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This study reports the preparation of ZnO supported on wood waste-derived activated carbon (ZnO/AC)
and its activity towards photocatalytic degradation of methylene blue (MB). The removal of MB is imper-
ative owing to its toxic impacts on the receiving water bodies. Thus, finding treatment techniques with
criteria of efficient, cost-effective, and environmentally benign is highly needed. ZnO/AC has been synthe-
sized by the incipient wetness impregnation method and was characterized using XRD, FTIR, PL, and UV–
Vis-NIR. Characterization analysis revealed the successful impregnation of ZnO onto the AC. The best pho-
tocatalytic degradation of MB using ZnO/AC was achieved at 180 min, adsorbent dosage of 3 g/L, and pH
8. Complete MB degradation was attained at lower initial MB concentrations (10 – 50 mg/L) and slightly
decreased at higher initial MB concentration (100 mg/L). The experimental data fitted well with the
pseudo-first-order Langmuir-Hinshelwood kinetic model with a correlation coefficient (R2) greater
than 0.995. The results revealed that the synthesized ZnO/AC exhibited remarkable photocatalytic activ-
ity towards the degradation of MB.
Copyright � 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the International Sympo-
sium of Reaction Engineering, Catalysis & Sustainable Energy.
1. Introduction

In recent years, wastewater treatment has gained significant
attention due to the high toxicity of the containing pollutants,
which can seriously damage the environment. Dyes were used
extensively at various commercial levels, mainly in the textile, cos-
metics, leather, and paper sectors [1]. It is anticipated that the
annual production of dye is more than 700,000 tons, and approxi-
mately 12% of the dye is released as untreated effluents [2]. Among
others, methylene blue (MB) is extensively used in industries, and
the exposure of MB can result in vomiting, eye infection, diarrhea,
nausea, cyanosis, jaundice, quadriplegia, and tissue necrosis [3].
Hence, it is imperative to remove MB from the wastewater.

Conventional treatment such as coagulation [4] and adsorption
[5] are the traditional methods used to remove the dyes. However,
these processes will lead to secondary hazardous pollution since
this method converts liquid phase pollutants into solid-phase pol-
lutants [6]. Consequently, researchers have developed several
techniques to treat wastewater with criteria of efficient, cost-
effective, and environmentally benign. Among others, photocat-
alytic degradation of dyes is one of the most widely used methods
[7]. Various metal oxide-based semiconductors have been
employed as photocatalyst for wastewater treatment, including
Fe2O3 [8], CuO [9], TiO2 [10], RuO2 [11], NiO [12], ZnO [13], CeO2

[14], and Cr2O3 [15,16]. In previous studies, TiO2 stands out as
the most effective photocatalyst and has been extensively used
in water and wastewater treatment studies as it is thermally
stable, cost-effective, chemically and biologically inert, non-toxic,
and capable of promoting the oxidation of organic compounds
[17,18]. However, recent studies have shown that the perfor-
mances of ZnO as photocatalyst are much more efficient compared
to TiO2 as the absorption of the solar spectrum of ZnO is in a larger
fraction than TiO2 [19]. Besides, ZnO has higher electron mobility
and lifetime as well as relatively lower production costs than
TiO2, causing ZnO to be a considerably suitable semiconductor
for the photocatalytic process [20]. Apart from that, ZnO has
attracted more attention due to its abundant availability, biocom-
patible, high stability, direct energy bandgap (3.37 eV), and large
excitation binding energy (60 meV) [16].
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For the selection of supporting materials, activated carbon has
been widely utilized as a support for heterogeneous catalysis as
well as in various applications. This is due to its vast surface area,
high degree of surface reactivity, and microporous structure.
Hence, activated carbon has a prominent effect on the adsorption
of contaminants from an aqueous environment [21]. However,
the high expense of coal-based activated carbon has prompted a
study for alternate activated carbon sources, including agricultural
wastes such as coconut shells [22], stalks [23], jackfruit peel [24],
and wood wastes [25]. Wood wastes have been listed as one of
the abundant wastes in Malaysia, which are estimated to generate
around 2.27 million tonnes of wastes per year. Interestingly, the
carbon content of wood wastes is greater than 47%, which makes
these materials suitable for the preparation of activated carbon
[25].

Recently, our research group [25] has successfully prepared
wood waste-derived activated carbon (AC) that possessed unique
properties that allowed it to be used as a low-cost activated carbon
for wastewater treatment. The prepared AC demonstrated high
efficiency in lead (Pb(II)) adsorption with an ideal Pb(II) update
of 149.25 mg/g. The effectiveness of AC was shown by its great per-
formance in the reusability investigation of five cycles. Impressed
with the superb performance of AC in the adsorption process, the
photocatalytic degradation of methylene blue utilizing ZnO sup-
ported on wood-waste derived activated carbon (ZnO/AC) is dis-
cussed throughout this paper.
2. Methodology

2.1. Preparation of wood waste-derived activated carbon (AC)

AC was prepared according to our previous study [25]. In brief,
the wood waste was collected from one of the wood-mill in Pahang
and was washed with deionized water 4 to 5 times to remove dirt
and dust particles to prevent contamination. The wood wastes
were crushed into powder and dried (70 �C, 12 h). Then, the dried
material was mixed with 36 wt% phosphoric acids, H3PO4, and kept
at atmospheric temperature for one day by stirring occasionally.
Next, the sample was calcined (500 �C, 2 h) in a furnace with nitro-
gen flow (150 mL/min). The sample was then rinsed multiple times
with deionized water to remove surface-bound acid before being
dried overnight at 110 �C. For practical usage, the dried sample
was stored in an airtight container.
2.2. Preparation of ZnO/AC

ZnO/AC was prepared by an incipient wetness impregnation
approach by adding the AC into a solution of 4 wt% Zn(NO3)2�6H2O
(Merck, 99%). The mixture was stirred at 80 �C until all water evap-
orated. The obtained slurry was oven-dried (110 �C, 12 h) and cal-
cined (500 �C, 4 h).
Fig. 1. XRD pattern of ZnO/AC.
2.3. Characterization of ZnO/AC

The X-ray diffraction (XRD) analysis was conducted in the range
of 2h = 0.5� – 80� using RIGAKU XRD (Miniflex II, 15 mA, 30 kV). The
functional groups of the sample were analyzed using PerkinElmer
Spectrum GX Thermo Fisher Fourier Transform Infrared (FTIR)
spectrometer in the range of 400–4000 cm�1. Meanwhile, photolu-
minescence spectroscopy (PL) analysis was carried out using Edin-
burgh Instruments to observe material imperfections, impurities
and to determine the electronic bandgap and absorbance spectrum
of ZnO/AC. Additionally, ultraviolet–visible-near-IR spectroscopy
(UV–Vis-NIR) analysis was carried out using Shimadzu UV-26900
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UV–Vis-NIR Spectrophotometer to examine the absorption of light
across the desired optical range of ZnO/AC.

2.4. Photocatalytic experiment

The degradation of MB solution in the presence of visible light
was conducted to investigate the photocatalytic activity of ZnO
supported on activated carbon. The experiment was carried out
by adding a specific amount of ZnO/AC into 200 mL of MB solution
in a batch reactor fixed with visible light (420 nm) and a cooling
system. To reach adsorption–desorption equilibrium, the suspen-
sion was agitated at 700 rpm for 30 min in the dark, and then
the suspension was irradiated for 4 h more for photocatalytic reac-
tion. At a regular interval, 4 mL of the suspension was withdrawn
and centrifuged (12,000 rpm, 10 min). The solution was monitored
using a UV–VIS spectrometer to measure the absorbance at a
wavelength of 664 nm. In this study, experiments were carried
out with various parameters, including effects of pH (2 – 8), time
(0 – 240 min), photocatalyst dosage (0.1 – 5 g/L), and initial MB
concentration (10 – 100 mg/L). Equation (1) was used to compute
the MB degradation efficiency.

MB Degradation ð%Þ ¼ Co � Ct

Co
� 100 ð1Þ

where Co is the initial MB concentration at t = 0 (mg/L) and Ct is
the MB concentration at a given time (mg/L).

3. Result and discussion

3.1. Characterization of ZnO/AC

Fig. 1 shows the XRD pattern of ZnO/AC. Five prominent diffrac-
tion peaks were observed at 2h = 31.76�, 34.41�, 36.24�, 47.53�, and
56.58�, respectively, which strongly matched with the diffraction
planes (100), (002), (101), (102), and (110), correspondingly, as
described in the standard spectrum of ZnO (JCPDS No. 01–089-
0510). The peaks confirmed the formation of a crystalline hexago-
nal wurtzite structure of the ZnO [26]. The appearance of these
sharp diffraction peaks signified the high crystallinity of the pre-
pared ZnO/AC catalyst, which can increase the photocatalysis
activity of ZnO/AC by limiting e-/h+ pair recombination and gener-
ating more reactive species for efficient reactions with MB mole-
cules. Additionally, the XRD spectra of ZnO/AC revealed the
successful impregnation of ZnO onto the AC. The high surface area
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of AC (1196 m2/g) [25] results in good distribution of ZnO onto the
AC.

Fig. 2 shows the FTIR spectra of AC and ZnO/AC. As previously
reported [25], AC showed peaks at 2344 cm�1, 2076 cm�1,
1544 cm�1, 950 cm�1, and 447 cm�1, corresponds to the broaden-
ing of the C-C double bond which originated from the COOH group,
C-C triple bond stretching, C = H bending and C = C ring stretching
mode of benzene derivatives, stretching vibrations of O-C associ-
ated with P-O-C linkage, H bonded of P = O and P = OOH, and C–
H out-of-plane bending of benzene derivatives, respectively. The
introduction of Zn develops a new peak at 1559 cm�1,
1013 cm�1, and 550 cm�1 corresponds to C = C stretching, O-H
stretching of H2O in C-O-Zn lattice, and stretching of ZnO in ZnO
lattice [27]. This result indicates the successful incorporation of
Zn onto AC.

To scrutinize the separation efficiency of photogenerated charge
carriers, PL analysis of ZnO/AC was performed, and the spectra are
shown in Fig. 3(a). In general, the peak observed is usually attrib-
uted to the band gap transition or exciton recombination of the
catalyst, whereby the weak intensity of the peak indicates a high
separation efficiency of photogenerated carriers [28]. As shown,
the intensity of the peak increases with an increase in the excita-
tion wavelength from 300 nm to 400 nm, indicating high separa-
tion efficiency by using a lower excitation wavelength. In
contrast, Fig. 3(b) represents the optical band gap of ZnO/AC, which
was evaluated using the Tauc plot. The value for ZnO/AC was found
to be 2.5 eV, whereas 3.26 eV for ZnO was reported in the literature
[29]. As shown, the band gap appears to be narrow, which is closely
related to the oxygen vacancy. Gao et al. [30] reported that the
band gap decreases as the carbon content increases, enhancing
photocatalytic performance since carbon suppresses the recombi-
nation of electron-hole pairs upon absorption.
3.2. Photodegradation of MB

Fig. 4 shows the effect of time (0 – 240 min) on the degradation
of MB using ZnO/AC. The degradation of MB was seen to increase
with increasing contact time, reaching a maximum of around
180 min with MB degradation of 89.73%. Beyond 180 min, the
MB degradation was observed to remain constant. High percentage
degradation of MB revealed that ZnO/AC has considerable active
Fig. 2. FTIR spectra of AC and ZnO/AC.
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sites that are able to carry out the degradation reaction in the pres-
ence of visible light.

Fig. 5 illustrates the effect of ZnO/AC dosage (0.1 – 5 g/L) on MB
degradation. As observed, the MB degradation rate rose as the ZnO/
AC dosage was increased, owing to an overabundance of photocat-
alytic sites. The higher number of active sites leads to an increase
in the number of dOH radicals, resulting in more significant inter-
action with the MB molecules [31]. At ZnO/AC dosage of 3 g/L, the
degradation was 93.84%, and towards 5 g/L, no significant changes
were observed. From this study, 3 g/L of ZnO/AC is sufficient to
maximize overall MB degradation. Murugesan et al. [25] found a
similar finding, in which MB degradation increased as the photo-
catalyst dose was raised, but no significant alterations were seen
once the sufficient dosage was achieved.

Fig. 6 shows the effect of pH (2 – 8) on the degradation of MB
using ZnO/AC. pH has a significant influence on the photocatalytic
degradation process since it affects the charge of the catalyst sur-
face and the dissociation of the dye molecules. At pH 2, the envi-
ronment was saturated with the surplus of H+ ions, thus
hindering the adsorption and photodegradation of MB molecules.
However, the number of positive charges on the catalyst surface
reduced as the pH of the system increased from pH 2 to pH 6,
enhancing the attraction of MB to the ZnO/AC surface. The number
of negatively charged sites in the system increases as the pH rises,
favoring the adsorption of MB cations onto the photocatalyst sur-
face due to electrostatic attraction. This phenomenon results in
higher MB degradation at pH 8. A similar phenomenon on the
influence of pH toward the degradation percentage of MB was
reported by Moalem et al. [32] for MB degradation over ZnO
catalyst.

Fig. 7 illustrates the effect of the initial concentration of MB
(10 – 100 mg/L) toward MB degradation using ZnO/AC. An increase
in MB concentration from 10 mg/L to 100 mg/L slightly decreased
the percentage of MB degradation from 100% to 97.94%. As the ini-
tial dye concentration increases, the photons entering solutions
subsequently decrease due to the decrease of the path length,
which results in lower adsorption for the photon on the catalyst
particles, and consequently reduces the degradation efficiency
[33]. A similar phenomenon on the influence of initial concentra-
tion toward degradation percentage of MB was reported by Cal-
zada et al. [33] for MB degradation over ZnO/SBA-15 catalyst.

The kinetic study of photocatalytic degradation of MB using Zn/
AC was modeled by Langmuir-Hinshelwood pseudo-first-order
kinetic model [34]. The model assumes a direct proportion
between the occupation rate of adsorption sites with the number
of unoccupied sites. Generally, the Langmuir-Hinshelwood
pseudo-first-order equation is expressed as follows (2):
ln
Co

Ct

� �
¼ kt ð2Þ

where Co (mg/L) is the initial MB concentration, Ct (mg/L) is the
concentration of the MB at time t, k is the reaction rate constant
(min�1), and t is the irradiation time (min).

The kinetic constants, k, were calculated from the regression
equation and are tabulated in Table 1. From the results obtained,
the correlation coefficient (R2) is 0.995 – 0.999. Therefore, the pho-
tocatalytic degradation of MB by ZnO/AC well fitted the Langmuir-
Hinshelwood pseudo-first-order kinetic model. Djebri et al. [31],
Shrestha et al. [16], Wu et al. [35] and Hung et al. [36] reported
similar results, whereby the photocatalytic processes are well fit-
ted with Langmuir-Hinshelwood pseudo-first-order kinetic model.

As reported in the literature [37], the degradation reaction
mainly depends on the photon-generated electron-hole recombi-
nation concentration. In short, the presence of ZnO in the ZnO/AC
hinders the electron-hole recombination and significantly



Fig. 3. (a) Photoluminescence spectra of ZnO/AC at different excitation wavelengths. (b) Band gap of ZnO/AC.

Fig. 4. Effect of time on methylene blue using ZnO/AC. Condition: Co = 100 mg/L,
pH = 6, and T = 30 �C. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Fig. 5. Effect of catalyst dosage of ZnO/AC. Condition: Co = 100 mg/L, pH = 6,
t = 180 min, and T = 30 �C.
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enhances the photocatalytic activity. Accordingly, that the excita-
tion of ZnO/AC under visible light can be displayed in the following
Equations (3)-(9). As the recombination of excited electrons
reduced, the excited electron trap was completed by the activated
carbon and oxygen sites of formation of superoxide (O2

� �), as
shown in Equation (5)-(7). At last, OH� and O2

� � radicals are decom-
posed by the surface adsorbed MB dye as shown in Equations (8)
and (9).

ZnO (VB) + hv ! ZnO (hþ VB) + ZnO (e� CB) ð3Þ

ZnO (hþ VB) + H2O ! OH� ð4Þ

ZnO (e� CB) ! AC� ð5Þ

ZnO (e� CB) + O2 ! O2
�� ð6Þ

AC� + O2 ! O2
�� ð7Þ
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O2
�� + MB ! CO2 + H2O ð8Þ
OH� + MB ! CO2 + H2O ð9Þ
The catalyst’s degradation performance was found to be

impacted by the type of catalyst, pH, dye concentration, catalyst
loading, and time. Table 2 shows the comparison of photocatalytic
activity of ZnO/AC with recently reported ZnO-based catalysts for
MB degradation. In short, the MB degradation is more than 76%
with the presence of ZnO, proving the capability of Zn-based cata-
lysts for the degradation of MB. The positive role of ZnO is due to
its outstanding chemical stability, non-toxic nature, long-term-
photostability, excellent charge transport properties, high UV
absorbing properties [38], and large surface area [20]. The large
surface area of ZnO enables more contaminants to be adsorbed
onto its surface area and thus leads to more pollutants being
attacked by hydroxyl radicals [20].

It was also observed that the MB degradation achieved more
than 98% for the ZnO/NiFe2O4, ZnO/Eu2O3/NiO, and N/La-ZnO.
However, these catalysts contain more than one type of metal that



Table 2
Comparison of photocatalytic activity of ZnO/AC with recently reported ZnO-based cataly

Catalyst Dye Dye concentration (mg/L) Catalyst dosage (g/L) Lig

ZnO/AC MB 50 3.00 Vis
ZnO/NWs MB 100 0.10 Sun
ZnO/NiFe2O4 MB 50 0.08 UV
ZnO/Eu2O3/NiO MB 50 0.03 UV
ZnO-SiO2 MB 100 0.10 Sun
N/La-ZnO MB 200 0.50 Sun
Fe-ZnO MB 100 1.00 Vis
ZnO/ZnFe2O4 MB 100 0.10 Vis
ZnO/CeO2 MB 100 3.00 Vis
Ag/ZnO MB 100 0.10 Vis

Fig. 6. Effect of pH on methylene blue using ZnO/AC. Condition: Co = 100 mg/L,
m = 3 g/L, t = 180 min, and T = 30 �C. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Effect of initial concentration of methylene blue using ZnO/AC. Condition:
m = 3 g/L, t = 180 min, pH = 8, and T = 30 �C. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Kinetic Parameters for photocatalytic degradation of MB using ZnO/AC.

Concentration (g/L) Langmuir-Hinshelwood model

k1(min�1) R2

10 0.0621 0.999
30 0.0383 0.999
50 0.0269 0.998
100 0.0165 0.995
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involves a high production cost compared to the ZnO/AC. Other
than that, ZnO also tends to agglomerate during synthesization.
Nevertheless, with the presence of activated carbon, the agglomer-
ation is able to minimize. Hence, the formation of ZnO/AC can
improve the uniformity of the spread of particles, leading to lower
porosity and increasing the distribution of ZnO, resulting in a more
homogenous layer. Consequently, the presence of AC overcomes
the agglomeration of ZnO, leading to a more effective MB degrada-
tion [39]. In short, it can be suggested that ZnO/AC demonstrated
excellent photocatalytic activity for the degradation of MB when
compared to other catalysts while also being cost-effective.

Although the activated carbon has recently been shown to have
photocatalytic activity alone when irradiated with visible light
[40], the presence of activated carbon coupled with ZnO is able
to enhance the splitting of the photogenerated exciton, resulting
in high pollutant degradation [41]. In addition, the presence of acti-
vated carbon as support material in photocatalytic systems can
improve the transfer rate of the interface charge and lower the
recombination rate of holes and electrons [42]. With the above-
mentioned advantages, AC has been considered promising support
for the design and synthesis of ZnO/AC in removing MB from
wastewater.
4. Conclusion

The incipient wetness impregnation method was utilized to
successfully prepare ZnO/AC catalyst from wood waste, which
was then used for MB degradation using visible light. The charac-
terization results of FTIR and PL revealed that ZnO/AC formed
wells, and XRD data proved the presence of hexagonal wurtzite
crystal structure in ZnO. The optimal ZnO/AC conditions were
attained after 180 min, photocatalyst dosage of 3 g/L, and pH 8.
Complete MB degradation was observed at lower dye concentra-
tions (10 – 50 mg/L), and the performance was slightly decreased
at higher MB concentration (100 mg/L). The photocatalytic kinetics
well fitted with the Langmuir-Hinshelwood pseudo-first-order
model with an R2 value of 0.995 – 0.999, indicating a bimolecular
reaction between two species available on the catalyst’s surface.
The results showed that the prepared ZnO/AC had outstanding cat-
alytic activity in the degradation of MB when exposed to visible
light. In the continuity of this study, the reusability and regenera-
tion of ZnO/SBA-15 toward MB degradation can be further studied.
In addition, photocatalytic activities can be further investigated
using industrial wastewater containing MB.
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