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synthesis from skim latex serum
wastewater for efficient dye degradation and
enhanced rubber vulcanization

Sopinya Nithakorn,a Thanthapatra Bunchuaybc and Preeyanuch Junkong *a

This study presents a sustainable approach for synthesizing zinc oxide (ZnO) using skim latex serum,

a wastewater from concentrated latex manufacturing. Utilizing biomolecules in the serum as capping

and stabilizing agents, ZnO yield increases 25-fold through a precipitation method. The resulting ZnO

features a unique flower-like morphology, observed by field-emission scanning electron microscopy,

with particle size controllable by adjusting serum content. Higher serum levels result in smaller and more

uniform ZnO structures, as the serum enhances nucleation while simultaneously impeding particle

growth. For the first time, a reaction mechanism is proposed for ZnO synthesis from skim latex serum

wastewater, identifying the plausible pathways through a serum-based precipitation method, and

elucidating the role of serum constituents and NaOH in morphology control. This flower-like ZnO shows

effective photocatalytic activity, degrading dyes through the pseudo-zero-order kinetic process, and

demonstrates recyclability. Furthermore, it functions as an activator in rubber vulcanization. Rubber

vulcanizates prepared with the synthesized ZnO show curing and mechanical properties comparable to

those prepared with commercial ZnO. Fourier-transform infrared spectroscopy confirms the formation

of zinc–stearate with monodentate coordination upon reaction with stearic acid at 144 °C, consistent

with the behavior of commercial ZnO. This dual functionality as both a photocatalyst and a vulcanization

activator underscores the potential of flower-like ZnO as an alternative for conventional ZnO. The

process contributes to Sustainable Development Goal 6 by valorizing industrial wastewater, and

exemplifying a circular economy. Overall, this work integrates environmental stewardship with high-

performance applications in environmental remediation and rubber technology.
1 Introduction

Among the variety of metal oxide materials, zinc oxide (ZnO)
captures the attention of researchers owing to its unique
properties, which have led to its widespread utilization across
various applications. With a large band gap and high binding
energy, ZnO plays a crucial role in optoelectronic devices,1

sensors,2 and photocatalysts.3–5 Additionally, its remarkable
biocompatibility and low toxicity make it a preferred choice for
drug transport, anti-cancer, anti-diabetic, and other biomedical
applications.4–8 Moreover, ZnO nds utility in agriculture owing
to its antinematode and anti-fungal and serves as an additive in
plastic and rubber as well as a UV protection agent.9–12 The
synthesis of ZnO can be accomplished through various
approaches, such as the sol–gel method,13 hydrothermal
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method,14 precipitation,15 ultrasonic irradiation,16 thermal
evaporation.17 In addition to the traditional synthesis routes,
the green synthesis has emerged as a noteworthy approach in
research due to its cost-effectiveness, simplicity, efficiency, and
eco-friendliness.18 Typically, the green synthesis entails
utilizing natural resources, such as plant extracts, microorgan-
isms, and biomolecules.19 Among the available green methods,
the utilization of plant extracts is a rather simple and easy
process to produce the ZnO particles at a large scale. This is
mainly due to the high content of bioactive compounds in plant
extracts, which are used as in situ reducing and stabilizing
agents for ZnO formation.20 In recent studies, various plant
extracts have been utilized for the green synthesis of ZnO
particles and demonstrated their potential in different
applications.21–37 Particularly, several researchers have pointed
out the practice of photocatalytic ZnO-based processes in the
removal of dyes from wastewater.24,36,37 This is mainly due to its
ability to completely mineralize pollutants by forming electron–
hole pairs under ultraviolet or visible light radiation. Man-
ojkumar et al. synthesized ZnO using Brassica oleracea var.
botrytis leaf extracts, conrming the presence of plant extract
functional groups as reducing agents by Fourier-transform
RSC Adv., 2025, 15, 41497–41513 | 41497
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infrared spectroscopy. These nanoparticles displayed capabil-
ities in dye degradation, including antimicrobial and larvicidal
activities.36 Recently, para rubber leaf extract was employed as
a capping agent, and para wood ash extract served as a natural
alkaline source for ZnO synthesis. The X-ray diffraction (XRD)
results conrmed the formation of the hexagonal wurtzite
structure, while scanning electron microscopy revealed
predominantly spherical particles with an average size of
91.60 nm. These biosynthesized ZnO particles demonstrated
promising properties for environmental applications, such as
the photodegradation of organic pollutants and antimicrobial
activity.38 Other plant extracts, including those from Withania
coagulans,29 Syzygium cumini,31 and Citrus sinensis,32 have also
been effective in ZnO synthesis. Additionally, latex from
Euphorbia jatropa,23 Euphorbia tirucalli,22,26 Calotropis procera,21

and milkweed (Calotropis gigantea L. R. Br)25 has been used for
ZnO synthesis. For instance, Carica papaya milk (CPM) latex
produced ZnO nanoparticles with different morphologies like
hexagonal pyramids and nanoowers, with promising photo-
catalytic properties for dye degradation.24 Brosimum parinar-
iodides latex also facilitated ZnO synthesis, as conrmed by XRD
patterns showing the hexagonal wurtzite structure, and
demonstrated effective methylene blue dye degradation under
visible light.37 As previously noted, ZnO is widely employed in
the rubber industry for manufacturing various rubber products.
It is well recognized as an effective vulcanization activator,
enhancing the rate of sulfur cross-linking in rubber matrices. It
was reported that ZnO nanoparticles synthesized using Aloe
vera extract and zinc nitrate (1 : 1 molar ratio) were incorporated
into natural rubber (NR). The bioZnO showed sulfur curing
efficiency comparable to commercial ZnO.39 Additionally, NR
composites containing bioZnO exhibited enhanced mechanical
strength and superior thermo-oxidative aging resistance, high-
lighting its potential as a sustainable alternative in rubber
formulations.39 Further studies reported the synthesis of ZnO
using Aloysia citrodora leaf water extract as both reducing and
capping agents in an alkaline environment. When used in
styrene-butadiene rubber/natural rubber (SBR/NR) vulcanizates
at a reduced loading of 0.5 phr, the green ZnO showed improved
curing and mechanical properties compared to commercial
ZnO at 5 phr. This enhancement was attributed to the uniform
distribution and ne dispersion of ZnO nanoparticles within
the rubber matrix.40 Moreover, ZnO synthesized using mango
(Mangifera indica) leaf extract yielded nanoparticles with an
average diameter of 65.19 nm, as conrmed by transmission
electron microscopy. At 2 phr loading, these ZnO particles
achieved an optimal cure time equivalent to that of conven-
tional ZnO at 5 phr, indicating efficient curing performance
with reduced additive content.41

For rubber industries, concentrated latex is an essential
intermediate material, serving as the primary raw material for
dipped goods, adhesives, foams, and various high-performance
rubber products. It is a rened form of NR latex in which dry
rubber content (DRC) is typically raised from about 30–35% in
eld NR latex to 60%, primarily through centrifugation. During
this process, skim latex with a DRC of about 3–7% is produced as
a signicant by-product. When skim latex is destabilized—for
41498 | RSC Adv., 2025, 15, 41497–41513
example, through acid coagulation—or when its rubber lumps
are washed for use in the manufacture of lower-grade block
rubber,42,43 the resulting aqueous stream, known as skim latex
serum wastewater, is generated. This wastewater is released
along with other effluents into a treatment pond. For instance,
processing 1000 kilograms of eld NR latex into concentrated
latex produces approximately 2430 liters of wastewater, with
around 580 liters, or 24%, coming from skim latex serum.44 The
conventional disposal method poses signicant environmental
challenges. This is because the skim latex serum wastewater
predominantly contains water and various biomolecules such as
proteins (approximately 3% by weight), lipids (around 0.4% by
weight), and carbohydrates/sugars (about 3% by weight),
including L-quebrachitol, sucrose, glucose, fructose, raffinose,
and pentose,42which can react withmicroorganisms, resulting in
pollutants and foul odors in factories and surrounding areas.
However, several studies asmentioned earlier have been reported
that these organic substances can act as reducing, capping, and
stabilizing agents in the synthesis of ZnO.45,46 By exploring the
potential of skim latex serum wastewater as a resource for ZnO
synthesis, we can reduce wastewater production and mitigate
environmental impacts while leveraging its organic components
for value-added applications.

In this research, the skim latex serum wastewater was
successfully used for the synthesis of ZnO for the rst time. The
formation mechanism of ZnO synthesized using skim latex
serum as capping and stabilizing agents was proposed. Using
this sustainable synthesis method, the morphological ower-
like shape of ZnO could be controlled. Also, the ower-like
ZnO was proven to be a photocatalyst for dye degradation.
The efficiency for dye degradation of ower-like ZnO and its
recyclability were systematically evaluated. In addition, the
functional performance of this ZnO was investigated for its
potential use in rubber formulations, particularly its chemical
reactivity with stearic acid and other curatives during sulfur
vulcanization. The photocatalytic and vulcanization perfor-
mances of the ower-like ZnO were assessed in comparison
with commercial ZnO.

2 Experimental
2.1 Chemical reagents

Skim latex was supplied by Thai Rubber Latex Group PCL,
Chonburi, Thailand. Zinc acetate dihydrate (Zn(CH3COO)2-
$2H2O; KEMAUS, analytical grade) and zinc nitrate hexahydrate
(Zn(NO3)2$6H2O; KEMAUS, analytical grade) were bought from
Molecule Co. Ltd, Bangkok, Thailand. Sodium hydroxide
(NaOH; analytical grade) was supplied from S.P.S. Lab Co. Ltd,
Nonthaburi, Thailand. Methylene blue (KEMAUS, laboratory
grade) was obtained from TTK Science Co. Ltd, Bangkok,
Thailand. Isoprene rubber (IR; Nipol IR2200GA) was received
from Zeon Corporation, Japan. Stearic acid (StH; PALMAC 1500)
was obtained from IOI Acidchem Sdn. Bhd., Malaysia.
Commercial ZnO (white seal) was sourced from Thai-Lysaght
Co. Ltd, Thailand. N-(1,3-Dimethylbutyl)-N0-phenyl-p-phenyl-
enediamine (CBS; Monex) was provided by Northeast Auxiliary
Chemical Industry Co. Ltd, China. Sulfur (S8; commercial grade)
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Extraction of skim latex serum from the skim latex by the centrifugation method.
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was purchased from Thai Siam Chemicals Public Co. Ltd,
Thailand. Toluene (commercial grade) was obtained from RCI
Labscan Co. Ltd, Thailand.
2.2 Extraction of skim latex serum wastewater

The skim latex serum wastewater in this study was separated
from the skim latex by the centrifugation method. The skim
latex was centrifuged at 12 000 rpm, for 30 min. The centrifu-
gation was repeated twice. The skim rubber accumulated and
oated up to the top layer, and then the skim latex serum at the
lower layer was separated and kept in the refrigerator (Fig. 1).
2.3 Synthesis of ZnO

2.3.1 Green synthesis. The green synthesis of ZnO using
skim latex serum wastewater is illustrated in Scheme 1. In this
process, 1 ml of skim latex serum was added into 100 ml of
0.01 M zinc acetate or zinc nitrate solution. The mixture was
Scheme 1 The synthesis of ZnO using skim latex serum wastewater.

© 2025 The Author(s). Published by the Royal Society of Chemistry
continuously stirred at room temperature (r.t.) for 2 h. A cloudy
solution containing white precipitates was then obtained and
allowed to stand undisturbed for 1 day. These white precipitates
were separated by centrifugation at 3000 rpm for 30 min, with
the centrifugation process being repeated twice. Aer that, the
white precipitates were dried at 45 °C for 24 h and at 125 °C for
12 h. The dried powder was calcined at 700 °C for 2 h, where
a powdery, light yellow product was obtained.

2.3.2 Serum-based precipitation method. The ZnO was
synthesized through a serum-based precipitation method,
which was adapted from a green synthesis method as shown in
Scheme 1. The process employed varying volumes of skim latex
serum: 0.00, 0.25, 0.50, and 1.00ml. Moreover, 2.40ml of 2.00M
NaOH solution was added dropwise into the mixture before
stirring at r.t. for 2 h. Here, the ZnO synthesized from zinc
acetate and zinc nitrate through the serum-based precipitation
method was abbreviated as A-ZnO-serum x and N-ZnO-serum x,
respectively, where x is the amount of skim latex serum added.
RSC Adv., 2025, 15, 41497–41513 | 41499
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Additionally, the code C-ZnO is used for the commercial ZnO. %
yield of the synthesized ZnO was calculated using the equation
below.

% yield ¼ actual yield

theoretical yield
� 100 (1)

2.4 Characterizations of skim latex serum and ZnO

The nitrogen content (% N) of the frozen-dried skim latex serum
was determined using the Kjeldahl method by the nitrogen
analyzer (Kjeltec 8400, FOSS). The nitrogen analysis was con-
ducted according to the in-housemethod based on ISO 1656. The
reported % N value represents the average of three measure-
ments. Functional groups of the biomolecules in the skim latex
serum and the ZnO were investigated by Fourier-transform
infrared spectroscopy (FT-IR; Frontier, PerkinElmer). The FT-IR
spectra of the samples were scanned in the range of 4000–
400 cm−1 (16 scans per time) using single-reection attenuated
total reectance mode at r.t. with a spectral resolution of 4 cm−1.
The crystalline structure of the ZnO was investigated using
a powder X-ray diffraction (PXRD) (D2 Phaser, Bruker). The PXRD
used monochromatic X-ray with Cu Ka radiation (l = 1.54184 Å)
and operated at 30 kV/10 mA. A scanning range was 2q = 30–80°
with a scanning rate of 0.02° per step. The morphologies of the
ZnO were observed by eld-emission scanning electron micros-
copy with energy dispersive X-ray spectroscopy (FESEM-EDX; SU-
8010, Hitachi). The ZnO powder was scattered on the carbon tape
and then coated with Platinum–Palladium (Pt–Pd) before being
examined under an FE-SEM. Herein, the average particle size of
ZnO was determined from the FE-SEM images using ImageJ
soware. Specic surface area measurements of ZnO were con-
ducted at 77 K using a gas adsorption analyzer (3Flex, Micro-
meritics), and the data were evaluated according to the
Brunauer–Emmett–Teller (BET) theory.
2.5 Photocatalytic dye degradation

The ZnO sample was added to 1 ppm of methylene blue solution
in a ratio of 1 : 1 (mg of ZnO :ml of methylene blue solution).47–50

The resulting mixture was stirred at r.t. under dark condition
for 2 h to reach a methylene blue adsorption–desorption equi-
librium by the ZnO. Then, the ZnO/methylene blue mixture was
irradiated under a UV light lamp (254 nm) for different time
intervals, i.e., 0, 5, 35, 65, 95, 125, 155, 185 min. The superna-
tant of the ZnO/methylene blue mixture solution taken at
various time intervals aer UV irradiation was subjected to
a UV-vis spectrophotometer (UV-1800, Shimadzu). The UV-vis
spectra of the methylene blue solutions taken at different
time intervals were recorded in the range of 500–800 nm. The
time-dependent amount of the dye degraded per unit mass of
the ZnO (qt) was calculated using eqn (2).51

qt ¼ C0 � Ct

m
� V (2)

where C0 and Ct are the concentration of methylene blue solu-
tion (mg L−1) at 0 and t min, respectively. V is the volume (L) of
a solution, and m is the mass (g) of the ZnO.
41500 | RSC Adv., 2025, 15, 41497–41513
To evaluate the recyclability of ZnO in photocatalytic dye
degradation, the ZnO samples were subjected to the photo-
catalytic degradation experiment for methylene blue dye three
consecutive times. Following each 185 min photocatalytic
experiment, the ZnO samples were rinsed three times with
20.00 ml of distilled water, with each rinsing session involving
10 min of stirring. Subsequently, the rinsed ZnO samples were
dried overnight at 80 °C before being reused in the next cycle of
photocatalytic degradation. In parallel, the supernatant from
each ZnO/methylene blue mixture solution was subjected to
a UV-vis spectrophotometer (UV-1800, Shimadzu), and the dye
degradation efficiency of each cycle was calculated using eqn (3).3

Degradation efficiency ð%Þ ¼ Ci � Cf

Ci

� 100 (3)

where Ci and Cf are the initial and nal concentrations of
methylene blue solution (mg L−1), respectively. The reported
average dye degradation efficiency of each cycle was determined
by four experiments.
2.6 Activator for rubber vulcanization

ZnO (using commercial ZnO or A-ZnO-serum 1) of 0.5 phr, StH of
2 phr, CBS of 1 phr and S8 of 1.5 phr were mixed with IR on a two-
roll mill (W100T; COLLIN Lab & Pilot Solutions GmbH) at r.t.
Each compound was subsequently molded into a sheet of 1 mm
thickness by using a compression molding machine (G30H-15-
CX; WABASH) at 21 MPa and 144 °C for the respective cure
time (tc90). Cure characteristics were determined at 144 °C with
a moving die rheometer (MDR; MDR-01; CGM Technology Co.
Ltd) in accordance with ISO 6502. The reported values represent
the average of three independent measurements. A thermal
behavior was analyzed using a differential scanning calorimeter
(DSC; Q200-RCS90; TA Instruments). Approximately 7–10 mg of
the rubber compounds were encapsulated in an aluminum pan
and subjected to a constant temperature of 144 °C for 40min. The
crosslink density of the vulcanizates was evaluated by the swelling
in toluene. The swelling ratio and crosslink density of vulcani-
zates were calculated according to the Flory–Rehner theory.52,53

Values reported represent the averages obtained from three
specimens. To investigate the reactivity of ZnO with StH, the
compounds were compressed at 144 °C at various time intervals
(0, 5, 10, 15, and 30min). These samples were then analysed using
the FT-IR technique (Frontier, PerkinElmer). Tensile properties of
vulcanizates were tested according to ISO 37 using a universal
testing machine (Model 5566; Instron Co.). The reported tensile
stress–strain curve for each sample represents a curve closest to
the average obtained from ve specimens. Hardness was
measured with a Shore A hardness tester in compliance with ISO
7619, and the average value for each specimen was calculated
from measurements at ten different positions.
3 Results and discussion
3.1 Characterizations of skim latex serum wastewater

Skim latex serum is the wastewater from the concentrated latex
production process. As mentioned earlier, the major
© 2025 The Author(s). Published by the Royal Society of Chemistry
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component in the skim latex serum is water. Other components
such as proteins, lipids, and carbohydrates/sugars, e.g., L-que-
brachitol, sucrose, glucose, fructose, raffinose, and pentose are
also found in the skim latex serum.42 The FT-IR spectrum of the
frozen-dried skim latex serum (Fig. 2a) is shown in Fig. 2b and c,
and the peak assignment of its FT-IR spectrum is summarized
in Table 1. The absorption bands at 1644 cm−1 and 1571 cm−1,
assigned to C]O stretching and N–H bending vibrations of the
mono-substituted amide, indicated the presence of the proteins
in the skim latex serum.54 The FT-IR result corresponded well to
about 30.8 ± 0.1% N in the frozen-dried skim latex serum
determined by nitrogen analysis based on the Kjeldahl method.
Moreover, the absorption bands at 3247 cm−1 assigned to –OH
(H-bridge) in the hydrogen bond as well as the bands at
1324 cm−1 and 1271 cm−1 assigned to the O–H bending
possibly suggested the existing sugars in the skim latex serum.54

These results corresponded well to the biomolecules present in
the skim latex serum previously reported.42 Both proteins and
sugars in the plant extracts have been documented as the
reducing, capping, and stabilizing agents for synthesizing
metallic particles.46
Fig. 2 (a) The frozen-dried skim latex serum and (b) the FT-IR spectrum
and (c) 1800–400 cm−1.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Furthermore, the bands in the range of 951–710 cm−1

assigned to the C–H bending in alkenes (C]C–H) suggested the
remaining rubber parts in the skim latex serum.54 In this
research, the skim latex serum was separated from the skim
latex by the centrifugation method. The lowmolecular weight of
rubber (polyisoprene) in the top layer might have escaped to the
layer of skim latex serum (Fig. 1 in the Experimental section).

3.2 Synthesis of ZnO using skim latex serum wastewater and
its characterizations

In this article, the skim latex serum was used for the green
synthesis of ZnO rst. The skim latex serum was added into two
types of zinc precursor solutions, which were zinc acetate and
zinc nitrate solutions. The reaction was stirred for 2 h at r.t. and
kept the solutions overnight. The resulting white powder was
obtained aer sample drying and calcination. Fig. 3 reveals the
FE-SEM images of the powder green synthesized when the zinc
acetate and zinc nitrate were used as zinc precursors. At low
magnication (Fig. 3a), the powder green synthesized from zinc
acetate exhibited the mixed morphologies of ower ake-like
structure and the pieces of pressed powder. However, the only
of the frozen-dried skim latex serum in the range of 4000–400 cm−1

RSC Adv., 2025, 15, 41497–41513 | 41501
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Table 1 Peak assignment of FT-IR spectrum of the frozen-dried skim latex serum

No. Wavenumber (cm−1) Assignment

1 3247 –OH (H-bridge) in the hydrogen bond
2 2964, 2926, 2883, 2853 C–H stretching in –CH3 or –CH2

3 1644 C]O stretching in mono-substituted amide (–CO–NH–) or amide I
4 1571 N–H bending in mono-substituted amide (–CO–NH–) or amide II
5 1439 C–H bending in –CH3 or –CH2

6 1390, 1380 C–H bending in –CH3

7 1324, 1271 O–H bending
8 1220, 1190, 1135, 1100, 1049 C–O stretching
9 1011 C–H in primary alcohol/phosphate ions PO4

3−

10 951, 909, 862, 841, 759, 710 C]C–H alkenes/aromatic rings
11 652, 615, 530, 460, 448, 415 Alkyl halogen compounds

Fig. 3 FE-SEM images of the powder green synthesized from (a) zinc acetate and (b) zinc nitrate. FE-SEM-EDX images of the ZnO powder green
synthesized from (c) zinc acetate and (d) zinc nitrate.
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pressed powder morphology was observed in the powder green
synthesized from zinc nitrate (Fig. 3b). Their FE-SEM images at
higher magnication showed that the assembled structures of
both ower ake-like structure and the pieces of pressed
powder were made up of the spherically shaped particles with
agglomeration, where the average size of the primary particles
was about 42.3 ± 9.2 nm and 46.2 ± 13.7 nm in the samples
green synthesized from zinc acetate and zinc nitrate, respec-
tively. Fig. 3c and d show the FE-SEM-EDX images of the powder
green synthesized using zinc acetate and zinc nitrate as zinc
precursors, respectively. It was conrmed that the powder ob-
tained was ZnO. The weight % of the elemental Zn and O for the
ZnO green synthesized from zinc acetate was 85% and 15%, and
those for the ZnO green synthesized from zinc nitrate were 84%
and 16%, respectively.

The possible reaction mechanism for the green synthesis of
ZnO is illustrated in Scheme 2. The reaction begins with the
coordination of biomolecules within the skim latex serum—

such as amino acids, peptides, or gluconic acid (from glucose
oxidation)—with Zn(II) precursors through their carboxylate
functional groups, leading to the dissociation of Zn(II) ions.
Zn(II) ions can further be stabilized with the serum constituents
through intermolecular interactions, including hydrogen
41502 | RSC Adv., 2025, 15, 41497–41513
bonding and ion–dipole interactions, which help prevent
agglomeration and may control particle size. Subsequent
calcination at 700 °C in air converts these species into ZnO,
producing CO2 and H2O as byproducts. According to eqn (1)
(Experimental section), the % yields of the green synthesized
ZnO from zinc acetate and zinc nitrate were 2% and 3%,
respectively. Although the skim latex serum was successfully
used as capping and stabilizing agents for the green synthesis of
the ZnO, the % yields of the ZnO green synthesized from both
zinc precursors were very low. Thus, it brings about the idea of
using the skim latex serum with a strong base, NaOH to
synthesize the ZnO through the precipitation method.

For the serum-based precipitation method, the amounts of
skim latex serum added into zinc acetate and zinc nitrate
solutions were varied from 0.00, 0.25, 0.50, and 1.00 ml,
respectively, while the amount and concentration of the NaOH
were kept constant. The ZnO powder of each condition was
obtained as shown in Fig. S1. The ZnO powder synthesized from
both zinc precursors was pale yellow. However, the ZnO powder
synthesized from zinc nitrate (N-ZnO-serum x) had a darker
yellow color than that synthesized from zinc acetate (A-ZnO-
serum x). When the ZnO is synthesized through the serum-
based precipitation method, the ZnO formation may proceed
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06278k


Scheme 2 The possible reaction mechanisms for ZnO formation through green synthesis and the serum-based precipitation method.

Table 2 % Yields of A-ZnO-serum x and N-ZnO-serum x synthesized
by the serum-based precipitation method at various amounts of skim
latex serum

Amounts of skim
latex serum (ml)

% yield

A-ZnO-serum x N-ZnO-serum x

0.00 14% 51%
0.25 46% 68%
0.50 69% 64%
1.00 45% 75%
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through the alkali precipitation as described in eqn (4) and
(5).55,56 Initially, the aqueous solution of Zn(CH3COO)2$2H2O or
Zn(NO3)2$6H2O reacts with an alkali NaOH solution, yielding
zinc hydroxide (Zn(OH)2), sodium acetate (CH3COONa) or
sodium nitrate (NaNO3) and water molecules. The zinc
hydroxide (Zn(OH)2) can further react with water molecules,
leading to the formation of the zincate anion (Zn(OH)4

2−) (eqn
(6)), and subsequently, both Zn(OH)2 and Zn(OH)4

2− experience
a dehydration reaction, resulting in the formation of ZnO as
depicted in eqn (7) and (8).55

Zn(CH3COO)2$2H2O + 2NaOH /

Zn(OH)2 + 2CH3COONa + 2H2O (4)

Zn(NO3)2$6H2O + 2NaOH / Zn(OH)2 + 2NaNO3 + 6H2O (5)

Zn(OH)2 + 2H2O / Zn(OH)4
2− + 2H+ (6)

Zn(OH)2 / ZnO + H2O (7)

Zn(OH)4
2− / ZnO + H2O + 2OH− (8)

Another reaction mechanism of ZnO formation through the
serum-based precipitation method is illustrated in Scheme 2.
The addition of NaOH rst generates Zn(OH)2, and excess
NaOH promotes the formation of Zn(OH)4

2− within the matrix.
Both hydroxide species are stabilized by the biomolecules
present in the skim latex serum. Upon calcination, those
species transform into ZnO. These proposed mechanisms not
only advance the understanding of ZnO formation in such
unconventional systems but also highlight the unique role of
serum constituents in directing precipitation chemistry.
© 2025 The Author(s). Published by the Royal Society of Chemistry
According to eqn (1) (Experimental section), the % yields of the
ZnO synthesized by the serum-based precipitation method at all
conditions were calculated and reported in Table 2. As expected,
the % yields of A-ZnO-serum x and N-ZnO-serum x synthesized
by the serum-based precipitation method were signicantly
higher than those by green synthesis at the same amount of
skim latex serum. This is because NaOH increased the
concentration of OH− in the reaction, serving as a source for the
formation of Zn(OH)2 and Zn(OH)4

2−, which subsequently
developed into ZnO. This conrms that the presence of these
hydroxides appears to facilitate more effective ZnO formation
during calcination. Moreover, the yielding of N-ZnO-serum x
tended to increase with increasing amounts of skim latex
serum. The high solubility and complete dissociation of zinc
nitrate ensure a steady supply of Zn(II) ions that readily interact
with the skim latex serum. As the amount of serum increased,
the biomolecules in the serum facilitated the ZnO formation,
resulting in a continuous increase in ZnO yield. A similar trend
RSC Adv., 2025, 15, 41497–41513 | 41503
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of yielding was observed for A-ZnO-serum x, up to a skim latex
serum amount of 0.50 ml, aer which the ZnO yield decreased
at a skim latex serum amount of 1.00 ml. In contrast to zinc
nitrate, zinc acetate exhibits relatively lower solubility and its
acetate ligands can interact competitively with serum constit-
uents. At a lower amount of serum, Zn(II) ions are available for
nucleation and ZnO formation. However, at higher amounts of
serum, excess biomolecules in the serum and acetate ligands
may adsorb onto the ZnO surface or form complexes, thereby
reducing the efficiency of ZnO formation. This behavior
explains the non-continuous yield trend observed for the ZnO
synthesized using zinc acetate, and further indicates that
0.50 ml of skim latex serum represents its optimal synthesis
condition. When considering the same amount of skim latex
serum used, the % yields of N-ZnO-serum x tended to be higher
than those of A-ZnO-serum x. This implied that the use of zinc
nitrate in the synthesis of ZnO potentially led to a higher
concentration of nuclei or promoted superior growth of ZnO
compared to the utilization of zinc acetate, in line with the
reason described above.

The A-ZnO-serum x and N-ZnO-serum x at various amounts
of skim latex serum were further characterized by FT-IR as
shown in Fig. 4a and b. The peak assignment of their FT-IR
spectra is summarized in Table 3. The absorption bands of
the Zn–O stretching appeared in the range of 600–400 cm−1.55,57
Fig. 4 FT-IR spectra of the (a) A-ZnO-serum x and (b) N-ZnO-serum x sy
of skim latex serum. PXRD patterns of (c) A-ZnO-serum x and (d) N-Zn
various amounts of skim latex serum.

41504 | RSC Adv., 2025, 15, 41497–41513
Moreover, the bands at 1330 cm−1 and 1325 cm−1 observed in
the spectra of the A-ZnO-serum x and N-ZnO-serum x, respec-
tively were assigned to the O–H deformation vibration.54 This
possibly indicated the adsorption of hydroxide on the Zn-polar
or O-polar face.58 Also, the bands assigned to O–H deformation
vibration could be the hydroxyl group of the sugar structure. In
addition to the characteristic bands of ZnO, the other bands
presenting in the FT-IR spectra of all samples suggested the
existing skim latex serum. For example, the bands at 1521 cm−1

assigned to N–H bending in mono-substituted amide (–CO–
NH–) or amide II referred to the presence of proteins.54 Also, the
bands in the range of 981–875 cm−1 assigned to the C–H
bending in alkenes (C]C–H) suggested the remaining rubber
parts in the skim latex serum.54 For the A-ZnO-serum x, it was
clear that the absorption bands assigned to the C–H bending in
alkenes became stronger when a higher amount of the skim
latex serum was added. As a result, the bands assigned to Zn–O
stretching at 570 cm−1 and 515 cm−1 became broader and di-
sappeared in A-ZnO-serum 0.50 and A-ZnO-serum 1, respec-
tively. This is probably due to the interaction of the rubber part
with the synthesized ZnO disturbing the vibration of Zn–O
itself. However, this phenomenon was not observed for the N-
ZnO-serum x. Based on the FT-IR results, it was conrmed
that some of the components in the skim latex serum such as
proteins, sugar, and lowmolecular weight rubber still presented
nthesized by the serum-based precipitationmethod at various amounts
O-serum x synthesized by the serum-based precipitation method at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Peak assignment of FT-IR spectra of A-ZnO-serum x and N-ZnO-serum x synthesized by the serum-based precipitation method at
various amounts of skim latex serum

No.

Wavenumber (cm−1)

AssignmentA-ZnO-serum x N-ZnO-serum x

1 1521 1521 N–H bending in mono-substituted amide (–CO–NH–) or amide II
2 1330 1325 O–H deformation vibration
3 981 — C]C–H in alkenes
4 875a, 905b 900 C]C–H in alkenes
5 570 570 Zn–O
6 515 510 Zn–O
7 480–400 480–400 Zn–O

a Observed in A-ZnO-serum 0 and A-ZnO-serum 0.25. b Observed in A-ZnO-serum 0.50 and A-ZnO-serum 1.
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with the synthesized ZnO although it was dried and calcined at
a very high temperature. These results suggested the strong
interaction of the skim latex serum and the synthesized ZnO.

The identication of the crystalline structure of the ZnO was
conrmed using the PXRD technique. The PXRD patterns of the
A-ZnO-serum x and N-ZnO-serum x at various amounts of skim
latex serum are illustrated in Fig. 4c and d, respectively. All the
ZnO samples showed the same crystal planes, i.e., (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and (202).
Their diffraction data agreed with JCPDS no. 36-1451, repre-
senting the hexagonal wurtzite crystalline structure of ZnO.59

The PXRD data exhibited peak patterns exclusively associated
with ZnO, indicating the high purity of ZnO derived from both
precursors. The sharp and narrow diffraction peaks in their
PXRD patterns indicated the excellent crystallinity of the
synthesized ZnO. The morphologies of the A-ZnO-serum x and
N-ZnO-serum x at various amounts of skim latex serum were
observed by FE-SEM as shown in Fig. 5. Compared to the
morphology of the commercial ZnO in hexagonal rod shape in
Fig. 5a and f, the ZnO synthesized using both zinc precursors
interestingly showed their morphologies in ower-like shape,
with several petals developing in a few layers (Fig. 5b–e and g–j).
The assembly of the ZnO synthesized from both zinc precursors
into a ower-like shape can be seen clearer at higher magni-
cation images.

The possible growth mechanism of ower-like ZnO structure
is shown in Fig. 6. In general, the ZnO crystal in the hexagonal
wurtzite structure consists of a Zn-polar plane (0001) and an O-
polar plane (000�1), featuring six non-polar faces58,60–62 as shown
in Fig. 6a. At the initial stage of the reaction, Zn(OH)4

2− ions,
identied as growth units near the ZnO particle surface, are
likely adsorbed onto the positively charged Zn-polar surface
(0001), leading to accelerated growth along the (0001) direction
and the formation of hexagonal rod-like ZnO structures
(Fig. 6a).63–66 However, the growth of ZnO along the (0001)
planes can be restricted under certain conditions, such as
excessive or abnormal production of the Zn(OH)4

2− growth
units relative to the (0001) polar faces (Fig. 6b). In such cases,
repulsion of Zn(OH)4

2− on the (0001) plane occurs, and the
residual Zn(OH)4

2− subsequently grows on other planes,
resulting in the development of ower-like ZnO structures.63–66
© 2025 The Author(s). Published by the Royal Society of Chemistry
The ower-like shape of ZnO observed in A-ZnO-serum 0 and N-
ZnO-serum 0 supported the explanation above well. In the
absence of skim latex serum, the formation of the ower-like
ZnO can be attributed to the high concentration of NaOH
applied during the synthesis process.

Additionally, the growth of hexagonal ZnO rod-like struc-
tures along the (0001) planes may be constrained by the
adsorption of these polar faces by other anions or capping
agents (Fig. 6b).63–66 In this study, amino acids, peptides, and
gluconic acid in the skim latex serum possibly reacted with
Zn(II) ions on the positive polar surfaces, forming complexes
with zinc. Therefore, the skim latex serum acted as a capping
agent layer on the positive polar surfaces of the ZnO structure,
causing the reduction in surface energy of the (0001) plane.
Thus, the growth rate of ZnO along the (0001) direction became
slower. The thickness of the rod-like ZnO increased by steadily
decreasing the top part of the rod to form rugby-like ZnO
structures (Fig. 6b).64 Subsequently, the growth process pro-
ceeded in the middle of the rugby-like ZnO structure from the
six non-polar facets of a hexagonal wurtzite crystal to form six
petals of the ower-shaped ZnO structures. Each petal was half
rugby-like and grew in the (000�1) direction63–66 as shown in
Fig. 6b. This was the rst proposal for the formation mecha-
nism of ower-like ZnO via the serum-based precipitation
method. The respective roles of the serum and the alkali
(NaOH) in directing this morphology were elucidated.

From the FE-SEM images in Fig. 5g–j, it was evident that the
average size of the full array of the ower-like ZnO synthesized
using zinc nitrate tended to decrease with increasing amounts
of skim latex serum. The size of those ZnO varied from 0.90 ±

0.16 mm to 0.54 ± 0.13 mm. This trend can be explained by the
role of skim latex serum as capping and stabilizing agents,
which inuences the balance between nucleation and growth
processes. A higher amount of serum provides more biomole-
cules that promote nucleation and stabilize the formed parti-
cles, while simultaneously restricting growth, resulting in
smaller ZnO structures. A similar trend was observed for ZnO
synthesized using zinc acetate (Fig. 5b–e). The particle size
decreased from 0.87 ± 0.23 mm to 0.31 ± 0.06 mm as the skim
latex serum increased up to 0.50 ml. However, when the amount
of serum reached 1.00 ml, the ower-like ZnO particles became
RSC Adv., 2025, 15, 41497–41513 | 41505
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Fig. 5 FE-SEM images of (a and f) commercial ZnO (C-ZnO), (b) A-ZnO-serum 0, (c) A-ZnO-serum 0.25, (d) A-ZnO-serum 0.50, (e) A-ZnO-
serum 1, (g) N-ZnO-serum 0, (h) N-ZnO-serum 0.25, (i) N-ZnO-serum 0.50, and (j) N-ZnO-serum 1.
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larger (0.46 ± 0.10 mm). This indicates that 0.50 ml of serum
may represent an optimal condition for the serum-based
precipitation method. Beyond this concentration, an excess of
serum could saturate the ZnO surface, thereby reducing the
efficiency of further ZnO nucleation and/or promoting particle
aggregation. As a result, larger particles are formed and the
overall ZnO yield decreases, as also reected in Table 2.
Comparing the same amount of skim latex serum used, the
average size of the full array of the ower-like ZnO for A-ZnO-
serum x was smaller than that of N-ZnO-serum x. These
results suggested that the ZnO synthesized using zinc acetate
underwent inferior growth and development into a ower-like
shape compared to ZnO synthesized using zinc nitrate.
Notably, the multilayers of ZnO petals were less distinctly
observed in A-ZnO-serum x than in N-ZnO-serum x. The
remaining rubber adsorbed on the A-ZnO-serum 0.50 and A-
ZnO-serum 1 as detected in their FT-IR spectra (Fig. 4a)
possibly slowed down the growth mechanism of the ZnO
41506 | RSC Adv., 2025, 15, 41497–41513
synthesized using zinc acetate. This observation aligned with
previous literature, indicating that the size of ZnO synthesized
using zinc acetate was smaller than that using zinc nitrate
under identical preparation methods.67 However, the average
size of the full array of the ower-like ZnO synthesized using
zinc acetate and zinc nitrate was still bigger than that of the
average length of the commercial ZnO (C-ZnO), which was
about 0.26 ± 0.10 mm.

3.3 Applications of the synthesized ZnO

3.3.1 Photocatalytic dye degradation. In this part, A-ZnO-
serum 1 was chosen for investigating the photocatalytic degra-
dation of methylene blue dye due to its smaller particle size
compared to N-ZnO-serum 1, with the results subsequently
compared to those of C-ZnO, as illustrated in Fig. 7. The
degradation efficiency of the dye was studied by recording UV-
vis spectra (500–800 nm) of the remaining dye aer adding A-
ZnO-serum 1 and C-ZnO for various time intervals of 0, 5, 35,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) The possible growth mechanism of hexagonal rod-like ZnO and (b) the possible growth mechanisms of flower-like ZnO synthesized
through a serum-based precipitation method.

Fig. 7 The photocatalytic degradation of methylene blue dye by (a) C-ZnO and (b) A-ZnO-serum 1 at various UV irradiation durations.

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 41497–41513 | 41507
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65, 95, 125, 155, and 185 min. The absorption peaks at 614 and
664 nm indicated the existence of the methylene blue dye. The
decreasing absorbances at 614 and 664 nm in both samples
corresponded well to the change of dye color from dark blue
into colorless (Fig. 7). These results suggested that A-ZnO-serum
1 and C-ZnO were able to degrade the methylene blue dye under
the UV radiation. Photon-induced electron–hole pairs facilitate
reactions on the catalyst's surface, generating superoxide ions
and hydroxyl free radicals. These radicals act as potent oxidizing
agents, breaking down pollutant chemicals such as methylene
blue in wastewater.26,68–71 A low concentration of methylene blue
(1 ppm) with a relatively high ZnO dosage (1 mg : 1 ml) was used
in this study to maximize removal efficiency and clearly evaluate
the catalytic performance of the ZnO. This condition also
simulated trace-level dye contamination sometimes found in
real wastewater streams.

Considering the same time interval, however, the
A-ZnO-serum 1 seemed less effective in dye degradation than the
C-ZnO. For better comprehension, the time-dependent amount
of the dye degraded per unit mass of ZnO is calculated using eqn
(2) (Experimental section) and is presented in Fig. 8. It was clear
that the amount of dye degraded per unit mass of the A-ZnO-
serum 1 was lower than that of the C-ZnO at the same time
interval. Interestingly, the behavior of time-dependent dye
degradation of the A-ZnO-serum 1 was different from that of the
C-ZnO. The amount of dye degraded per unit mass of the A-ZnO-
serum 1 tended to gradually increase with a longer time interval,
while that of the C-ZnO rapidly increased in the rst 40 min, and
slightly increased thereaer. To analyze the dye degradation
kinetics in more detail, the UV-vis absorption data of both
samples were tted using the pseudo-zero-order, pseudo-rst-
order, and pseudo-second-order kinetic models according to
eqn (9)–(11), respectively.72

Ct = −k0t + C0 (9)

lnCt = −k1t + lnC0 (10)

1/Ct = k2t + 1/C0 (11)
Fig. 8 The time-dependent amount of the dye degraded per unit
mass of C-ZnO and A-ZnO-serum 1.

41508 | RSC Adv., 2025, 15, 41497–41513
where C0 and Ct are the concentrations of the methylene blue at
0 and t min, and k0, k1, and k2 are the pseudo-zero-order,
pseudo-rst-order, and pseudo-second-order rate constants,
respectively.

The tted curves of the photocatalytic dye degradation using
the C-ZnO and A-ZnO-serum 1 based on the pseudo-zero-order,
pseudo-rst-order, and pseudo-second-order kinetic models are
shown in Fig. S2. Considering thetting correlation coefficient (R2)
in Table 4, the photocatalytic dye degradation using the C-ZnO
exhibited the best t to the pseudo-rst-order kinetic model with
R2 of 0.9761 and the rate constant of 0.017 ppm min−1. In the
pseudo-rst-order reaction, the reaction rate depends mainly on
the concentration of a single reactant, since the concentrations of
other reactants are so high and their concentrations do not change
signicantly during the reaction.73,74 This implied that the rate of
photocatalytic dye degradation using the C-ZnO in this study
possibly depended on the concentration of methylene blue dye
because the concentration of ZnO added into the dye solution was
much higher than that of methylene blue (1 mg ZnO : 1 ml
methylene blue solution). This corresponded well to the time-
dependent amount of the dye degraded per unit mass of the C-
ZnO in Fig. 8. The increase in the amount of dye degraded was
very fast in the early stage of UV irradiation because of the high
concentration of methylene blue dye. However, the increase in the
amount of dye degraded became slower at longer UV irradiation
due to the dilution of the methylene blue dye. Interestingly, the
photocatalytic dye degradations using A-ZnO-serum 1 demon-
strated the best t to the pseudo-zero-order kinetic model with an
R2 of 0.9977. The rate constant extracted from the tted curves of
the photocatalytic dye degradations using the A-ZnO-serum 1 was
0.0028 ppm min−1. In general, the rate of a pseudo-zero-order
reaction remains constant and is independent of the reactant
concentration. Although it may seem counterintuitive for a reac-
tion rate that is independent of reactant concentration, these
reactions are frequently observed when all active sites on a catalyst
surface, such as ZnO, are saturated with adsorbed species. In the
present study, the relatively low concentration of methylene blue
dye suggested that the surface of A-ZnO-serum 1 was already
extensively covered by residual biomolecules originating from the
synthesis process. These residual surface species likely competed
with dye molecules for adsorption sites, thereby limiting the
availability of active sites and contributing to the observed pseudo-
zero-order behavior.73,75

In addition to photodegradation, the recyclability of a pho-
tocatalyst is a vital characteristic that determines its practical
Table 4 The fitting correlation coefficient (R2) and kinetic rate
constants of C-ZnO and A-ZnO-serum 1 calculated by fitting with
different kinetic models

Samples

Pseudo-zero-
order

Pseudo-rst-
order

Pseudo-second-
order

R2 k0 R2 k1 R2 k2

C-ZnO 0.7171 0.0038 0.9761 0.017 0.9007 0.1642
A-ZnO-serum 1 0.9977 0.0028 0.9782 0.0045 0.9290 0.0079

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Recyclability of (a) C-ZnO, (b) A-ZnO-serum 1 for dye degradation, and (c) their corresponding degradation efficiency. FE-SEM images of
(d) C-ZnO and (e) A-ZnO-serum 1 after dye degradation test.
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use. Fig. 9 presents the recyclability of C-ZnO and A-ZnO-serum
1 for dye degradation. Each ZnO was repeatedly used for three
cycles for dye degradation. Although each ZnO was used for
three cycles, its efficiency for dye degradation was still high,
which was about 89% and 88% for C-ZnO and A-ZnO-serum 1,
respectively. As can be seen in the images, the methylene blue
dye solutions were very clear aer exposure under UV light for
185 min at the last cycle. A closer examination of the recycling
performance revealed some differences between the two types
of ZnO. The degradation efficiency of C-ZnO showed a slight
decline of about 7% aer the rst cycle, aer which it stabilized
during the subsequent cycles. In contrast, A-ZnO-serum 1
maintained nearly constant efficiency across all three cycles.
The pseudo-rst-order kinetics observed in C-ZnO is oen
associated with physisorption, where dye molecules are bound
to the surface through non-covalent interactions such as elec-
trostatic attraction, hydrogen bonding, ion–dipole interaction,
and van der Waals forces.76 Such interactions allow desorption,
enabling recyclability since the ZnO surface remains largely
unaltered during repeated use. In contrast, A-ZnO-serum 1
Fig. 10 (a) Cure curves and (b) DSC curves of the IR/C-ZnO and IR/A-Z

© 2025 The Author(s). Published by the Royal Society of Chemistry
exhibited pseudo-zero-order kinetics, indicating that the reac-
tion rate was limited by surface site saturation.76 This behavior
can be attributed to residual biomolecules from the synthesis
process that remain bound to the ZnO surface even aer calci-
nation, occupying part of the active sites through chemisorp-
tion. Meanwhile, dye molecules likely adsorb mainly via
physisorption, allowing them to be removed aer each cycle and
leaving the ZnO surface available for reuse. The stable degra-
dation efficiency of A-ZnO-serum 1 across three cycles was
further supported by its larger BET surface area (18.45± 0.05m2

g−1) compared with that of C-ZnO (4.51 ± 0.04 m2 g−1). Its
abundant surface sites likely remain physically adsorbed and
effectively regenerated aer each cycle, rather than being irre-
versibly blocked. However, residual biomolecules on A-ZnO-
serum 1 may limit dye adsorption, which could explain the
comparable overall efficiencies observed between the two types
of ZnO. Furthermore, the FE-SEM images in Fig. 9 suggested
that the morphologies of the C-ZnO and A-ZnO-serum 1 aer
the dye degradation test were unchanged. The hexagonal rod-
like shape morphology was observed for the C-ZnO. Also, the
nO-serum 1 at a constant temperature of 144 °C.

RSC Adv., 2025, 15, 41497–41513 | 41509
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Table 5 Cure properties of the IR/C-ZnO and the IR/A-ZnO-serum 1

Sample Ts2 (min) Tc90 (min) Cure rate index MH − ML (dN M) Swelling ratio
Cross-link density
(×10−5 mol cm−3)

IR/C-ZnO 12.63 � 0.05 14.79 � 0.03 46.37 � 0.05 4.29 � 0.05 4.82 � 0.06 3.226 � 0.064
IR/A-ZnO-serum 1 12.86 � 0.06 15.03 � 0.33 46.74 � 6.05 4.19 � 0.01 4.97 � 0.01 3.017 � 0.008

Fig. 11 FT-IR spectra of (a) IR/C-ZnO and (b) IR/A-ZnO-serum 1 in the
range of 1620–1520 cm−1.
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A-ZnO-serum 1 still exhibited the ower-like shape morphology.
This suggested the robustness and stability of these ZnO
structures under the conditions of the dye degradation test.

3.3.2 Activator for rubber vulcanization. ZnO is a critical
rubber-compounding agent in sulfur-based rubber vulcaniza-
tion. It functions primarily as an activator, activating the
vulcanization process by enhancing the efficiency of accelera-
tors in the crosslinking reaction. In this study, the A-ZnO-serum
1 was incorporated into synthetic IR along with other curing
agents to prepare the IR vulcanizate. The curing behaviors and
mechanical properties of the resulting IR/A-ZnO-serum 1
vulcanizate were subsequently investigated and compared to
those of a reference IR vulcanizate prepared using commercial
ZnO (IR/C-ZnO). Fig. 10a shows the cure curves of the IR/A-ZnO-
serum 1 and IR/C-ZnO, as obtained from the MDR measure-
ment at 144 °C. The corresponding cure properties, namely
scorch time (Ts2), cure time (Tc90), cure rate index, torque
difference (MH − ML), swelling ratio, and the cross-link density
are summarized in Table 5. The values of Ts2, Tc90, and the cure
rate index of IR/A-ZnO-serum 1 were found to be closely
comparable to those of IR/C-ZnO, suggesting similar overall
curing kinetics. However, theMH−ML of IR/A-ZnO-serum 1 was
slightly lower than that of IR/C-ZnO, which corresponded to its
marginally higher swelling ratio and reduced cross-link density.
These may be attributed to the relatively larger assembled
ower-like structure of A-ZnO-serum 1 and less uniform
morphology, in comparison to C-ZnO.77,78

Fig. 10b displays the DSC curves of IR/A-ZnO-serum 1 and IR/
C-ZnO. Both samples exhibited the exothermic peaks, indicating
the presence of vulcanization reaction in IR compounds. The
initial vulcanization time (tinit) and complete vulcanization time
(tmax) of both IR compounds were determined from the DSC
curves. The values for tinit and tmax of A-ZnO-serum 1 were found
to be 7.63 and 9.48 min, respectively, while those of C-ZnO were
7.74 and 9.53 min, respectively. These ndings conrm that A-
ZnO-serum 1 effectively functions as an activator in the vulcani-
zation of rubber, comparable in performance to C-ZnO.

In rubber compounding, ZnO is commonly incorporated
together with stearic acid, which serves as a co-activator in sulfur
vulcanization. The synergistic action of ZnO and stearic acid
provides signicantly greater activation of the vulcanization
process compared to the use of ZnO alone. Here, the reactivity of
ZnO with stearic and other curing agents during the vulcaniza-
tion of IR was examined through detailed FT-IR spectral analysis.
IR compounds were subjected to compression molding at 144 °C
for varying durations corresponding to specic time points (5, 10,
15, and 30 min), as marked by dots on the cure curves in Fig. 10a.
Following compression at each designated time interval, the
samples were collected and analyzed using FT-IR spectroscopy.
41510 | RSC Adv., 2025, 15, 41497–41513
The resulting spectra are presented in Fig. 11. To further examine
the coordination between ZnO and stearic acid in IR compounds,
the FT-IR spectra were specically analyzed in the range of 1620–
1520 cm−1. Within this range, the absorption bands at approxi-
mately 1540 and 1595 cm−1, corresponding to the asymmetric
stretching of monodentate and syn–syn bridging bidentate coor-
dinations of zinc-carboxylate complex, respectively (Fig. 11), were
clearer observed. Notably, these characteristic bands appeared
more prominently in the FT-IR spectrum of IR/A-ZnO-serum 1 at
0 minutes of heating, compared to that of IR/C-ZnO (Fig. 11). The
results suggested that the reaction between the A-ZnO-serum 1
could react with stearic acid since r.t. during mixing. Upon
heating for 5 min, the intensities of both bands increased in IR/A-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Tensile properties and (b) hardness (Shore A) of IR/C-ZnO and IR/A-ZnO-serum 1.
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ZnO-serum 1 and IR/C-ZnO samples. Notably, the band at
1540 cm−1 became predominant, indicating the enhanced
formation of monodentate coordination between zinc ions and
stearate ligands.79 However, aer 10 min of heating–relating to
the point immediately following themajor torque increase on the
cure curve, where the onset of three-dimensional cross-linking is
likely to occur–these bands began to diminish in intensity or
disappear. This observation may suggest the dissociation of the
zinc–stearate complexes, facilitating subsequent reactions
between the released zinc species and other vulcanizing agents in
the later stages of the curing process. Overall, the results conrm
that A-ZnO-serum 1 functions effectively as a vulcanization acti-
vator and exhibits a favorable interaction with stearic acid.
Furthermore, the comparable curing behaviour and cross-link
densities of both IR/A-ZnO-serum 1 and IR/C-ZnO led to the
similar tensile properties and the hardness in the corresponding
vulcanizates, as illustrated in Fig. 12. The average tensile strength
and strain at break of IR/A-ZnO-serum 1 were about 22.7 ±

1.1 MPa and 883.2± 10.2%, respectively, while those of IR/C-ZnO
were about 23.3 ± 1.6 MPa and 876.1 ± 12.7%, respectively. The
average hardness of IR/A-ZnO-serum 1 was ca. 34.2± 0.2 Shore A,
compared with 34.8 ± 0.3 Shore A for IR/C-ZnO.
4 Conclusion

In this study, the skim latex serum demonstrated its effectiveness
in the sustainable synthesis of ZnO. The biomolecules such as
amino acids, peptides, and gluconic acid in the serum acted as
the capping and stabilizing agents for ZnO synthesis. Through the
serum-based precipitation method, the yielding of ZnO synthe-
sized was remarkably twenty-ve times increased, compared to
the green synthesis method. Interestingly, the morphology of the
synthesized ZnO by the serum-based precipitation method
exhibited a distinctive ower-like shape. The size of the ower-like
ZnO could be controlled by adjusting the amount of the serum
added to the reaction. The serum seemed to promote the nucle-
ation process by stabilizing the resulting ZnO nuclei, relating to
the increase in ZnO yield. However, the adsorption of the serum
© 2025 The Author(s). Published by the Royal Society of Chemistry
on the Zn polar surface seemed to decelerate the growth of ZnO
on that Zn polar plane, causing the smaller size of ower-like
ZnO. Flower-like ZnO functioned effectively as a photocatalyst
for dye degradation, following the pseudo-zero-order kinetics. It
showed good recyclability, retaining about 88% efficiency aer
three cycles. Furthermore, the ower-like ZnO served as an acti-
vator for the rubber vulcanization reaction. It exhibited favourable
interactions with co-activator stearic acid, primarily through
monodentate coordination during vulcanization. The curing
behaviour and mechanical properties of the rubber vulcanizates
using the ower-like ZnO were closely comparable to those of the
rubber vulcanizates using commercial ZnO.

Overall, this work is the rst to propose a reactionmechanism
for ZnO synthesis from skim latex serum wastewater, identifying
plausible pathways via the serum-based precipitation method. It
is also the rst to explain the formation of ower-like ZnO in this
system, clarifying the roles of serum constituents and NaOH in
controlling morphology. The use of skim latex serum wastewater
not only converts an industrial by-product into a high-value
material but also demonstrates dual applicability in environ-
mental remediation and rubber technology. A key challenge that
remains is further increasing the batch yield of ZnO to support
industrial scale-up. Future studies will focus on optimizing
synthesis conditions, identifying factors inuencing ZnO yield,
and evaluating the role of individual serum components through
model experiments. This research contributes to the advance-
ment of sustainable industrial practices by integrating waste
valorization with functional material development and offering
a viable alternative to commercial ZnO.
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