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ABSTRACT

In the present study, different morphologies (viz., spherical and nanorod) of zinc oxide (ZnO) were
successfully deposited on the biochar support material via a simple hydrothermal approach. The biochar
utilized in this research was obtained through the pyrolysis process of pistachio residues. Characterization
of the prepared ZnO/biochar nanocomposites was carried out using FT-IR, XRD, DRS, EDS, and SEM
analyses. DRS data analysis revealed that the band gap energies of the fabricated nanocomposites
were measured to be 2.98 eV and 3.08 eV for the spherical ZnO/biochar and nanorod ZnO/biochar,
respectively. Under visible light irradiations, the prepared photocatalysts were assessed for their
photocatalytic abilities in the degradation of methylene blue (MB) dye. The degradation of MB on ZnO/
biochar catalysts demonstrates a strong correlation with a pseudo-first-order kinetic model. Besides, the
suggested photocatalyst substance indicated good reusability, retaining its performance for at least five
cycles. The utilization of low-expense biochar support in conjunction with nanosized ZnO nanostructures
presents a promising idea to achieve efficient photocatalysts for the degradation of organic pollutants.
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INTRODUCTION

The treatment of toxic and non-biodegradable
organic contaminants, such as synthetic dyes,
in water bodies necessitates the development
of effective and sustainable technologies [1, 2].
To date, various protocols have been employed
for the treatment of dye-containing wastewater
including biological methods, coagulation/
flocculation, advanced oxidation process, ion
exchange, photocatalysis, and different adsorptive
strategies [3, 4]. The photocatalysis approach
offers a promising solution for the treatment
of organic pollutants in environmental waters
owing to its powerful oxidation capabilities, cost-
effectiveness, mild operation conditions, and eco-
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friendly nature [5-7].

Zinc oxide (ZnO) is widely utilized as a
photocatalyst because it possesses comparable
band gap energy and favorable band gap positions
in comparison to titanium dioxide (TiO,) as the
most used photocatalyst [8, 9]. From this point of
view, extensive research has been conducted on
ZnO for its ability to remove organic contaminants
[10, 11] and microbial disinfection [12, 13]. The
absorption of photons with energy equal to or
higher than its band gap by ZnO leads to the
creation of e/h* pairs, which then trigger redox
reactions at the surface of the photocatalyst [14,
15]. The formation of hydroxyl radicals (OH®)
occurs when the holes interact with H,O molecules
or OH ions at the surface of the ZnO photocatalyst
through an oxidative reaction [16, 17]. In addition,
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the generated electrons can react with O, molecules
and produce superoxide radicals (O,*) via a
reductive process. The non-selective OH® radicals,
known for their high reactivity, cause damage
to the structures of most organic compounds
[18]. The wide optical band gap of ZnO, which
is around 3.37 eV, imposes a constraint on its
ability to absorb the visible portion of the solar
spectrum [19]. Moreover, the rapid recombination
of photo-generated charge carriers hinders the
high photocatalytic ability of ZnO photocatalyst
[20, 21]. The use of nonmetallic elements such as
carbon, nitrogen, and sulfur has gotten a lot of
attention for the improvement of photocatalytic
operation of ZnO [22, 23]. Deposition of ZnO
particles on porous carbonaceous materials can
enhance degradation performance by facilitating
both photo-induced electron transfer and
adsorption of organic pollutants [24]. Activated
carbon (AC) has been extensively utilized as
a support for photocatalysts due to its simple
fabrication, chemical constancy, porous structure
with a significant surface area, and environmental
friendliness [25]. Recently, biochar support has
attracted considerable interest in water treatment
[26]. The use of low-cost resources, particularly
agricultural waste is the main advantage in the
production of biochar material. This strategy offers
a solution to agricultural waste disposal limitations
and facilitates the conversion of waste substances
into useful carbon material [27].

Herein, we focus on the fabrication of novel
nanocomposite materials to make effective visible
active photocatalysts by the combination of ZnO
particles and agricultural waste-derived biochar. To
reach this goal, firstly the pistachio residues were
used as raw and available substances to fabricate
the porous biochar via the pyrolysis process. After
the hydrothermal treatment, various morphologies
(spherical and road) of ZnO nanoparticles were
immobilized onto the surface of biochar support,
and composites (spherical ZnO/biochar and
nanorod ZnO/biochar) were fabricated. The
prepared ZnO-biochar nanocomposites were well
characterized using different techniques including
Fourier transform infrared spectroscopy (FT-IR),
X-ray diffraction (XRD), UV-vis diffuse reflectance
spectroscopy (DRS), scanning electron microscopy
(SEM) and electron dispersive spectroscopy
(EDS) elemental mapping. The photocatalytic
performances of ZnO/biochar nanocatalysts were
explored using the photodegradation of methylene

138

blue (MB) as a target dye contaminant in an
aqueous solution. Our investigation proposes a
convenient and inexpensive technique to facilitate
the practical use of ZnO photocatalyst.

EXPERIMENTAL
Chemicals and materials:

Zinc chloride (ZnCL,), MB (C, H,,N SCL.3H,0),
and ammonia solution (NH,OH) were supplied
from Merck (Germany) and used without any
purification. In all synthesis and photocatalytic
experiments, ultra-pure water was used. Pistachio
samples were acquired from the Sirjan city (Kerman
Province) of Iran.

Instrumentation:

MB residual concentrations and DRS data were
obtained on a Varian spectrophotometer (Cary
5000). The morphologies of the prepared ZnO/
biochar photocatalysts were evaluated with an
MIRA3 LM TESCAN microscope equipped with
an EDS system. The XRD patterns of biochar and
ZnO/biochar nanocomposites were recorded on a
powder XRD instrument (Malvern-PANalytical,
Empyean 2012). Fourier transform infrared
spectroscopy (FT-IR) spectra were recorded using
a Perkin Elmer FT-IR system.

Preparation of ZnO/biochar nanocomposites:

The preparation of biochar support was carried
out according to a method reported previously
[28]. Firstly, the raw pistachio shells were dried
at 110 °C in an oven to eliminate the moisture
content. The dried shells were ground and put in 50
mL porcelain crucibles and then covered with lids.
The crucible was subjected to a furnace to pyrolysis
the biomass. The furnace was supplied with N, for
1 h at a rate of 50 mL min" to evacuate O,. The
powdered sample was pyrolyzed at 900 °C for 4 h
with a heating rate of 10 °C min™'. After cooling
the furnace, the obtained biochar was collected,
ground into powder, and stored in a desiccator to
avoid moisture adsorption.

The ZnO-biochar nanocomposites with
different morphologies were formed with the
hydrothermal method according to the following
procedures. In a typical procedure, 0.5 g of biochar
sample was dispersed in 50 mL of deionized water
under ultra-sonication for 15 min. Then, 0.68 g
of ZnCl, was added to the above mixture under
magnetic stirring for the next 15 min. Then,
NH,OH solution was added dropwise into the
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obtained mixture to reach the pH value of mixture
9.0. After stirring for 1 h, the mixture was sealed
into a Teflon-lined stainless autoclave (75 mL).
The autoclave was sealed and maintained at 150 °C
for 4 h for hydrothermal treatment. After cooling
to room temperature, the precipitate was leached
and rinsed with water 3 times and dried at 50 °C
overnight. To achieve the spherical ZnO/biochar
sample, the obtained processor was annealed
at 400 °C for 4 h. The nanorod ZnO/biochar
sample was similarly prepared except that the pH
of the mixture solution was adjusted to 12.0 by
NH,OH solution. Scheme 1 shows a diagrammatic
representation of the synthesized photocatalysts.
According to literature reposted by Kumaresan et
al. [29], the pH of precursor solution affects the
morphology of ZnO particles. The adsorption of
hydroxyl ions (OH') onto certain crystal facets can
inhibit growth perpendicular to those surfaces. The
combination of anisotropic growth kinetics and
selective adsorption of OH" ions ultimately causes
one-dimensional growth and the formation of ZnO
nanorods under higher pH conditions [30].

Photocatalytic degradation of MB:

The photocatalytic potency of spherical ZnO/
biochar and nanorod ZnO/biochar was explored
by evaluating the photodegradation of MB under
visible light irradiation. A tubular reactor (with
50 mL volume) was used for the degradation
studies. The reactor was illuminated using a 500-
W high-pressure xenon lamp equipped with a UV
cutoft filter, which provided visible light in the
wavelength range from 400 nm to 800 nm. To get
the adsorption-desorption equilibrium, the MB
solution was stirred with 10 mg of the prepared
photocatalysts in the dark for 20 min. Visible light
irradiation was then applied to the stirred aqueous
dye solution to initiate the photocatalytic reaction.
The residual MB concentration was monitored
using a spectrophotometer at regular 10-minute
intervals during the experiment cycle time (2 h).
The equation used to estimate the degradation
yield of dye can be expressed as follows [31]:

Co—C
Degradation yield= % x 100 (1)

o

Pyrolysis
- procedure
[————1
Pistachio shells Biochar
A li
* = s Spherical ZnO/biochar
cl.l\' at 400 °C
o
. Hydrothermal
Biochar Method
+
NH4OH 150°C for4 h
¥ 3
ZnCl, T )
= | Annealing -
= Nanoroad ZnO/biochar
at 400 °C

Scheme 1. Schematic presentation of steps involved in the fabrication of ZnO/biochar photocatalysts.
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Fig. 1. XRD patterns of (A) biochar, (B) nanorod ZnO/

biochar, and (C) spherical ZnO/biochar.
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Fig. 2. FT-IR spectra of (A) biochar, (B) nanorod ZnO/
biochar, and (C) spherical ZnO/biochar samples.
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Fig. 3. SEM images of (A) biochar, (B) spherical ZnO/biochar catalyst, and (C) nanorod ZnO/biochar catalyst.

In the equation, C, (mg L") and C (mg L")
represent the initial and final concentrations of the
target dye. For the catalyst recycling experiments,
the used ZnO/biochar was separated, completely
washed with ethanol to remove the remaining
impurities, and then dried at 50 °C. The experiments
were carried out at least thrice.

RESULTS AND DISCUSSION
Characterization:

Fig. 1 illustrates the XRD patterns of the
biochar and ZnO-biochar nanocomposites.
No clear reflections of crystalline phases are
observed in the XRD pattern of the biochar
sample. However, there are two broad peaks at
around 23.5° (002) and 43.5° (100), which are
caused by graphitic carbon structures of support
[32]. The various morphologies of the fabricated
photocatalysts show similar XRD patterns. The
peaks at 20 values of 31.5° 34.2°, 36.1°, 47.4°
56.4°, 62.5°, 65.9°, and 67.5° could be indexed to
(100), (002), (101), (102), (110), (103), and (112)
crystal planes, respectively. The finding data are in
agreement with the standard pattern of hexagonal
ZnO (JCPDS No. 36-1451) [33, 34].
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The FT-IR spectra of pistachio shells derived
biochar and ZnO/biochar photocatalysts were
investigated in the range of 400-4000 cm™ and are
depicted in Fig. 2. The presence of water molecules
and surface hydroxyl groups can be identified by
the broad band observed at ~3450 cm™. The bands
observed at 2880 and 2939 cm™ are a result of the
C-H stretching vibrations in biochar material [35].
The presence of carboxylic groups of hemicellulose
can be also identified by the adsorption band at
1635 cm™ [36]. The peaks occurring at ~1070 cm™
can be attributed to the stretching vibrations and
anti-symmetric stretching of C-O-C bonds in
biochar support [37]. The peaks at 516 and 491 cm™*
are due to the vibration of Zn-O bonds [38] and
support the successful formation of ZnO particles
on support material.

The SEM analyses of biochar and ZnO/biochar
nanocomposites are demonstrated in Fig. 3. The
biochar sample exhibits a relatively smooth surface,
as shown in Fig. 3(A). The surface of the ZnO/
biochar nanocomposites is rougher in comparison
to biochar, suggesting that the ZnO particles have
been covered on the carbon support. The successful
deposition of ZnO on the biochar support resulted
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Fig. 5. EDS elemental mapping images of (A) spherical ZnO/biochar catalyst and (B) nanoroad ZnO/biochar catalyst.
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Fig. 6. (A) UV-vis diffuse reflectance spectra of ZnO/biochar catalysts and (B) corresponding relationship between
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Fig. 7. Photodegradation studies of MB at different systems.

in the formation of various shapes, including
spherical (Fig. 3(B)) and nanorod (Fig. 3(C)). To
evaluate the chemical composition and elemental
distribution, EDS analysis was performed. EDS
analysis (Fig. 4) revealed that the ZnO/biochar
nanocomposites consisted of zinc, oxygen, and
carbon atoms, which confirm the successful
preparation of photocatalysts. Fig. 5 presents the
element mapping analyses of the spherical and
nanorod ZnO/biochar materials. As can be seen,
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ZnO and C were uniformly distributed in both
catalyst substances.

The optical characteristics of the spherical and
nanorod ZnO/biochar materials were investigated
by UV-vis DRS spectra as illustrated in Fig. 6(A).
As depicted, both catalysts have strong absorption
below 400 nm, which mainly corresponds to the
intrinsic band absorption of ZnO [39]. The band-
gap energies of the synthesized photocatalysts were
determined using Tauc’s plots using optical data.
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Fig. 8. UV-Vis spectra change of dye solution before and
after 120 min treatment with spherical ZnO/biochar.

. |
-&-ZnO/biochar(0.3)
08 | -&-ZnO/biochar(0.5)
-4&-ZnO/biochar(0.7)
~4-ZnO/biochar(0.9)
0.6
e
9
9]
0.4
0.2 4
0
0 25 50 75 100 125

Time (min)

Fig. 9. Effect of biochar content on photodegradation of
MB using spherical ZnO/biochar.
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Fig. 10. Photodegradation kinetics with (A) pseudo-first-order and (B) pseudo-second-order models.
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The band gap energies (Eg) were calculated using
Tauc’s equation [40]:

(ahv)® = A(hv — Eg}

where a and A are the absorption coefficients,

hv and E, are the photon energy and band gap
4

energy, respectively. The band gap energy of the
ZnO/biochar nanocomposites can be estimated by
extrapolating the linear region of (ahv)? versus hv
plot to zero absorption (Fig. 6(B)). The band gap
values for spherical ZnO/biochar and nanoroad
ZnO/biochar nanocomposites were determined
to be 2.98 eV and 3.08 eV, respectively. Based on
these results, the ZnO-based photocatalysts can
demonstrate good visible photocatalytic character.

Photocatalytic activities:

Fig. 7 illustrates the degradation rate of MB when
exposed to visible-light illumination in the presence
of 10 mg of the synthesized spherical and nanorod
ZnO/biochar catalysts. The nanorod ZnO/biochar
showed a lower degradation rate compared to the
spherical ZnO/biochar. The photodegradation
performance of spherical and nanorod ZnO/
biochar after 120 min visible-light irradiation was
approximately ~97% and 95%, respectively. The
concentration of dye showed little variation during
visible-light irradiation without nanocatalysts,
suggesting that the photolysis of MB is negligible.
UV-Vis spectra of the dye solution before and after
the photodegradation experiment using spherical
ZnO/biochar are also shown in Fig. 8.

Effect of biochar content

Fig. 9 illustrates the performance profiles for the
MB degradation using the spherical ZnO/biochar
catalyst at various biochar contents (0.3, 0.5, 0.7, and
0.9 g). As depicted, the photocatalytic degradation
efficiency of MB follows the order ZnO/biochar(0.5)
> 7ZnO/biochar(0.7) > ZnO/biochar(0.3) > ZnO/
biochar(0.9). The addition of an appropriate amount
of biochar can enhance the photoactivity effectively.
The excess amount addition of biochar content led
to the reduction of the light penetration into the
solution owing to the particle scattering effect [41,
42]. Hence, the ZnO/biochar (0.5) catalyst was used
in further experiments.

Kinetic study:

The kinetics of the photodegradation process
by the ZnO/biochar catalysts were investigated by
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the pseudo-first-order (Eq. 3) and pseudo-second-
order (Eq. 4) kinetic models. These kinetic models
are outlined as follows:

o et @)

where, C (mg L") is the dye concentration
at time t, and C, (mg L") is the initial dye
concentration. The first-order and second-order
equilibrium rate constants are denoted by k, (min®
') and k, (g mg™" min™), respectively. From Fig. 10,
it is clear that the correlation coefficient (R?) for
the pseudo-first-order model is higher compared
to the pseudo-second-order model. In addition,
the rate constant (k) of 0.0306 min" and 0.0258
min™ for the spherical ZnO/biochar and nanoroad
ZnO/biochar catalysts was reckoned, respectively.
This may be due to the existence of more oxygen
vacancies and Zn centers in the spherical ZnO/
biochar photocatalyst.

Reusability:

The study of catalyst reusability involved the
repeated use of spherical ZnO/biochar for five cycles,
with 120 min run time for each cycle. According to
the data presented in Fig. 11, the efficiency loss for
the first, second, third, fourth, and fifth cycles is
97.6%, 96.2%, 95.4%, 92.8%, and 90.8% respectively.
Considering these results, the photodegradation
treatment led to a slight decrease in the catalytic
efficiency of the spherical ZnO/biochar. Therefore,
the photodegradation of MB using the proposed
nanocatalyst is economically feasible.

The performances of the spherical ZnO/
biochar catalyst were also compared with other
reported ZnO photocatalysts [33, 41, 43-45]. As
summarized in Table 1, the suggested catalyst
indicates the notable activity and stability for
MB degradation under visible light irradiation.
These data suggest that the spherical ZnO/biochar
catalyst can be used as a promising photocatalyst
material for water treatment. It is hoped that our
current work could promote increasing interest in
designing the nanocomposites of one-dimensional
(1D) semiconductors and two-dimensional (2D)
graphene for different photocatalytic applications.

Photocatalytic degradation mechanism:
The reactive species produced in the current

J. Water Environ. Nanotechnol., 9(2): 137-148 Spring 2024



M. Fayazi / Synthesis of ZnO nanostructures with different morphologies

Table 1 Comparison of the performance of different ZnO-based photocatalysts for degradation of organic pollutants.

Efficiency ~ Reusability

Catalyst Target pollutant Conditions Ref.
(%) (%)
Graphene-ZnO Catalyst]=0.21 g L'}, [dye]=10 m,
P Methylene blue L1 2st1=0-21 17, [dye]=10mg 599 ~95% (3rd) (3]
nanorod L, UV irradiation (40 min)
ZnO/biochar [Catalyst]=0.2 g L, [antibiotic]=10
Metronidazole 97.5 80.1% (5th) [41]
composite mg L, Visible-light (60 min)
Nano-flower [Catalyst]=1 g L', [dye]=10 mg L,
Rhodamine B 90 82.5% (3rd) [43]
ZnO/biochar Natural sunlight (120 min)
Activated Catalyst]=1.25 g L'!, [dye]=10 m
Congo red [ ystl & Ldye] & ~100 - [44]
carbon/ZnO L, Visible-light (50 min)
Nano ZnO/Activated [Catalyst]=0.2 g L, [dye]=10 mg L-
Methyl orange o ) >98 ~83% (3rd) [45]
carbon 1, UV irradiation (180 min)
Spherical Catalyst]=0.2 g L', [dye]=10 mg L
P Methylene blue [ st g L7 [dye] 8 ~97 90.8% (5th)  This study
ZnQO/biochar !, Visible-light (120 min)

= @
S S

MB degradation (%)
-
=]

20 I I I | I
0 -
1 2 3 4 5

Cycle number

Fig. 11. Recycling experiments for MB photodegradation
using spherical ZnO/biochar catalyst.

photocatalytic method were identified by using
tert-butyl alcohol (TBA), ammonium oxalate
(AO), benzoquinone (BQ), and AgNO, for
OH*, h*, O,* and e, respectively. As depicted
in Fig. 12, when the TBA and AO are added, the
photoactivity of spherical ZnO/biochar is lowered
most significantly. The addition of AgNO, and
BQ also prohibits the degradation performance
but with a smaller depression degree for the
photoactivity than the cases of TBA and AO added.
These findings show that the OH® and O,*radicals
play a more important role than h* and e in the
photocatalytic degradation of MB over spherical
ZnO/biochar catalyst.
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Fig. 12. Photocatalytic activity of spherical ZnO/biochar
catalyst towards the degradation of MB with various
types of scavengers.

According to the above data, a possible
mechanism for photocatalytic degradation of
MB over spherical ZnO/biochar is proposed,
as illustrated in Fig. 13. Upon the UV light
irradiation, the electrons in the valence band of
ZnO nanoparticles can be excited to the conduction
band, leaving holes in the valence band. Then, the
photogenerated electrons can transfer to biochar
due to the interfacial contact between nanoparticles
and biochar, which hinders the recombination of
electrons and holes efficiently. The MB molecules
can be transferred from the solution to the surface
of the ZnO/biochar nanocomposite and adsorbed
using -7 interaction between the target dye and
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Degraded products

Fig. 13. Schematic diagram of the proposed mechanism for photodegradation of MB over spherical ZnO/biochar under

visible light irradiation.

biochar surface. The adsorbed MB can be oxidized
by the photoactive radicals (e.g., OH® and O,*)
generated in the photocatalytic reaction to produce
CO,, H,0, and other mineralized intermediates.
The photocatalytic reaction equations for the
discussed mechanism are expressed in Egs. (5)-(11).

Zn0fbiochar + hv — Zn0 fbiochar(h* +e7) (3)

2Ind + hv = Znd(h*) + Zn0(e™) (8}
Zn0ie™) + biochar — In0 + biochar{e™) (7
Ind(ht)+ Ho0 = Zn0+ OH' + H™ ()
ZnO(h*) + OH- — Zn0 + OH" (@
biochar{e™) + 07 — biochar + 0;~ 10y
Reactive species (OH" and 0;7) + MB —

degraded products (11)
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CONCLUSION

In summary, ZnO nanostructures with different
morphologies were successfully deposited on the
surface of pistachio-derived biochar using the
hydrothermal method and subsequent annealing
treatment. XRD, SEM, DRS, and FTIR analyses were
used to characterize the physicochemical features of
the ZnO/biochar nanocatalysts. The SEM analysis
shows that the deposited ZnO nanoparticles on
carbon support have different morphologies (road
and spherical). The photodegradation of MB at
visible light conditions was examined to explore
the catalytic properties of the fabricated ZnO-
based photocatalyst materials. A photodegradation
performance exceeding 97% was observed for
the studied dye when treated with the ZnO/
biochar photocatalysts. The notable photocatalytic
ability of the as-prepared photocatalysts can be
attributed to three key factors: the small size of
ZnO nanoparticles, the adsorptive properties of the
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carbon support, and the favorable separation of the
photo-induced e-h pairs. Additionally, the ZnO/
biochar photocatalysts offer several benefits, such
as easy fabrication, cost-effectiveness, excellent
photocatalytic performance, and effective recycling
capability. These ZnO/biochar composites can be
further explored for water purification at a larger
and industrial scale.
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