is more
prominent due to the photocatalytic process. It can be seen
that the removal gap between dark and irradiated conditions is
more than 2 times. Based on the results, the synergy between
adsorption and photocatalysis was important for achieving
efficient dye removal. With 10% ZnO impregnation, photon

absorption was enhanced, and a low band gap was observed,
which was advantageous for MO and MB removal. In addition,
10% ZnO impregnation retained an optimum number of
positive cations on the surface, which was crucial for MO
adsorption. However, the photocatalytic activity of all ZCSB
toward MO and MB dyes was low compared with that
reported in previous research. This result might be due to the
high concentration of MO and MB used in the experiments,
which reduced light penetration to the ZCBS surface, resulting
in inadequate activation of the catalyst and ultimately
inadequate generation of electron−hole pairs. Consequently,
the concentration of •OH decreased and was insufficient for
dye removal at high MO and MB concentrations. In addition,
the high concentration of the MO solution led to the
accumulation of MO and MB molecules on the ZCSB surface,
which blocked the active sites and ultimately reduced the
production of hydroxyl radicals.

To increase the photocatalytic activity of 10ZCSB, hydrogen
peroxide (H2O2) was introduced to the MO and MB solutions
under conditions similar to those of the previous photo-
catalytic process. H2O2 is an environmentally friendly oxidizing
agent and has a positive effect during most photocatalytic
reactions. As shown in Figure 13a, at an irradiation time of 1 h,

the photocatalytic activity of 10ZCSB increased from 39.57%
to 62.57% after the addition of H2O2 for MO removal, and the
photocatalytic activity continued to increase until irradiation
for 3 h. In MB removal (Figure 13b), MB photoremoval
increased from 22.69% to 38.36% after the addition of H2O2 at
an irradiation time of 1 h. The photocatalytic efficiency is
slightly increased by increasing the irradiation time. With the
addition of H2O2, hydroxyl radicals were formed by the
following reactions in eqs 5−7:75

H O e OH OH2 2 + +• (5)

hH O 2 OH2 2 + • (6)

H O O OH OH O2 2 2 2+ + +• • (7)

During the photocatalytic process, the addition of H2O2 as
an external oxidizing species can suppress the recombination of
electron−hole pairs, increasing the MO and MB removal rate.

Figure 12. (a, c) he photocatalytic test of 10ZCSB in the dark and
under irradiated conditions for 30 min for removing MO and MB,
respectively. (b, d) The influence of the amount of ZnO on CSB for
MO and MB removal, respectively.

Figure 13. Influence of H2O2 in removing (a) MO and (b) MB. (c,d)
The effects of pH solution on MO and MB removal, respectively.
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However, the photocatalytic activity at irradiation times of 4
and 5 h was not significantly different from the irradiation
process at 3 h. The addition of excess H2O2 leads to a level of
•OH formation that exceeds the level of hole formation,
thereby reducing the photocatalytic efficiency. In addition, the
excessive formation of •OH caused the formation of the less
reactive radical HO•2 by the following reaction in eqs and
89:76

H O OH H O HO2 2 2 2+ +• • (8)

HO OH H O O2 2 2+ +• • (9)

The photocatalytic rate was controlled by the electron−hole
recombination rate. Excessive H2O2 addition scavenges radical
species by recombining with the dissociated hydroxyl radicals
and leads to a decrease in the photocatalytic rate.

The photocatalytic process can be affected by the pH of the
MO solution, which influences the MO and MB molecule
attachments to the ZCSB surface. As shown in Figure 13c, MO
removal increased to 72.9% at an acidic pH by using 10ZCSB
as a photocatalyst. Under basic conditions, the MO removal
decreased to 13%. A similar result was obtained in the dark;
the highest MO removal occurred at an acidic pH. MO is an
anionic dye and has N−H groups. Under acidic conditions,
10ZCSB is protonated and saturated with H+, facilitating MO
adsorption via strong electrostatic attraction between the
positively charged catalyst surface and negatively charged MO
molecules, followed by the photocatalytic reaction of MO on
the surface of 10ZCSB, which enhances MO removal. Under
alkaline conditions, the poor MO removal observed was due to
competition between OH− and MO− present in solution. In
contrast, 10ZCSB has the maximum photocatalytic activity in
eliminating MB under basic conditions with an efficiency of
47.98%, which decreases to 10.17% under acidic conditions
(see Figure 13d). At alkaline conditions, the surface of
10ZCSB is saturated with OH−, which induces the electrostatic
attraction of MB cationic and improves MB adsorption on the
10ZCSB. Under light irradiation, the radical active species
undergoes a photocatalytic process to eliminate the adsorbed
MB molecule on the surface of 10ZCSB. On the contrary, the
adsorption competition between H+ and MB+ occurs in acidic
conditions. As a result, the adsorption performance of 10ZCSB
is extremely poor, resulting in a low photocatalytic activity
toward MB.

The influence of the ionic strength on photocatalytic activity
was also investigated in order to imitate the natural wastewater
matrix. Figure 14a shows that the existence of natrium chloride
(NaCl) and natrium carbonate (Na2CO3) has no effect on
10ZCB’s photocatalytic efficacy in removing MO from
solution. Interestingly, the addition of natrium nitrate
(NaNO3) has a modest effect on the photocatalytic efficiency
of 10ZCSB by reducing the level of MO elimination. The
presence of NO3

− increased the adsorption competition
between NO3

− and MO. As a result, NO3
− consumes holes,

inhibiting 10ZCSB’s photocatalytic activity toward MO. In the
MB system, the presence of NO3

−, Cl−, and CO3
2− can be

easily adsorbed into the surface of 10ZCSB since 10ZCSB has
a positive surface charge. As a consequence, the adsorption of
MB on 10ZCSB was decreased, lowering the amount of MB
molecules eliminated by radical active species. Therefore, MB
removal by 10ZCBS is reduced in the presence of NO3

−, Cl−,
and CO3

2−. Previously, Degrabriel et al. reported that the
photocatalytic performance of TiO2 was reduced due to the

existence of Cl−.77 They suggested that the decreasing
performance of TiO2 was due to the direct interaction of
Cl− with the active species during the photocatalytic process.
Similarly, Mul’s group also reported that the presence of Cl−
and NO3

− inhibited the photocatalytic activity of TiO2.
78

The reusability study of 10ZCSB to remove MO and MB in
solution was also performed. As shown in Figure 14b, the
photocatalytic performance of 10ZCBS is slightly decreased
until the fifth cycle of the photocatalytic process. This result
implies that 10ZCSB has good performance to remove MO
and MB. The mineralization analysis using TOC-VCSH
Shimadzu (Japan) was carried out to support the photo-
catalytic results (see Figure 14c) in order to calculate the
degree of mineralization.79 −82 It can be seen that the total
organic compound (TOC) value of the MB or MO final
solution was reduced compared to the MB or MO initial
solution, respectively. The decrease of the TOC value of MB is
lower compared to the decrease of the TOC value of MO,
which is in line with the photocatalytic results.

2.11. Economic Analysis. The economic analysis was
conducted to determine the cost of producing the adsorbent
photocatalyst. The economic analysis was conducted by
calculating the cost of material production from SB to CSB
and ZCSB. Because SB is obtained from a juice merchant, the
cost is nothing. However, in large-scale production, SB may be
obtained at a reasonable cost, estimated to be between 2 and 3
USD per kilogram. The conversion of SB to CSB and ZCSB
requires many ingredients, which are stated at around 300
USD per kilogram of SB utilized. The overall cost of generating
these materials is 303 USD/kg, which is the price for large-
scale production. However, at the lab scale, material
production is just 5%, resulting in a manufacturing cost of
15−16 USD. In addition, its generated features are suitable for
eliminating dye wastewater, specifically anionic dyes type,
including Remazol, Indigosol, and naphthol.

3. CONCLUSION
CTAB-modified SB (CSB) was successfully synthesized,
followed by impregnation with ZnO (ZCSB). SB, CSB, and
ZCSB were investigated for the decolorization of MO and MB
dyes. The presence of CTAB on SB generated more positive
sites, which was advantageous for MO removal; meanwhile,
CSB exhibits low efficiency for MB removal. With ZnO
impregnation, the positive site on CTAB decreased due to

Figure 14. (a) Influence of ionic strength in removing MO and MB.
(b, c) The reusability study and TOC analysis, respectively.
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interactions of positive sites with hydroxyl anions and zinc
cations to form ZnO on the CSB surface. The decrease in the
number of positive sites after ZnO impregnation decreased
MO removal both in the dark and under illumination. In
contrast, MB removal was improved by the formation of
ZCSB, indicating that the photocatalytic process is playing a
role compared to the adsorption process. To increase MO and
MB removal via photocatalysis, H2O2 was added, and it
facilitated higher MO and MB removal because of the
formation of external •OH, which plays a vital role in the
photocatalytic system. MO removal by ZCSB was significantly
enhanced under acidic conditions, whereas the photocatalytic
performance of ZCSB was increased at alkaline conditions for
removing MB. 10ZCBS showed good reusability until five
cycles of the photocatalytic process for removing MO and MB
under UV light irradiation.

4. METHODS
4.1. Materials. Zn(CH3COO)2·2H2O (Sigma-Aldrich,

≥99%, Germany), NaOH (Sigma-Aldrich, ≥99%, Germany),
acetone (C3H6O 99%, Sigma-Aldrich, ≥99%, Germany),
ethanol (C2H5OH 99%, full time, ≥99%, Germany), CTAB
(Merck, ≥99%, Germany), MO (C14H14N3NaO3S, Merck,
≥90%, Germany), chloride acid (HCl, Sigma-Aldrich, 37%,
Germany), H2O2 (Sigma-Aldrich, 30%, Germany), NaNO3
(Sigma-Aldrich, Germany), NaCl (Sigma-Aldrich, Germany),
and Na2CO3 (Sigma-Aldrich, Germany). All chemicals were
used without purification.

4.2. Preparation of CSB. First, SB was washed using water
and dried under solar irradiation for approximately 3 days. The
dried SB was cut into small pieces and then washed with aqua
demineralization (aqua DM). The small pieces of SB were left
overnight for 24 h. The dried small pieces of SB were broken
down using a blender, sifted into a 40-mesh size, and labeled
MSB. Two grams of CTAB was dissolved with aqua DM while
stirring for 30 min. Five grams of MSB was added to the CTAB
solution, followed by stirring for 24 h at room temperature.
The solid was separated and washed by using aqua DM. The
obtained solid was dried at 80 °C for 24 h. The dried solid was
mashed and sifted again to obtain a uniform sample size.

4.3. Preparation of ZCSB. The preparation of CSB was
carried out by a coprecipitation method. Zn(CH3COO)2·H2O
was dissolved in 10 mL of aqua DM, followed by constant
stirring for 30 min. One gram of CSB was added to the
solution and stirred for 15 min. NaOH (0.2 M) was introduced
dropwise until the pH of the solution was 11. After the pH
solution of 11 was reached, the mixture was stirred for 2 h. The
mixture was left for 30 min at room temperature, followed by
the separation process via centrifugation to obtain the solid.
The obtained solid was washed until neutral and dried at 100
°C for 24 h. The amount of ZnO was varied at 5, 10, and 20%
(w/w) and labeled ZCSB5, ZCSB10, and ZCSB20, respec-
tively.

4.4. Characterization of ZCSB. The crystallite phase and
structure of SB, CSB, and ZCSB were investigated by powder
XRD using an 18 kW advanced X-ray diffractometer (X’pert
Pro PANalytical, Netherlands) with Cu Kα radiation (λ =
1.54056 Å). FTIR spectroscopy (Shimadzu, Japan) via a KBr
method was utilized to identify the configuration of the
functional groups in the samples. The morphology of the
ZCSB and SB was observed by SEM (S-7400, Hitachi, Japan),
and EDX spectroscopy was used to examine the ZnO
distribution on the CSB surface. XPS was performed in a

custom-made SPECS Surface Nano Analysis GmbH instru-
ment using a magnesium Kα X-ray source (excitation energy
output 1254 eV) with an impingement area of approximately 1
mm in diameter. XPS spectra were calibrated with reference to
the Ag 3d5/2 peak position (centered at 368.10 eV) obtained
from silver polycrystalline foil cleaned via standard argon ion
sputtering treatment. A TGA instrument was used to
investigate the thermal stability of CSB and ZCSB using a
Malvern PANalytical instrument (Netherlands). The surface
area and pore distribution of the samples were determined
using a Nova 1200 e Quantachrome instrument (USA) with
N2 physisorption at 77 K. The samples were degassed at 343 K
for 24 h. UV−Vis DR spectroscopy (Agilent Cary 60 UV−vis/
DRS, USA) was employed to demonstrate the photon light
absorption behavior of the samples, followed by the Tauc plot
analysis to determine the band gap energy of ZCSB.

4.5. Adsorption Performance of CSB. The adsorption
performance of CSB was investigated after 30 min in the dark
condition. Various masses of sample were added to 20 mL of
100 mg L−1 MO solution under constant stirring. The filtrate
was separated by centrifugation and measured with a UV−Vis
spectrophotometer (Thermo Scientific Genesys 840−208100,
USA). Eqs 10 and 11 were used to determine the adsorption
efficiency and adsorption capacity of SB and CSB, respectively.
The effect of the dosage was also studied. The result of the
adsorption dosage study is also important to determine the
dosage for the photocatalytic process.

C C

C
Adsorption efficiency 100%i f

i
= ×

(10)

Q
C C

m
V

( )i f= ×
(11)

where Ci and Cf are the initial and final concentrations of the
MO solution, respectively. Q is the adsorption capacity (mg
g−1), m is the adsorbent mass (g), and V is the adsorbate
volume (L). To compare the CSB adsorption performance, the
adsorption performance of SB was also investigated under
conditions similar to those in the CSB adsorption tests.
However, the mass of SB was determined only at the lowest
and optimum masses of CSB.

4.6. Photocatalytic Evaluation of ZCSB. Photocatalytic
activity was conducted by a 50 mL batch reactor that was
fulfilled with a UV-LED lamp (λ = 365 nm, p = 12 W). The
UV-LED lamp was arranged in a circular manner and equipped
with a cooling system around the circle. ZCSB (0.01 g) was
added to 20 mL of MO solution (100 mg L−1). This dosage
was considered by the adsorption dosage study. The
photocatalytic process is observed when the remaining dye
concentration is >50% after the adsorption process. The
reaction mixture was left under UV-LED irradiation for contact
times of 1, 2, 3, 4, and 5 h. The absorbance of the filtrate after
the reaction was measured by using a UV−vis spectropho-
tometer at the peak MO absorption wavelength of 465 nm. A
control experiment was also carried out for 5 h in dark
condition.

4.7. Influence of H2O2 on the Photocatalytic Activity
of 10ZCSB. The influence of H2O2 on the photocatalytic
activity of 10ZCSB was studied by the addition of 6.67 mL of
H2O2. To generate a similar concentration of MO at a total
volume of 20 mL, the MO concentration was increased to 150
mg L−1. The MO solution, 10ZCSB (0.01 g), and H2O2 were
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mixed and left under UV-LED irradiation for contact times
similar to those used above. The obtained filtrate was analyzed
by UV−Vis spectrophotometry.

4.8. Influence of the pH of the MO Solution on the
Photocatalytic Activity of 10ZCSB. The influence of pH
was observed by addition of 0.5 M HCl and 0.5 M NaOH to
adjust the pH of the solution to acidic and basic conditions.
We adjusted the pH of the MO solution to three conditions: 3,
natural (pH = 6.5), and 9. The pH-adjusted MO solution was
mixed with 0.01 g of 10ZCSB and irradiated for 5 h. To
control the photocatalytic process, we also investigated the
dark reaction under similar conditions. The filtrates obtained
after irradiation and under dark conditions were measured by a
UV−Vis spectrophotometer.

4.9. Influence of Ionic Strength in the MO and MB
Photocatalytic Using 10ZCSB. The influence of ionic
strength was observed by the addition 50 mg L−1 of NaNO3,
Na2CO3, and NaCl solution. The dye solution containing
NaNO3 solution was mixed with 0.01 g of 10ZCSB and
irradiated for 5 h. To control the photocatalytic process, the
dark reaction was also investigated under similar conditions.
The filtrates obtained after irradiation and under dark
conditions were measured by UV−Vis spectrophotometer.
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