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ORIGINAL STUDY

Zinc Oxide Nanoparticles Synthesized From
Zinc(II)-2-acetylpyrazine-4-
methylthiosemicarbazone Complex and Coffea
liberica Leaf Extract: Catalysis Study

Anis S. Mohd Zaini °, Ai Ling Tan “, Wan N.R. Wan Isahak b Malai Haniti S.A. Hamid "

@ Chemical Sciences, Faculty of Science, University Brunei Darussalam, Jalan Tungku Link, Gadong BE 1410, Brunei Darussalam
b Department of Chemical and Process Engineering, Faculty of Engineering and Built Environment, Universiti Kebangsaan Malaysia, 43600 UKM,
Selangor, Malaysia

Abstract

The increasing demand for sustainable catalysts is a significant challenge in the industrial sector. Traditional cat-
alytic processes often rely on harmful chemicals and high-energy inputs, contributing to environmental pollution. In
this work, we investigate the catalytic activity of chemically synthesized zinc oxide nanoparticles (ZnO NPs) derived
from zinc(II) 2-acetylpyrazine-4-methylthiosemicarbazone as a precursor (ZnO-SB), and green synthesized ZnO NPs
derived from three different concentrations of leaf extracts of Coffea liberica leaf extract (Zn0O-1, ZnO-5, and Zn0O-10).
ZnO0-5 has been shown to exhibit a rodlike structure and highly porous morphology, while Zn0O-1, Zn0O-10, and ZnO-SB
exhibit irregular and spherical structures with less porous morphology. FTIR spectra shows that the medium intense
bands of Zn-O stretching were observed at approximately 400 cm ™! for Zn0O-SB, ZnO-1, Zn0-10, and ZnO-C, while 409
cm ! for ZnO-5. All the synthesized ZnO NPs were investigated as a catalyst in the acylation of phenol and it was shown
that the green synthesized ZnO NPs are more favorable, specifically ZnO-5. A reusability test for ZnO-5 observed that
this catalyst can be reused many times without significant loss in its activity. X-ray diffraction of ZnO NP shows that it
crystallizes in hexagonal wurtzite phase and the average particle sizes of Zn0-1, Zn0-5, Zn0-10, and ZnO-SB were 42.18
nm, 40.56 nm, 34.34 nm, and 51.80 nm, respectively. This study shows that green synthesized ZnO NPs are potential
catalysts in organic reactions. The results also show that the green synthesized ZnO NPs are more porous than
chemically synthesized ZnO NPs. The synthesized ligand (L) and its zinc(II) complex (ZnL,) were characterized by FTIR,
UV-Vis, and MS spectroscopic techniques.

Keywords: Thiosemicarbazone, Zn(II) Schiff base complex, ZnO NPs, Aqueous Coffea liberica leaf extract, Catalytic reaction

1. Introduction pathway that lowers the activation energy, thus facili-
tating a faster and more efficient process. By reducing
the activation energy barrier, catalysts can make re-
actions economically and technologically viable, which
is key to chemical manufacturing [1,2]. Advances in
catalyst technology, such as novel catalysts for alcohol
oxidation with pharmaceutical applications and those
for organic oxidation in environmental remediation,
underscore their importance [3,4]. Catalysts are cate-
gorized as homogeneous or heterogeneous catalysts.

C atalysts have been fundamental to advancement in

modern chemistry and served as a foundation for
the transformation of industrial development. Starting
from early civilizations using fire to accelerate re-
actions, the quest for catalytic processes has continued
through history, evolving into today's applications that
drive innovation across numerous industries. Catalysts
operate based on their ability to have an alternative
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While homogeneous catalysts are known to provide
better selectivity, heterogeneous catalysts are
preferred for ease of recovery and reusability. Among
heterogeneous catalysts, metal oxide nanoparticles,
including zinc oxide nanoparticles (ZnO NPs), have
garnered significant attention for their high surface
area-to-volume ratio and distinctive electronic prop-
erties, excelling in reactions, e.g, dehydrogenation,
Claisen-Schmidt, transesterification, and acylation
[5—10]. These nanocatalysts offer superior reactivity,
selectivity, and reusability, driving sustainable organic
synthesis. Acylation reaction protects hydroxyl groups
during synthesis and finds applications in industries
such as pharmaceuticals and cosmetics [8]. Tradition-
ally catalyzed by acids or bases, modern alternatives,
including ZnO NPs, provide milder conditions and
higher yields [11,12]. The nanotechnology revolution
has enhanced the performance of ZnO NPs which
exhibit unique properties due to their nanoscale di-
mensions. ZnO NPs, known for their biocompatibility
and low toxicity, are utilized in applications ranging
from antibacterial agents to drug delivery systems [13].
Among the synthesis approaches, chemical methods
such as thermal decomposition offer precise control
over particle size and purity. For instance, using
hydrazone Schiff base (SB) shows the use of ZnO NPs as
a catalyst for Biglini reactions, which shows faster,
higher yield, and easy recovery of the catalyst [14].
Green synthesis using plant extracts provides envi-
ronmentally friendly alternatives [15,16]. With these
two methods, thiosemicarbazone (TSC) enhances ZnO
NPs synthesis, particularly through coordination
chemistry with metal ions. A notable TSC ligand is 2-
acetylpyrazine-4-methylthiosemicarbazone, specif-
ically, the bulky group at the N* position of the TSC
scaffold can further enhance the biological efficacy of
these compounds, making them promising candidates
for therapeutic applications [17—19].

The Coffea genus, scientifically known as the Rubia-
ceae family, is a globally popular beverage valued for its
pleasant flavor, stimulating effect, and possible health
advantages such as reduced risks of type 2 diabetes
and colorectal cancer [20,21]. While Coffea arabica and
Coffea robusta dominate cultivation, Coffea liberica
characterized by its tall growth, hardy nature, and large
leaves remains understudied [22]. The phytochemicals
of Coffea liberica leaf extract has revealed a diverse
array of bioactive compounds e.g. alkaloids, flavonoids,
and saponins, which contribute to its antioxidant and
potential therapeutic applications [23]. These diverse
phytochemicals also facilitated the synthesis of ZnO
NPs by acting as reducing and stabilizing agents during
nanoparticle formation [24—26]. Thus, in the present
study, ZnO NPs were synthesized by chemical method
via thermal decomposition of zinc(II) complex from 2-

acetylpyrazine-4-methylthiosemicarbazone (ZnL;) as a
precursor and green synthesis using Coffea liberica leaf
extract, where the phytochemicals present in the leaf
extract act as capping and stabilizing agents. Detailed
investigation of the particle size and morphology of the
synthesized ZnO NPs was also discussed. For the first
time, this paper reports the influence of ZnO NPs from
both chemical and green methods on the catalytic
organic reaction of acylation of phenol.

2. Experimental

2.1. Materials and instrumentation

Coffea liberica leaves were collected from Labi
Coffee Farm, Belait District, Brunei Darussalam.
Zinc(II) nitrate hexahydrate, (Zn(NO3),-6H,0, 98 %),
2-acetylpyrazine (97 %) and 4-methyl-3-
thiosemicarbazide (97 %) were all purchased from
Sigma-Aldrich. Methanol (>99.5 %), acetonitrile,
dichloromethane, phenol, 2-naphthol, and anhydrous
sodium sulfate were all obtained from Merck. In addi-
tion, sodium bicarbonate, petroleum ether 40—60 °C, 4-
chlorophenol, and ethyl acetate were all from BDH,
while benzoyl chloride and zinc(Il) acetate dihydrate
(Zn(CH3CO2),-2H,0, 98 %) were obtained from Fluka.
For comparison purposes, commercial ZnO (ZnO-C) was
used. Absolute ethanol was purchased from Scharlay,
while the other chemical reagents, including glacial
acetic acid, were obtained from Univar. All the chemical
reagents were used without further purification. Atten-
uated Total Reflectance-Fourier Transform Infrared
(ATR-FTIR) spectra were obtained from a Shimadzu IR
Prestige-21, Fourier Transform Infrared Spectrometer.
PANalytical AERIS X-ray diffractometer was used to get
X-ray diffraction (XRD) using Cu Ka radiation (0.15406
nm) in the range of 26 from 20° to 80°. Thermolyne
1400 furnace for calcination of ZnO NPs, Shimadzu UV-
1900 UV-Vis spectrometer using DMSO as a solvent was
used, and the spectra were plotted using Origin Lab.
Image] and Chemsketch software were used to calculate
the average particle size of synthesized ZnO NPs and for
chemical structures, respectively. The FESEM-EDX and
CHN were carried out at the i-CRIM Centralised Lab,
Universiti Kebangsaan Malaysia. Mass spectra were
recorded on an Agilent 6546 LC-QTOF at the National
University of Singapore (NUS).

2.2. Chemical synthesis of ZnO from zinc(1l) schiff base
complex

2.2.1. Preparation of ligand, 2-acetylpyrazine 4-
methylthiosemicarbazone [L]

The preparation of L. was adapted from Zhou et al.
[19], where a solution of 2-acetylpyrazine (0.2444 g, 2
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mmol) in absolute ethanol was mixed with a solution of
4-methyl-3-thiosemicarbazide (0.2104 g, 2 mmol) in
absolute ethanol with 4 drops of glacial acetic acid
added. The solution mixture was refluxed for 30 mi-
nutes, pale-yellow crystals product formed, which were
filtered off, washed with cold absolute ethanol, and
recrystallized from acetonitrile and methanol to obtain
pale-yellow crystals. Yield: 0.1874 g, 45 %; m.pt:
242—244 °C. Elemental analysis for CgH;{NsS calcd
(%): C, 47.98; H, 5.64; N, 33.57. Found: C, 51.60; H,
5.69; N, 36.34. FTIR (Umaxw cm ™ 1): 3303, 3214 v(N—H),
1543 y(C=C arom), 1607 v(C=N), 840 v(C=S). UV-Vis
(DMSO0), Amax nm: 250, 328. HR-ESI-MS calculated for
CgH11NsS [M+H]*: 209.28, Found: 210.10.

2.2.2. Synthesis of Zinc(ll) complex [ZnL,]

Zinc(Il) acetate dihydrate (0.0262 g, 0.120 mmol)
was dissolved and heated in a solution of methanol (5
mL). By using a 1:2 metal-ligand ratio, the mixture was
added to the ligand solution, L (50 mg, 0.239 mmol)
dissolved in acetonitrile and methanol to form an or-
ange solution. The mixture was then refluxed for 6
hours and left to stand overnight to yield an orange
powder. The product was filtered, washed with cold
acetonitrile, and air-dried. Yield: 0.0289 g, 30 %, m.pt:
262 °C (decomposed). Elemental analysis for
ZnCqH29N10S; caled (%): C, 39.88; H, 4.18; N, 29.06.
Found: C, 40.33; H, 4.15; N, 26.54. FTIR (Ujpax cm ™ 1)
3260 v(N—H), 1543 v(C=C arom), 1577 v(C=N), 821
v(C=S). UV-Vis (DMSO0), An.x nm: 248, 322, 421. HR-
ESI-MS calculated for ZnC;¢H,0N10S, [M+H]": 481.92,
Found: 481.10.

0

N7 X CH
bN

2-Acetylpyrazine 4-Methyl-3-thiosemicarbazide

ZnO-SB

Glacial CH,COOH N XX

I I
st HZN/N N\CH3 R N
Reflux, 30 mins k/
S

Calcined, 600 °C, 2 h
-—

2.2.3. Synthesis of ZnO NPs [ZnO-SB]

The ZnO-SB was prepared by thermal decomposition
of ZnL; (1 g) at 600 °C for 2 h. Afterward, the crucibles
were placed in the muffle furnace and calcined to
produce a cream fine powder. Fig. 1 illustrates the
summary of the synthesis of ZnO NPs derived from the
Zn(II) Schiff base complex.

2.3. Green synthesis of ZnO NPs

2.3.1. Preparation of aqueous Coffea liberica leaf
extract

The leaves were collected and washed thrice with tap
water, followed by distilled water to remove the dust
particles. The leaves were then air-dried and dehy-
drated for 7 hours using a Dessini, DS-350A dehydrator
until constant weighed. The dehydrated leaves were
then cut and blended into a fine powder. The desired
weighed powder (1 g, 5 g, or 10 g) was transferred to a
100 ml conical flask with 50 mL of distilled water and
sonicated for 1 h at 60 °C. After sonication, the conical
flask was cooled at room temperature and vacuum
filtered to collect the aqueous leaf extract for 1 g, 5 g
and 10 g of the leaves, followed by vacuum filtration
using Whatman No.3 filter paper. The three different
concentrations of leaves extract prepared were used to
synthesize three different ZnO NPs.

2.3.2. Preparation of ZnO using aqueous leaf extract
of Coffea liberica

1 g of Zn(NO3),-6H,0 was added to 50 mL of
aqueous leaf extract and the solution was heated at

CH3
Y ~c

2-Acetylpyrazine-4-Methyl-3
-thiosemicarbazone, L

Zn(CH,C00),.2H,0
Reflux, 6 h

Fig. 1. Schematic diagram of chemical synthesis of ZnO NPs via Zn(1l) Schiff base complex.
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80 °C with stirring for 2 h until a formation of dark
brown paste formed. The paste was then transferred
into a crucible and calcined in a furnace at 600 °C for
2 h. The product was left to cool to room temperature
before being ground finely using a pestle and mortar.
The three synthesized ZnO were labelled as ZnO-1,
Zn0-5, and ZnO0-10 according to the amount of leaf
powder used: 1 g, 5 g, and 10 g, respectively [27]. The
summary of the procedure of green synthesized ZnO
NPs is shown in Fig. 2.

2.4. Catalytic reaction

A mixture of 5 mmol of phenol and 5 mmol of
benzoyl chloride was transferred into a 25 mL round
bottom flask. 10 mol% ZnO (0.040 g) was added and
stirred at room temperature until solidified, which
took approximately two to 3 min. TLC was used to
monitor the progress of the reaction. On completion of
the reaction, CH,Cl; (2 x 5 mL) was added to the
mixture. The resulting mixture was filtered to remove
the ZnO solid. The filtrate was then washed with 10
mL of 10 % aqueous NaHCO3 and transferred into a
100 mL separating funnel. The two layers, consisting
of the aqueous and organic layers, were collected in a

Coffea liberica’s
leaves

Washed and
dehydrated for 7 h.

blended to powder.

179

separate beaker. The aqueous layer was extracted
again with another 10 mL of CH,Cl,. The organic
layers were then combined and dried with anhydrous
Na,S0,. After 15 mins, the solution was filtered into a
50 mL round bottom flask and then rotary evaporated
to obtain the phenyl benzoate as a white solid product.
This procedure was done in triplicate for ZnO-SB, ZnO-
1, Zn0O-5, Zn0-10, and commercial ZnO (Zn0O-C), and
the average yield of product formed from the reaction
was taken [7]. ZnO-5 gave the best yield for acylation
and therefore was further studied as a catalyst
for other phenol derivatives, which are 2-naphthol
and 4-chlorophenol. Furthermore, as a control, the
acylation reaction of phenol with benzoyl chloride
with no catalyst was conducted, and there was no
reaction. The recyclability of phenol using Zn0O-5 was
also carried out using the same conditions and
procedure.

3. Results and discussion

3.1. Synthesis and characterization of L and ZnL,

The syntheses and spectroscopic characterization of
Schiff  base  ligand 2-acetylpyrazine-4-methyl

The powdered leaves were
sonicated in distilled water at
60 °C for 1 h.

The leaves were

ZnO-NPs

Brown paste
obtained was
calcined at 600 °C

for 2 h.

Zn(NO3)2.6H20 in leaf
extract was stirred and
heated at 80 °Cfor 2 h.

Fig. 2. Schematic diagram of green synthesis of ZnO NPs using Coffea liberica leaf extract.
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thiosemicarbazone, abbreviated as L, have been previ-
ously reported in the literature [19]. The Schiff base
ligand is commonly known for its functional group of
thioamides, -NH-(C=S)-, thus they can exhibit thione-
thiol tautomerism. The prepared Schiff base ligand, L,
therefore, is likely to exist either as the thione or thiol
tautomeric forms as shown in Fig. 3. However, the FTIR
spectrum of L displays a v(N—H) stretching band at
3302—3213 cm %, indicating that it adopts the thione
tautomeric form in the solid state. This is further sup-
ported by the presence of v(C=S) stretch in the ligand,
which was detected at ca. 840 cm ™" and the absence of
a v(S—H) at ca. 2600—2500 cm ', The reaction with
zinc(II) acetate dihydrate salt was performed by heat-
ing the mixture with a 1:2 metal-to-ligand ratio on a
steam bath. The addition of the methanolic solution of
metal salt to the Schiff base ligand, L, dissolved in hot
acetonitrile, led to the formation of ZnL,, an orange
powder product (yield: 30 %). The Zn(II) complex
obtained was found to be stable at room temperature
and can be kept in a desiccator over anhydrous silica
gel without any sign of decomposition. They are
insoluble in most common organic solvents but soluble
in DMF and DMSO. FTIR and UV-Vis spectroscopic
techniques characterized the obtained compounds.
The selected FTIR spectrum ligand and complex,
together with their assignments, and electronic spectra,
are listed in Table 1. The ligand indicated the imine
group v(C=N) at the FTIR stretch at 1607 cm ' is
shifted to 1577 for the complex, which shows a clear
indication of the coordination via the imine nitrogen
atom. The data from the literature gives a result for the
ligand that the v(C=N) is 1610 cm ! [28,29]. The band
at 840 cm ™' in L is assigned to v(C=S), whereas in its
complex, the band shifted to a lower frequency, which
is 821 cm™'. The complex of Fe(Il) shows similar re-
sults of the band shift for the complex from 837 to 829
em™ ' [29]. This shift indicates a successful

CH

3 H l
N N
“\/N S

Thione

l

coordination of sulfur [30]. Moreover, the free ligand
and complex did not show v(S-H) bonds at 2500-2600
cm Y indicating that the L and ZnL, in the solid state
remain in the thione form [30]. The UV-Vis absorption
was recorded using DMSO in the UV-Vis region
(300—800 nm). The ligand L presented a band at 250
nm, which corresponds to the n— 7* transition, and a
strong band at 328 nm, which can be assigned to the
m— m* transition. This transition closely aligns with
previously reported values of 258 nm and 330 nm,
reinforcing the electronic behavior of the free ligand
[18]. Upon complexation with Zn(II), as displayed in
Fig. 4, the absorption peaks are associated with the
n—7* transition and 7w— 7* transition, shifting to
lower wavelengths at 248 nm and 322 nm, respec-
tively. Additionally, the appearance of a distinct band at
421 nm, assigned to the MLCT transition, suggests that
the formation of a metal complex occurred. Although

i L
\ —2ZnL,

Absorbance

T
300 400 500 600
Wavelength (nm)

Fig. 4. Electronic Spectra of Ligand, L (black line) and zinc(Il) complex,
ZnL; (red line).

CHs Fli
x N N
N N~ Xy CH,
\ /N SH
Thiol

Fig. 3. Thione/Thiol tautomerism of Schiff base ligand, L.

Table 1. Selected FTIR vibration frequencies (cm™) for selected bonds in the ligand and complex and their electronic spectral data.

Compound IR UV-Vis spectra in DMSO
V(NH) Y(C=N) Y(C=5) Amax/nm (Calc. molar absorptivity, =)
L 3303, 1607 840 250 (64,342), 328 (29,847)
3213
ZnL, 3260 1577 821 248 (165,283), 322 (82,613), 421 (67,624)
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there is no literature report on the Zn(II) complex
derived from L, similar trends have been observed in
SB complexes of this ligand, L. with other transition
metals, such as Cd(II) and Sb(ll), have been reported
whereby MLCT bands were observed in the range of
400—450 nm [18]. This similarity supports the suc-
cessful formation of the metal complex and the occur-
rence of metal-ligand coordination. The mass spectrum
of L exhibits a peak at 210.10 m/z, corresponding to
the [M+H] ion, which is consistent with its calculated
molecular weight of 209.28. Similarly, ZnL, shows a
molecular ion peak at m/z 481.10, attributed to the
[M+H] ion, confirming its molecular mass of 481.92 as
well as the confirmed deprotonation of the hydrogen
attached to the nitrogen atom. These mass spectral
findings, together with the elemental analysis, support
the successful formation of Zn(II) complex with a
general stoichiometry of [ZnL,] in a ratio of 1:2. The
elemental analyses indicated that ZnL, was formed
with a 1:2 ratio.

3.2. FTIR analysis of the synthesized ZnO NPs

The synthesized ZnO NPs (Zn0O-SB, Zn0O-1, Zn0O-5, and
Zn0-10) from both chemical and green synthesis were
all examined using FTIR spectroscopy in the range of
4000—400 cm™*, as shown in Fig. 5 and compared to
the ZnO-C. This analysis was used to determine the
functional groups responsible for the reduction and
stabilization of the synthesized NPs and functional

ZwOoSBE
— \
amor~)
ZnL, . .
260 / / i g
~—H) 1 K
L o &5
o R e & f Ko
(N—H) (€=s)
Zn0-10

% Transmittance

ZnO-5
w78
uuuuuu .
=0
[ZnO-1
T T Ay
400 5
~\
Leaf extract
F—. AT A e
L \ (M [F
PO / Vo
=2 B —ﬂfow 4 -
Zno_(‘ (C-H) ‘ 1055(C-0), (c—Cn)|

1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (em™)

Fig. 5. FTIR spectra of ZnO NPs synthesized from (a) Chemical synthesis
and (b) Green synthesis and ZnO-C.

groups present in L, ZnL2, and leaf extract. FTIR
spectrum for the leaf extract showed a broad peak at
3332 cm %, which likely belongs to the v(0—H) vibra-
tions, indicative of the hydroxyl group of polyphenols.
A strong absorption peak at 1602 cm ™' confirmed the
presence of v(C=C) stretch, suggesting the presence of
phenolic compounds, flavonoids, or tannins. The ab-
sorption at 2927 cm™ ' and 1444 cm ™! corresponds to
v(C—H) stretching of methyl or methylene group and
the appearance of bending absorption of a methyl
group at 1381 cm %, possibly linked to terpenoids or
polysaccharides. The appearance of bending absorption
of the v(N—H) or aromatic v(C=C) at 1523 cm  is
potentially from proteins or alkaloids. The peaks
attributed at 604 cm-1 indicate the presence of alkyl
halides v(C-Cl) [31]. Chlorogenic acid typically exhibits
absorption in the range of approximately 1100—1300
cm~ ' [32]. Moreover, acidic compounds such as
chlorogenic acid, citric acid, and caffeic acid are char-
acterized by distinct functional group absorptions
including v(C—0), v(0—H), and v(C—0—C) stretching
vibrations which appear at approximately 1000—1100
cm %, 3000 cm ™!, and 1200 cm ™' respectively [33].
Additional peaks observed in the leaf extract at 1027
cm ' and 1059 cm ™! are attributed to the presence of
v(C—0) which are likely due to the presence of
chlorogenic acids, while the peak at 1275 cm-1 corre-
sponds to the presence of v(C—0—C) suggesting the
presence of caffeic acid. This confirmed the presence of
phytochemicals such as alkaloids, such as caffeine, fla-
vonoids, polyphenols, and phenolics such as catechins
and tannins [23]. Based on the FTIR spectra, medium
intense bands of Zn-O stretching were observed at
approximately 400 cm~ ! for ZnO-SB, Zn0O-1, Zn0O-10,
and ZnO-C, while 409 cm~?! for ZnO-5. Moreover, Zn-
OH peaks were observed at approximately 878 cm '
for ZnO-5 and ZnO-10. There is a significant difference
that can be observed between green synthesized ZnO
NPs and chemically synthesized ZnO NPs and ZnO-C.
The intensity of the absorption bands associated with
the organic molecules increases in correlation with the
higher concentration of leaf extract used in the pro-
duction of ZnO NPs. This is attributed to the abundance
of phytochemicals in the more concentrated extract
[26,34]. As anticipated, the absence of these bands in
the FTIR spectrum of the ZnO-C confirms the presence
of phytochemicals on the surfaces of all green synthe-
sized ZnO NPs. As a result, this demonstrates that the
green synthesis method can be employed to prepare
ZnO NPs and the possibility for organic elements to be
incorporated into their structure [35]. In contrast, the
ZnO-SB from chemical synthesis shows no such peaks,
confirming complete thermal decomposition to give
ZnO NPs without surface-bound organic compounds.
This comparison highlights how green synthesis can
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offer additional benefits, such as functionalized sur-
faces which may be an advantage for their applications.

3.3. X-ray diffraction analysis

XRD was used to determine the crystallographic na-
ture and atomic structure of materials. Fig. 6 exhibits
the XRD pattern of Zn0O-SB, ZnO-1, ZnO-5, and Zn0-10
were indexed to (100), (002), (101), (102), (110),
(103), (200), (112) and (201) planes of hexagonal
wurtzite structure which correspond to 26 values of
31.84°, 34.50°, 36.34°, 47.65°, 56.73°, 63.02°, 66.54°,
68.12° and 69.26°, respectively. XRD patterns matched
with the ZnO standard diffraction pattern obtained
from the Joint Committee on Powder Diffraction Stan-
dards (JCPD ZnO 01-075-0576), which confirms that
the synthesized ZnO NPs possess a hexagonal wurtzite
phase, aligning with the X-ray diffraction results. The
sharp peaks presented at (100), (002), and (101)
denote high crystalline and single-phase ZnO NPs. ZnO-
5 and ZnO0-10 show an extra peak attributed to (001),
and this is believed to be due to their lattice strain and
interplanar spacing [36]. These findings correlate with
the result obtained by Wang et al. [26]. The average
crystallite sizes of all the synthesized ZnO NPs were
calculated using the Debye-Scherrer Equation [1]:

0.942
D=
B cos 6

1)

where D is the crystallite size, A is the wavelength of Cu
Ko radiation (1.54060 A) and B is the full width at half
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Fig. 6. XRD results of synthesized ZnO NPs.

maximum (FWHM) in radians and 6 is the Bragg
diffraction angle. The average crystallite size and lattice
parameters of a and c were identified by analyzing the
three most intense peaks which correspond to the
(100), (002), and (101) in the XRD pattern. The sym-
bols a and c are denoted as the lattice parameters,
Furthermore, the unit cell volume of the NPs was
calculated using Equation [2]:

V=—a° (2)

Table 2 shows the calculated lattice parameters a and
¢, the average crystallite size, and the unit cell volume,
V(;\)3 for all the samples. The average crystallite size of
green synthesized ZnO NPs ranges from 29.47 to 58.12
nm. The results show that the green synthesized ZnO
NPs exhibited an increase in crystallized size as the
concentration of extract used for the synthesis in-
creases. A similar observation was reported for ZnO
NPs synthesized from Coffea arabica leaf with masses
of 10 g, 15 g, 20 g, and 25 g [25]. ZnO-5 has the largest
average crystallite size at 58.47 nm, compared to ZnO-1
(29.47 nm) and ZnO0-10 (37.46 nm). Interestingly, the
chemical synthesized ZnO-SB gave an even smaller
crystallite size of 23.17 nm than the green synthesized
Zn0O NPs. Paul et al. [14] reported that the calculated
crystallite size of its ZnO NPs derived from Zn(II)
complex shows a bigger value (36.2 nm) than our
compound.

3.4. Scanning electron microscopy and energy-dispersive
X-ray spectroscopy

The morphological characteristics and the particle
size of all the synthesized ZnO NPs (ZnO-SB, ZnO-1,
Zn0-5, and ZnO-10) were analyzed using the SEM
technique. Both SEM and EDX images of these nano-
particles are presented in Fig. 7. The results show that
the green synthesized ZnO NPs are more porous than
chemically synthesized ZnO NPs. The SEM micrograph
of ZnO-SB presents a mixture of both irregular and
spherical-shaped particles, and they are densely packed

Table 2. Structural lattice parameters, a and ¢ (fi), the average crys-
tallite size (nm) and unit cell volumes (5)3 obtained from XRD patterns
of ZnO NPs synthesized using a different mass of leaves and Zn(Il)
complex as a precursor.

Samples Lattice Average crystallite Unit cell
parameters size (nm) volume V(A)?
a(d)  c(A)

ZnO-SB 3.22 5.16 23.17 46.34

ZnO-1 3.24 5.19 29.47 47.24

Zn0-5 3.24 5.19 58.12 47.31

Zn0-10 3.23 5.17 37.46 46.72
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Fig. 7. SEM image and EDX spectrum of synthesized ZnO NPs: (a) ZnO-SB, (b) ZnO-1, (c) Zn0-5, and (d) Zn0-10 at x 50,000 magnification.

together (Fig. 7a). The morphology of ZnO-1, synthe-
sized from a lower concentration of Coffea liberica
extract displayed in Fig. 7b appears as agglomerated
clusters with irregular and spherical shaped particles.
Agglomeration of particles is due to the hydrogen
bonding and electrostatic interaction between bio-
organic capping molecules and NPs [37]. The SEM
characterization of ZnO-5 reveals surface porosity
containing more defined and rod-like structured par-
ticles (Fig. 7c). ZnO-10 shows a densely packed
morphology with a mixture of both irregular-shaped
particles (Fig. 7d) [34]. The densely packed and less
porous surface observed for Zn0O-10 could be due to
the high concentration of leaf extract used for the
fabrication of ZnO NPs which leads to a higher quantity
of phytochemicals being present. This shape variation
indicates that the higher extract concentration might
affect the particle formation and surface characteristics.
Table 3 shows the average particle size calculated for
all synthesized ZnO NPs using Image] software. The
results show that amongst the synthesized NPs, ZnO-SB
has the largest average particle size of 51.80 nm, fol-
lowed by ZnO-1, ZnO-5, and ZnO-10 with 42.18, 40.56
nm and 34.34 nm, respectively. The particle size of
green synthesized ZnO decreases with an increasing

Table 3. The average particle morphology and size of all synthesized
ZnO NPs in nm.

Samples Particle size
in nm

Zn0-SB 51.80

Zn0-1 42.18

Zn0-5 40.56

Zn0-10 34.34

concentration of leaf extract used in the synthesis,
which could be attributed to the higher amount of
phytochemicals present. A similar trend has been re-
ported by Abel et al. [25] using different masses of
Coffea arabica leaf extract 10 g, 15 g 20 g, and 25 g
resulting in a decrease in size from 10 pum, 5 pm, 2 um,
and 1 pum, respectively. Another study also shows a
similar trend whereby as the concentration of Citrus
microcarpa (calamansi) peel extract used for the syn-
thesis of ZnO was increased from 1 % to 2 % and 4 %, a
decrease in the nanoparticle size from 39.7 nm to 16.8,
and 13.1 nm, respectively [34]. Soto-Robles et al. [38]
synthesized ZnO NPs with varying concentrations of
Hibiscus sabdariffa extract (1 %, 4 %, and 8 %) and
they determined that ZnO synthesized with 8 % extract
presented the smallest particle size with sizes ranging
from 5 to 12 nm, while ZnO synthesized with 1 %
extract presented the largest particle size that ranges
from 20 to 40 nm. These reports confirmed that the
concentration of extract used in ZnO NPs synthesis
plays a crucial role in determining the particle size of
the NPs. A similar observation was reported, where a
higher concentration of Hibiscus sabdariffa flower
extract resulted in more extensive material coverage
[38]. The EDX spectra confirmed the presence of zinc,
and oxygen in all synthesized ZnO NPs; a few other
low-intensity peaks were also observed in the EDX
spectra. For chemical synthesis, very low intensity of
other peaks such as carbon and sulfur, while green
synthesized ZnO NPs indicate the presence of the peak
for elements such as carbon and potassium which
could have originated from the leaf extract; hence it
shows that these phytochemicals from the leaf extract
are involved in the reduction and capping of ZnO [39].
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3.5. Catalytic reaction for the acylation of phenol

The catalytic activity of the synthesized ZnO NPs
(Zn0O-SB, Zn0-1, Zn0-5, and Zn0-10) was evaluated in
the acylation of phenol using benzoyl chloride under
solvent-free conditions at room temperature. Addi-
tionally, the catalytic efficiency of these ZnO NPs was
compared to that of ZnO-C used as a catalyst. The
proposed mechanism of ZnO NPs in the acylation re-
action of alcohols and phenols is shown in Scheme 1
[40]. The acylation of phenol with benzoyl chloride,
catalyzed by synthesized ZnO NPs and ZnO-C, suc-
cessfully produced phenyl benzoate (Scheme 2). The
results are summarized in Table 4 and depicted in
Fig. 8. The catalytic performance varied depending on
the source of ZnO NPs. ZnO-SB demonstrated a slightly
lower yield of 50 % in 2 minutes but produced a
product with a higher melting point range of 68—70 °C.
Meanwhile, ZnO-C and ZnO-1 achieved similar yields
(60 %) with reaction times of 2 and 3 minutes,
respectively, which is lower than the results obtained
by Hosseini Sarvari and Shargi (95%) [7]. However, the
reaction time is much faster than the reported time of
30 minutes [7]. Among the ZnO NPs derived from
Coffea liberica leaf extracts, ZnO-5 showed the best
performance, yielding 63 % of the product in 3 minutes
with a melting point of 68—70 °C. In comparison, ZnO-
10 has the lowest yield (55 %) while maintaining a
melting point range of 65—68 °C. The melting points of
the product in this study ranged between 65 and 70 °C,
closely aligning with the literature-reported melting
point (68—70 °C) [41]. This consistency in melting
point verifies the products' purity and supports the

target compound's successful formation. Further
_R
cl e o7+ Hal

R—OH

Scheme 1. Proposed mechanism of ZnO NPs in the acylation reaction of
alcohol and phenols [40].

\ \
Benzoyl Chloride Phenol

10 mol% Zn0O

Solvent free, r.t.p @/

Table 4. The acylation reaction of phenol and benzoyl chloride using
synthesized ZnO NPs.

Catalyst Time Average Melting point
(mins) Yield (%) of product/°C

Zn0-C 2 60(2) 65—68

Zn0-SB 2 50(3) 68—70

Zn0-1 3 60(2) 65—70

Zn0-5 3 63(2) 68—70

Zn0-10 3 55(3) 65—68

analysis using FTIR shows that the peaks of v(C=0) are
close (1726 cm™ 1) to their reported peak (1729 cm ™)
[42].

The differences in catalytic efficiency among the
synthesized ZnO NPs can be attributed to variations in
NPs size, surface area, and morphology, as influenced
by the synthesis methods and precursor concentration,
as shown in Fig. 7 and Table 2. These findings highlight
that green synthesized ZnO NPs, particularly Zn0O-5, can
outperform ZnO-C under specific conditions, making
them a promising green alternative for catalytic appli-
cations. The higher catalytic performance of ZnO-5
could be attributed to their nanorod-like structure and
high porous morphology is due to their combined
framework and textural porosity, which increases the
interaction of reactants with active sites and reduces
diffusion limitation [43]. ZnO-SB demonstrates that SB-
derived ZnO NPs catalysts may have unique properties
that influence catalytic outcomes. This underscores the
significance of precursor materials and synthesis stra-
tegies in catalyst design from their densely packed
morphology.

Percentage yield of Phenyl benzoate

Percentage yield (%)

ZnO-C  ZnO-SB ZnO-1 ZnO-5 ZnO-10

Fig. 8. The percentage yield of phenyl benzoate was obtained using 10
mol % of all synthesized ZnO NPs and ZnO-C as the catalyst.

i
N +  Hcl

Phenyl benzoate

Scheme 2. Acylation of phenol using ZnO catalyst.
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Table 5. The acylation reaction of phenol derivatives using ZnO-5.

PhCOCI + R'OH

185

10 mol % ZnO

RCO2R'

Solvent free, r.t.p

Entry Substrate name Substrate structure Time (mins) Average Yield (%) Melting point (°C)
1 Phenol OH 3 63 68—70
2 2-Naphthol OH 5 68 105—-108
3 4-Chlorophenol OH 2 64 86—90
cl

Based on the high performance of ZnO-5, further ex-
periments were carried out on two other derivatives
with benzoyl chlorides, such as 2-naphthol and 4-
chlorophenol. Table 5 displays the results of the three
substrates—phenol, 2-naphthol, and 4-chlorophenol,
yielding distinct results in terms of reaction time,
product yield, and melting points. Among the sub-
strates, 2-naphthol (entry 2) exhibited the highest
average product yield of 68 % with a reaction time of 5
minutes, indicating higher reactivity as compared to
phenol and 4-chlorophenol (entries 1 and 3). This could
be due to the bulky and more planar aromatic system of
2-naphthol that reduces steric hindrance for reactivity
[44]. 4-chlorophenol showed better reactivity than
phenol due to the presence of a chlorine substituent at
the para position, which is an electron-withdrawing
group that stabilized the phenoxide ion during the
acylation reaction [45]. 2-naphthyl benzoate demon-
strated a melting point range of 105—108 °C which is in
agreement with the melting point reported in literature
[46]. The catalytic reaction of entry 1 required 3 mi-
nutes and yielded 63 % of the product, while with entry
3, a slightly higher yield of product was obtained. The
melting point of 4-chlorophenyl benzoate obtained at
86—90 °C is the same as reported in the literature [47].
In addition, FTIR was also obtained to confirm the
peaks of the ester present for both phenol derivatives
[48,49]. The differences in yields and reaction times
highlight the influence of the substrate on the reaction
efficiency, with entry 2 benefiting from its extended
aromatic system and increased nucleophilicity. This
study underscores the potential of ZnO NPs as effective
catalysts for environmentally friendly, rapid, and effi-
cient acylation reactions.

The recyclability of a catalyst is a key indicator of its
performance and sustainability in catalytic processes.
In this study, we investigated the reusability of ZnO-5

Table 6. Recyclability study of ZnO-5 for acylation of phenol with
benzoyl chloride.

Run 1 2 3 4
Time (mins) 3 3 8 12
Yield (%) 63.5 63.4 62.1 57.8

on a model reaction of phenol and benzoyl chloride
under similar experimental conditions. This esterifica-
tion allows for a straightforward assessment of catalyst
activity and durability over successive uses. The re-
sults, as summarized in Table 6 revealed that the ZnO-5
catalyst was reused up to three times without signifi-
cant loss of catalytic efficiency. This recyclability high-
lights the catalyst potential for sustainable applications,
reducing waste and operational costs in industrial
processes. Furthermore, the ability of the ZnO-5 cata-
lyst to retain activity over multiple cycles underscores
its sustainability for long-term use in esterification and
related transformations, supporting its viability in
environmentally conscious chemical applications.

4. Conclusions

ZnO NPs were successfully synthesized via chemical
and green methods. The chemical synthesis of ZnO NPs
was derived from the thermal decomposition of zinc(II)
2-acetylpyrazine-4-methylthiosemicarbazone, ZnL; as a
precursor, whilst the green synthesis of ZnO NPs
was derived using Coffea liberica leaves extract with
three different masses (1 g, 5 g and 10 g) as a reducing
and capping agent. The synthesis of zinc(Il) 2-
acetylpyrazine-4-methylthiosemicarbazone was suc-
cessfully achieved by a 1:2 M ratio of metal(Il) salt and
ligand and ZnL, has been fully characterized. The
spectroscopic data confirmed NNS tridentate coordi-
nation of the ligand with the metal ion. The XRD
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crystallite sizes for Zn0-SB, Zn0O-1, ZnO-5, and ZnO-10
are calculated to be 23.17 nm, 29.47 nm, 58.12 nm, and
37.46 nm, respectively. SEM images displayed inter-
esting rodlike structures with high porosity for ZnO-5,
while ZnO-1, Zn0-10, and ZnO-SB show irregular and
spherical structures with less porous morphology. The
average particle sizes of ZnO-1, ZnO-5, Zn0-10, and
Zn0-SB were calculated to be 42.18 nm, 40.56 nm,
34.34 nm, and 51.80 nm, respectively. It was observed
that the average particle size of the green synthesized
ZnO NPs decreases with increasing concentration of the
extract used for the synthesis. The catalytic activity of
the acylation reaction of phenol with benzoyl chloride
was also successfully carried out with all the synthe-
sized ZnO NPs as catalysts, and the finding demon-
strated that ZnO-5 produced a higher yield of phenyl
benzoate as compared to other synthesized ZnO-NPs
and ZnO-C. This remarkable catalytic performance can
be attributed to the unique rodlike and highly porous
morphology, favorable crystallite size, and reduced
agglomeration, which enhances the surface area and
provides a stable, highly reactive surface for the reac-
tion. ZnO-5 was used for the catalytic studies in the
acylation reactions of 2-naphthol and 4-chlorophenol,
where the acylation product of 2-naphthol shows a
higher yield (68 %) than phenol (63 %) and 4-chlor-
ophenol (64 %) substrates. The reusability of the
acylation of phenol using Zn0O-5 was also carried out
under similar conditions. The catalyst showed excellent
recoverability and reusability over three successive
runs under the same conditions. Our results confirm
the potential use of green synthesized ZnO NPs from
Coffea liberica leaf as a catalyst in a simple organic
reaction.
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