
Academic Editor: Jiro Kitagawa

Received: 30 November 2025

Revised: 26 December 2025

Accepted: 4 January 2026

Published: 8 January 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Sustainable Production and Characterization of ZnO–GO
Nanocomposites from Waste Zn–C Batteries for Photocatalytic
Degradation of Malachite Green
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Abstract

In this study, ZnO–GO nanocomposites were synthesized from waste Zn–C batteries and
used for the photocatalytic degradation of malachite green (MG) under UV light. ZnO–GO
nanocomposites with different GO contents (1, 2.5, and 5 wt%) were prepared at room tem-
perature and characterized by XRD, SEM, EDS, and UV–Vis spectroscopy. The GO content
significantly affects the morphology, optical properties, and photocatalytic activity of the
nanocomposites. In the presence of ZnO NPs, a malachite green degradation efficiency
of 96.25% was achieved in 90 min, while ZnO–1%GO, ZnO–2.5%GO, and ZnO–5%GO
achieved 95.35%, 97.27%, and 99.6% MG degradation, respectively, in just 30 min. The pho-
tocatalytic degradation process of MG was optimized using Response Surface Methodology
(RSM). The effects of GO content, catalyst dosage, initial MG concentration, and irradiation
time on the efficiency of photocatalytic degradation were investigated, and optimal condi-
tions were determined. Under optimal conditions, a photocatalytic degradation efficiency
of 98.51% was achieved. These results indicate that ZnO–GO nanocomposites synthesized
from waste Zn–C batteries are efficient and environmentally friendly photocatalysts for the
treatment of dye-contaminated wastewater.

Keywords: recycling of Zn–C batteries; ZnO–GO; photocatalysis; malachite green; RSM

1. Introduction
Water pollution from industrial wastewater containing synthetic dyes is a serious envi-

ronmental issue because organic dyes are chemically stable pollutants that threaten aquatic
ecosystems and human health [1–4]. Malachite green (MG) (N-methylated diaminotriph-
enylmethane) is a synthetic cationic dye [2,3] widely used in medicine [5], textile [2,3,6],
and the food industry [5,7]. However, even at low concentrations (<1 mg/L), malachite
green has cytotoxic, mutagenic, and carcinogenic effects [3]. Therefore, removing malachite
green is important for protecting the environment and human health.

Various methods, such as adsorption [8–10], sonochemical degradation [11,12], mem-
brane filtration [13], and biological treatment [14–16], have been investigated for treating
water contaminated with MG. However, these methods are limited by low efficiency, high
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costs, and the generation of secondary pollution [1–3,17]. As a result, advanced oxidation
processes (AOPs) have attracted significant attention from researchers, with photocatalytic
decomposition standing out as the most frequently used and effective method for wastewa-
ter treatment [1,18,19]. Photocatalytic degradation relies on the in situ generation of reactive
oxidative species that can degrade and mineralize a wide range of toxic organic compounds
to CO2 and H2O [20].

Zinc oxide (ZnO), due to its wide energy gap (3.37 eV), high photosensitivity, avail-
ability, non-toxicity, and chemical and thermal stability, is one of the most commonly
used semiconductors [21,22]. However, its practical application is limited by the rapid
recombination of photoinduced electrons (e–) and holes (h+), particle agglomeration, and
significantly reduced activity under visible light [21,23,24]. To overcome these shortcom-
ings, various modification strategies for ZnO have been developed, among which the use
of graphene oxide (GO) as a modifying agent has proven effective [22,25,26].

Graphene oxide can reduce the energy band gap of ZnO and the recombination of
photogenerated electron–hole pairs, improving the photocatalytic performance of ZnO,
especially under visible light [22,24,27]. In addition, graphene oxide has a layered structure
and a large specific surface area (200–500 m2/g), providing abundant active sites for
pollutant adsorption and degradation, while also enhancing the mechanical stability and
long-term performance of ZnO–GO nanocomposites [25,26]. For these reasons, ZnO–GO
nanocomposites have attracted considerable attention from researchers in recent years.

A literature review indicates that the synthesis of ZnO–GO nanocomposites typically
relies on methods that require high temperatures, commercial and often expensive precur-
sors, and specialized equipment, while the use of secondary raw materials such as waste
batteries remains unexplored. In this study, a sustainable room-temperature method for
synthesizing ZnO–GO nanocomposites from Zn–C batteries is proposed. Both components
of the nanocomposite are synthesized from Zn–C batteries, making this approach unique
and aligned with circular economy principles and the United Nations Sustainable Devel-
opment Goals. Furthermore, the influence of graphene oxide content (1 wt%, 2.5 wt%,
and 5 wt%) on the structural, chemical, optical, and morphological properties of ZnO–GO
nanocomposites was investigated. The synthesized materials were used for the photocat-
alytic degradation of malachite green, and the degradation process was optimized using
response surface methodology (RSM).

2. Materials and Methods
2.1. Materials

Hydrochloric acid (Zorka, Šabac, Serbia), 30% hydrogen peroxide (Sanihem, Belgrade,
Serbia), potassium permanganate (Merck, Darmstadt, Germany), sodium hydroxide (NRK
Inženjering, Belgrade, Serbia), sodium nitrate (Merck, Darmstadt, Germany), sulphuric
acid (Merck, Darmstadt, Germany) and malachite green (Centrohem, Stara Pazova, Serbia)
were used in the experiments. All reagents were of analytical grade and used as supplied,
without further purification.

2.2. Disassembly of the Waste Zn–C Batteries

Waste Zn–C batteries (RO3P type, size AAA, 1.5 V) without visible external damage
were collected from small household appliances and used for experimental tests. Before
opening, all Zn–C batteries were checked to ensure they were fully discharged. Batteries
that were not completely discharged were subsequently discharged before opening. The
batteries were manually opened under controlled laboratory conditions, using appropriate
protective equipment, including protective gloves and a protective mask. The plastic
casing was first removed from the waste Zn–C batteries, followed by the removal of
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the metal terminals. The batteries were then carefully opened to minimize material loss.
Each battery was systematically disassembled into its individual parts, including the zinc
anode, plastic and paper separators, electrolyte, and graphite electrode (Figure 1). For
the laboratory synthesis of ZnO–GO nanocomposites, seven zinc anodes (15 g) and four
graphite electrodes (2 g) were used, while the remaining components were stored for
future recycling.

 

Figure 1. Individual components obtained from disassembled Zn–C battery.

The zinc anode was polished, washed with distilled water, and treated in an ultrasonic
bath for 15 min before use in the synthesis of ZnO nanoparticles (ZnO NPs). The graphite
electrodes were polished with 1500 and 2000 grit sandpaper, and treated with 5% HCl to
remove any electrolyte residue. The electrodes were rinsed several times with distilled
water to remove all traces of the acid solution and then dried in an oven. After drying, the
electrodes were ground to a fine powder.

2.3. Synthesis of Graphene Oxide

Graphene oxide was synthesized using a modified Hummer’s method [28,29], in
which the ratio of graphite to oxidizing agents was adjusted compared to the traditional
Hummer–Offeman procedure [30]. The synthesis of graphene oxide was conducted in a
digester to ensure proper containment of reactive chemicals and safe handling.

Graphite powder obtained from Zn–C batteries and concentrated H2SO4 were mixed
in a laboratory beaker. The beaker was placed in an ice bath with a magnetic stirrer, and
the suspension was stirred for 1 h. Subsequently, 2.5 g of NaNO3 was gradually added,
with constant temperature control (t < 10 ◦C) and stirring for 1 h. The temperature of the
system was controlled to prevent the release of nitrogen dioxide and nitrogen tetroxide
gases [31]. KMnO4 was slowly introduced into the suspension, and the reaction was
allowed to proceed for 1 h to facilitate the oxidation of graphite and the formation of
graphite intercalation compounds. The temperature was then adjusted to 25 ◦C, and
stirring continued for another hour. Next, 100 mL of distilled H2O was slowly added, and
the mixture was stirred for 1 h, with the temperature controlled (t < 80 ◦C). After that,
100 mL of distilled water was added, and mixing continued for 1 h. Concentrated H2O2

was added to the suspension to reduce non reacted permanganate. The H2O2 was added
slowly because the reaction is vigorous. The resulting suspension was filtered, and the
separated precipitate was washed with 5% HCl and distilled water until the pH of the
filtrate was neutral. Finally, the precipitate was ultrasonically treated in a small volume of
deionized water and then dried at 80 ◦C in an oven.

The filtrate, which contains residual acids, manganese ions, and nitrates from the
oxidation process, is collected and must undergo appropriate waste treatment procedures to
minimize environmental impact before disposal. Nitrate ions can be removed from aqueous
solutions by biological denitrification or adsorption methods using various adsorbents
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such as carbon-based materials, agricultural waste, or natural materials [32]. Mn2+ ions can
be precipitated by adding KOH and adjusting the pH to about 10. The resulting sediment
may contain Mn3O4, and a small amount of Mn(OH)2. Adding Na2S2O8 can improve the
removal efficiency of Mn2+ ions. K2SO4 can be separated from the solution by successive
neutralization and evaporation of water [33].

2.4. Synthesis of ZnO Nanoparticles

Zinc obtained from waste Zn–C batteries was dissolved in HCl under continuous stir-
ring. The reaction is violent and produces zinc chloride and releases H2 gas (Equation (1)).
To precipitate zinc hydroxide, 1 M NaOH was gradually added to the ZnCl2 solution until a
milky white Zn(OH)2 colloid formed (Equation (2)) [34]. The colloidal solution was filtered,
and the separated precipitate was dried in an oven. The obtained precipitate was then
calcined at various temperatures (400 ◦C, 500 ◦C, 600 ◦C, and 700 ◦C) for 3 h to form ZnO
nanoparticles. The formation of ZnO is presented in Equation (3).

Zn + 2HCl(conc.) → ZnCl2 + H2 ↑ (1)

ZnCl2 + 2NaOH → Zn(OH)2 + 2NaCl (2)

Zn(OH)2 → ZnO + H2O (3)

2.5. Synthesis of ZnO–GO Nanocomposites

ZnO–GO nanocomposites with different GO contents (1, 2.5, and 5 wt%) were prepared
at room temperature [35]. The ZnO solution was prepared by adding 0.5 g of ZnO calcined
at 700 ◦C to 20 mL of ethanol, while the 1 wt% GO solution was prepared by adding 0.1 g
of GO to 10 mL of ethanol. Both ZnO and GO solutions were treated in an ultrasonic
bath for 30 min. The ZnO solution was stirred with a magnetic stirrer for 2 h. The GO
solution was added dropwise to the ZnO solution to achieve a ZnO:GO weight ratio of
98:2. The resulting mixture was stirred for 6 h and then filtered. The precipitate was
dried in an oven at 80 ◦C until completely dry. The resulting powder was ground in an
agate mortar and labeled as ZnO–1%GO nanocomposite. The same procedure was used to
produce ZnO–2.5%GO and ZnO–5%GO nanocomposites. A flow diagram of the synthesis
of ZnO–GO nanocomposites from spent Zn–C batteries is presented in Figure 2.

Figure 2. A flow diagram of the synthesis of ZnO–GO nanocomposites from spent Zn–C batteries.
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2.6. Characterization Methods

The structure and crystallinity of the ZnO NPs, GO, and ZnO–GO nanocomposites
were determined by X-ray diffraction (XRD) using a Rigaku MiniFlex 600 instrument with
a D/teXUltra 250 high–speed detector and an X-ray tube with a copper anode (Rigaku
Corporation, Tokyo, Japan). Measurements were conducted in the 2θ range of 3–90◦ at
a scanning speed of 10◦/min under operating conditions of 40 kV and 15 mA. Phase
identification was performed using PDXL 2 software version 2.4.2.0, and the obtained
diffraction patterns were compared with data from the JCPDS database. Surface morphol-
ogy and elemental composition were examined by scanning electron microscopy coupled
with energy-dispersive X-ray spectroscopy (SEM–EDS) using a Tescan Vega 3 LMU instru-
ment (Tescan, Brno, Czech Republic). FTIR spectra of ZnO samples were obtained on a
PerkinElmer Spectrum 3 instrument (PerkinElmer Inc., Waltham, MA, USA) operating in
ATR mode, in the range of 400–4000 cm−1. The pH of the solution was determined using a
pH 700 meter (Eutech Instruments, Singapore). A UV-Vis spectrometer (Beckman DU-65,
Beckman Coulter, Fullerton, IN, USA) was used to measure the residual concentrations
of malachite green and to examine the optical properties of ZnO and ZnO–GO nanocom-
posites. For optical property determination, ZnO NPs and ZnO–GO nanocomposites were
dispersed in ethanol (1 mg/mL), subjected to ultrasonic treatment, and analyzed on a
UV-Vis spectrometer at wavelengths from 300 to 800 nm.

2.7. Photocatalytic Study

The photocatalytic activity of ZnO NPs and ZnO–GO nanocomposites was evaluated
using malachite green as a model organic pollutant. Photocatalytic experiments were
carried out in a custom-designed batch photoreactor comprising a laboratory beaker,
magnetic stirrer, and UVA light source (λ = 395 nm, 100 W). All measurements were carried
out at room temperature. For each experiment, 0.1 g of photocatalyst was added to 30 mL
of MG solution with a concentration of 10 ppm (pH = 4.7). The resulting suspension was
magnetically stirred at 300 rpm for 60 min in the dark to achieve adsorption–desorption
equilibrium [36,37]. The mixture was then exposed to UVA irradiation for 5–90 min
under continuous stirring. At the end of the photocatalytic reaction, the suspension was
centrifuged at 4000 rpm for 15 min to separate the catalyst particles from the solution. The
solution was subsequently analyzed using a UV–Vis spectrophotometer at a wavelength
of 617 nm to determine the residual MG concentration. The photocatalytic degradation
efficiency (%) was calculated using Equation (4) [38]:

E =
A0 − A

A0
·100 (4)

where A0 is the initial absorbance of dye solution, and A is the absorbance of the dye
solution after the photocatalytic reaction.

3. Results and Discussion
3.1. XRD

The diffractograms of graphite powder from Zn–C batteries and synthesized GO are
shown in Figure 3. The characteristic graphite peaks at 26.4◦, 42.4◦, 44.4◦, 50.1◦, 54.5◦, 77.4◦,
and 83.5◦ are identical to those in the JCPDS database (00–041–1487) and correspond to
the (002), (100), (101), (102), (004), (110), and (112) basal planes of graphite, respectively.
These results are consistent with those of Radovanović et al. [39], Loudiki et al. [28], Silva
et al. [29], and Sperandio et al. [40]. A sharp diffraction peak at 26.4◦ indicates the highly
crystalline hexagonal structure of the graphite powder [28,40]. A small peak at 21.4◦

may indicate the presence of impurities [28]. In the XRD pattern of GO, a peak at 10.8◦
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was observed, corresponding to the (001) diffraction plane of graphene oxide. No peaks
indicating impurities or residual graphite were identified. This confirms the successful
oxidation of graphite to graphene oxide, resulting in an increase in d-spacing from 0.33 nm
to 0.82 nm due to the intercalation of epoxy, hydroxyl, carboxylic, and carbonyl groups
between the graphene layers [29,31,41–44].

Figure 3. XRD patterns of graphite powder recovered from waste Zn–C batteries and synthesized GO.

The effect of ZnO calcination temperature on phase purity, crystallinity, and structural
parameters was investigated to ensure the selection of pure precursors suitable for further
nanocomposite synthesis. Diffractograms of ZnO samples calcined at 400 ◦C, 500 ◦C,
600 ◦C, and 700 ◦C are shown in Figure S1. In samples calcined at 400 ◦C and 500 ◦C,
in addition to ZnO, simonkolleite was detected. The presence of simonkolleite in these
samples was also confirmed by FTIR analysis (Figure S2). In contrast, the XRD patterns of
samples calcined at 600 ◦C and 700 ◦C revealed zincite as the only crystalline phase. Since
samples calcined at 400 ◦C and 500 ◦C contained secondary phases, a detailed analysis of
the crystal structure parameters (Table S1) and photocatalytic activity was performed only
for the samples calcined at 600 ◦C and 700 ◦C. ZnO calcined at 700 ◦C exhibited enhanced
crystallinity and a higher number of oxygen vacancies, which promoted charge separation
and improved photocatalytic activity (Figures S3 and S4). Thus, ZnO calcined at 700 ◦C
was chosen for subsequent GO modification.

The diffractograms of ZnO, ZnO–1%GO, ZnO–2.5%GO, and ZnO–5%GO nanocom-
posites are presented in Figure 4. In the ZnO sample, diffraction peaks were observed at 2θ
angles at 31.7◦, 34.4◦, 36.2◦, 47.5◦, 56.5◦, 62.8◦, 66.3◦, 67.9◦, 69.0◦, 72.5◦, 76.5◦, 81.3◦, and
89.6◦, corresponding to the (100), (002), (101), (102), (110), (103), (200), (112), (201), (004),
(202), (104), and (203) planes of ZnO, respectively [45,46]. The obtained diffractograms
are identical to those in the JCPDS database card No. 036–1451. The high intensity and
narrow width of the diffraction peaks confirm the hexagonal wurtzite structure of ZnO
with the P63mc space group [22,38,47]. The sharp and well-defined peaks in the XRD
patterns indicate a high degree of crystallinity in ZnO [22,48].
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Figure 4. Diffractograms of ZnO and ZnO–GO nanocomposites with different GO contents.

In the XRD patterns of ZnO–GO nanocomposites (Figure 4), peaks at 2θ angles of 31.8◦,
34.4◦, 36.3◦, 47.6◦, 56.6◦, 62.9◦, 66.4◦, 67.9◦, 69.1◦, 72.6◦, 76.9◦, 81.4◦, and 89.6◦ were detected,
corresponding to ZnO with a hexagonal wurtzite structure. A slight shift in the diffraction
peaks compared to pure ZnO toward higher 2θ angles indicates a reduction in the crystal
lattice parameters of the nanocomposites (Table 1) due to the successful interaction between
ZnO and GO [49,50]. The characteristic peak of GO was not detected in the nanocomposite,
which may be attributed to the high crystallinity of ZnO nanoparticles, the limited stacking
of GO sheets in the presence of ZnO, and the low concentration of GO [51,52]. During
the synthesis of the nanocomposite, ultrasonic treatment of the GO solution resulted in
complete exfoliation of the GO [51,52], allowing the ZnO nanoparticles to fully cover the
GO surface and prevent re-stacking of the layers [37,53]. In addition, the intense diffraction
peaks of ZnO can mask the diffraction peaks of GO, as only a small amount of GO was used
for the synthesis of the nanocomposites [36,42,54,55]. In the diffractograms of ZnO–GO
nanocomposites, no peaks indicating the presence of impurities were detected, demon-
strating the high purity and crystallinity of the synthesized composites [35]. Structural
parameters of ZnO and ZnO–GO nanocomposites are presented in Table 1.

Table 1. Structural parameters of ZnO nanoparticles and ZnO–GO nanocomposites.

Sample D
(nm)

a
(Å)

c
(Å) c/a V

(Å3)
δ

(nm−2)
ε

(%)
L

(nm)
d

(nm)
AFP
(%)

ZnO 38.2538 3.255 5.211 1.601 47.812 6.8336 × 10−4 0.0896 1.8790 0.2606 75.4825
ZnO–1%GO 37.3668 3.247 5.202 1.602 47.497 7.1619 × 10−4 0.0917 1.9761 0.2474 75.4431

ZnO–2.5%GO 37.0702 3.247 5.202 1.602 47.497 7.2770 × 10−4 0.0925 1.9761 0.2474 75.4431
ZnO–5%GO 34.0596 3.245 5.202 1.603 47.424 8.6023 × 10−4 0.1006 1.9751 0.2473 75.3851

The average crystallite size of ZnO NPs and ZnO–GO nanocomposites was determined
using the Debye–Scherrer formula [49]:

D =
k·λ

β·cosθ
(5)

where D—crystallite size (nm), k—constant (0.89), λ—wavelength of X-ray radiation
(0.154 nm), β—full width at half maximum of the most intense diffraction peak (rad),
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and θ—Bragg’s angle (◦). The average crystallite size of the nanocomposite is smaller
than that of pure ZnO (Table 1). As the GO content in the nanocomposite increases, the
average crystallite size and the intensity of the (101) peaks slightly decrease. This indicates
that GO influences the crystallization process of ZnO [56]. GO can promote the formation
of C–O–Zn bonds [49,55] or cause the Zener pinning effect, which may inhibit crystal
growth [25].

The crystal lattice parameters (a and c) of the hexagonal wurtzite structure, as well as
the unit cell volume (V), were determined using Equations (6)–(8) [38,49]:

a =
λ√

3sin θ
(6)

c =
λ

sin θ
(7)

V = 0.866·a2·c (8)

The lattice parameters of ZnO–GO nanocomposites are smaller than those of pure
ZnO (Table 1). The introduction of GO creates structural defects and increases microstrain,
leading to a decrease in the lattice parameters and, consequently, a reduction in the unit
cell volume [57].

The dislocation density (δ) and microstrain (ε) were calculated using Equations (9) and
(10), respectively [58,59].

δ =
1
D2 (9)

ε =
β·cos θ

4
(10)

The obtained values are shown in Table 1 and indicate that as GO content increases,
dislocation density and microstrain also increase. GO inhibits crystal growth, leading to
more structural defects, the formation of additional grain boundaries, and consequently
higher dislocation density and microstrain (Table 1). This suggests that the presence of GO
causes local lattice disorder and strain [57,60].

The length of the Zn–O bond is defined by Equation (11) [58]:

L =

√(
a2

3

)
+

(
1
2
− U

)2
·C2 (11)

where U represents the positional parameter in the wurtzite structure and can be deter-
mined using Equation (12) [58]:

U =
a2

3·c2 + 0.25 (12)

The positional parameter is a measure of the displacement of each atom in the wurtzite
structure with respect to the next along the c–axis. Compared to pure ZnO, the bond length
in the nanocomposites is greater due to structural changes caused by the introduction of
GO (Table 1) [61]. Specifically, distortion in ZnO may cause a shift in Zn atoms toward GO,
resulting in increased bond length [62].

The interplanar spacing dhkl was calculated according to Equation (13) [63]:

1
dhkl

2 =
4
3
·
(

h2 + h·k + k2

a2

)
+

l2

c2 (13)

where h, k, and l represent the Miller indices. The obtained values are shown in Table 1 and
indicate that as the content of GO increases, the interplanar spacing decreases. A decrease
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in d-spacing indicates lattice contraction due to the presence of a large number of defects
and oxygen vacancies in the crystal lattice [64].

Atomic packing fraction (APF) was calculated according to Equation (14) and pre-
sented in Table 1 [65]:

APF =
2πa

3
√

3c
(14)

The atomic packing fraction of the ZnO–GO nanocomposite are lower than those
of pure ZnO because GO inhibits the nucleation and growth of crystals through inter-
calation [37]. Additionally, APF reduction indicates the growth of defects in the crystal
structure, the occurrence of dislocations, and oxygen vacancies. Defects introduced by
GO reduce the atomic packing density and disrupt the ordering of the crystal structure,
resulting in a decrease in the atomic packing fraction in the nanocomposite.

The specific surface area (S) of ZnO NPs and ZnO–GO nanocomposites was deter-
mined using Equation (15) [66]:

S =
6

ρx·D
(15)

where ρx is the sample density. The specific surface area of the synthesized samples in-
creased significantly with the incorporation of GO. The surface area of pure ZnO was
40.19 m2/g, while those of ZnO–1%GO, ZnO–2.5%GO, and ZnO–5%GO were 58.62, 60.06,
and 62.50 m2/g, respectively. This demonstrates that incorporating graphene oxide
markedly increases the specific surface area of the composite material. As the GO content
increases, the specific surface area also increases [50,67]. This is attributed to oxygen–
containing functional groups on the GO surface, which serve as active adsorption sites. The
availability of these sites is expected to promote more efficient interaction with pollutant
molecules, thereby facilitating their effective removal [25].

3.2. UV–Vis Spectroscopy

The UV–Vis absorption spectra of ZnO NPs, ZnO–1% GO, ZnO–2.5% GO, and ZnO–
5% GO nanocomposites are shown in Figure 5. The maximum absorption of the ZnO
spectrum was recorded at 375 nm, indicating that the optical response of ZnO is governed
by the transition of electrons from the valence to the conduction band [45,59,68,69]. In
the absorption spectra of ZnO–GO nanocomposites, two absorption peaks were observed
between 300 and 400 nm. The first peak at 324 nm is attributed to exciton absorption, while
the second peak at 377 nm corresponds to the band gap energy of ZnO [47]. Compared
to pure ZnO, a moderate red shift in the absorption peaks of the ZnO–GO nanocomposite
was observed. This shift is due to the presence of carbon atoms in the composite and the
formation of strong chemical bonds between ZnO and GO [54,55].

The Tauc plot is commonly used to estimate the optical band gap of ZnO NPs and
ZnO–GO nanocomposites [26]. Tauc plots were constructed from the absorption data
according to the following relation and are presented in Figure 6 [68]:

(αhν)2 = A
(
hν − Eg

)
(16)

where α—absorption coefficient, hv—photon energy, A—constant, and Eg—optical band
gap [68]. The band gap for the synthesized ZnO was 3.00 eV, consistent with literature
data [18,70,71]. However, for ZnO–GO nanocomposites, a gradual decrease in the band gap
with increasing GO content was observed. The band gaps of ZnO–1%GO, ZnO–2.5%GO,
and ZnO–5%GO were 2.88 eV, 2.81 eV, and 2.75 eV, respectively. A similar trend of band gap
reduction with increasing GO content has been reported by other authors [54,55,59]. Due to
its high electron affinity and delocalized π–electron system, GO in the nanocomposites acts
as an electron acceptor, while ZnO serves as an electron donor. Excited electrons migrate
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from the conduction band of ZnO to the GO layer via the π electrons present in the carbon
atoms. This process leads to a shift in the Fermi level towards the valence band and an
effective narrowing of the energy gap [26,54,72]. Reducing the energy gap of ZnO–GO
nanocomposites compared to pure ZnO increases their ability to absorb visible light [26].
Furthermore, the presence of graphene oxide can reduce the recombination of the h+/e−

pair in ZnO–GO nanocomposites, leading to improved light absorption in the UV and
visible regions of the spectrum, as confirmed by the results shown in Figure 5. This effect
renders ZnO–GO nanocomposites significantly more efficient photocatalysts with a wide
range of applications [18,26,55].

Figure 5. UV–Vis absorption spectra of ZnO NPs and ZnO–GO nanocomposites in ethanol.

 
(a) (b) 

  
(c) (d) 

Figure 6. Tauc plots of (a) ZnO NPs, (b) ZnO–1%GO, (c) ZnO–2.5%GO and (d) ZnO–5%GO
nanocomposites.
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3.3. SEM–EDS

The morphology of ZnO NPs and ZnO–GO nanocomposites was examined using a
scanning electron microscope, and the results are presented in Figure 7. The SEM image of
pure ZnO (Figure 7a) shows the formation of spherical and irregularly shaped particles.
Agglomerates ranging from 100 nm to 10 µm were also observed. The formation of these
agglomerates results from the calcination of the sample at high temperatures [73].

(a) (b) 

  
(c) (d) 

Figure 7. SEM images of (a) ZnO, (b) ZnO–1%GO, (c) ZnO–2.5%GO, and (d) ZnO–5%GO.

In the SEM photographs of the composite (Figure 7b–d), pure GO sheets are not
visible, both because of the small amount of GO used in the synthesis of the nanocomposite
and because the ZnO nanoparticles completely cover the GO surface. This indicates good
interaction between the ZnO and GO in all prepared composites [36,49,50]. According to the
results presented in Figure 7, increasing the content of GO does not affect the morphology
of ZnO nanoparticles [49,50], but it can effectively prevent their agglomeration due to the
interaction of ZnO nanoparticles with residual functional groups on the basal planes of
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GO. This interaction increases the available surface area for adsorption and photocatalytic
reactions [50].

The results of the EDS analysis are shown in Figure 8. In the spectrum of pure ZnO
(Figure 8a), peaks for zinc and oxygen are observed, with no signals from other elements,
confirming that the synthesized ZnO is of high purity. Characteristic peaks for zinc, oxygen,
and carbon are observed in all spectra of the nanocomposites, confirming the successful
synthesis of ZnO–GO nanocomposites with different GO contents (Figure 8b–d). The
absence of additional peaks indicates that no impurities are present.

  
(a) (b) 

  
(c) (d) 

Figure 8. EDS spectra of (a) ZnO, (b) ZnO–1%GO, (c) ZnO–2.5%GO, and (d) ZnO–5%GO.

3.4. Photocatalytic Activity

The photocatalytic activity of ZnO NPs and ZnO–GO nanocomposites was evaluated
based on the efficiency of the photocatalytic decomposition of malachite green under
UVA radiation. The efficiency of photocatalytic degradation of malachite green in the
presence of ZnO NPs, ZnO–1%GO, ZnO–2.5%GO, and ZnO–5%GO nanocomposites was
monitored for 90 min and is shown in Figure 9a. The results indicate that the tested
photocatalysts exhibit photocatalytic activity for malachite green degradation and the
efficiency of MG degradation increases with longer UVA exposure. The decomposition
of MG in the presence of ZnO NPs reaches 96.25% after 90 min, while in the presence of
the ZnO–1%GO nanocomposite, a nearly identical photocatalytic degradation efficiency of
95.35% is achieved in only 30 min. As the GO content in the nanocomposite increases, the
efficiency of MG photocatalytic degradation rises to 97.27% and 99.6% for ZnO–2.5%GO
and ZnO–5%GO, respectively.

The higher photocatalytic activity of the ZnO–GO nanocomposite compared to pure
ZnO can be attributed to reduced recombination of electron–hole pairs, which leads to
the generation of more hydroxyl radicals and increases the efficiency of photocatalytic
degradation [25,26,54,74]. Additionally, the higher photocatalytic activity of the nanocom-
posite compared to ZnO can be attributed to better adsorption of the dye on the catalyst
surface, resulting from the larger specific surface area of the nanocomposite, the presence
of oxygen functional groups (–OH, –COOH, and –C=O), and the ability of GO to form π–π
interactions with the dye [22,25,26].
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(a) (b) 

Figure 9. (a) The effect of GO content on the efficiency of photocatalytic degradation of malachite
green; (b) kinetic analysis of photocatalytic degradation of malachite green using ZnO NPs and
ZnO–GO nanocomposites.

The content of GO in the nanocomposite has a significant effect on the photocatalytic
activity of the composite. Increasing the GO content up to 5 wt% increases the efficiency
of photocatalytic degradation of MG (Figure 9a). As the content of GO in the composite
increases, the specific surface area increases, leading to a greater number of active centers
on the catalyst surface and improved photocatalytic activity [50]. Also, as the GO content
in the nanocomposites increased, the crystallite size decreased (Table 1), resulting in higher
efficiency of the photocatalytic decomposition of malachite green [23].

Considering that the ZnO–GO nanocomposites achieve almost complete MG degrada-
tion within 40 min (Figure 9a), the photocatalytic degradation kinetics in their presence
were monitored for 40 min, whereas the degradation kinetics in the presence of ZnO
NPs were followed for 90 min. Using the pseudo-first-order kinetic model based on the
Langmuir–Hinshelwood mechanism, the kinetics of the photocatalytic decomposition of
malachite green was examined according to Equation (17) [23,75,76]:

ln
C
C0

= −k1·t (17)

where C is the concentration of MG at time t, C0 is the initial concentration of MG, and
k1 is the pseudo-first order-kinetic constant [23]. The kinetic profiles of malachite green
photocatalytic degradation in the presence of ZnO and ZnO–GO nanocomposites are shown
in Figure 9b. The obtained linear relationships and high correlation coefficients (Table 2)
confirm that malachite green decomposition follows a pseudo-first-order kinetics model.
The reaction rate constant is determined from the slope according to Equation (17) [75],
while the half-life time (t1/2) can be determined according to Equation (18) [77]:

t 1 /
2
=

ln2
k

(18)

The obtained values for the half-life time and the reaction rate constant are presented in
Table 2. As the content of GO in the nanocomposite increases, the reaction rate constant rises,
while half-life time decreases. Increasing the content of GO up to 5 wt% can enhance the
decomposition rate of malachite green by up to five times. These results clearly demonstrate
that the presence of GO in nanocomposites can significantly accelerate the photocatalytic
degradation of malachite green.
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Table 2. Kinetic parameters for the photocatalytic degradation of malachite green using ZnO NPs
and ZnO–GO nanocomposites.

Sample ZnO ZnO–1%GO ZnO–2.5%GO ZnO–5%GO

k (min−1) 0.0227 0.0553 0.0626 0.1214
R2 0.9255 0.9752 0.9948 0.9971

t1/2 (min) 30.52 12.52 11.08 5.71

The mechanism of the photocatalytic decomposition of malachite green is presented
by reactions (19–24) [1,77,78]. Upon exposure to UV light, ZnO absorbs photons, exciting
electrons from the valence band to the conduction band and leaving behind positively
charged holes in the valence band [26,77]. As the energy levels of ZnO and the π* orbitals
of GO are aligned, electrons from the conduction band of ZnO are transferred to the surface
of GO through π–π* interactions, preventing the recombination of h+/e− pairs [26,77].
Efficient separation of photogenerated pairs results in more electrons participating in the
degradation reaction [1,25]. Electrons reduce oxygen molecules to form superoxide species,
which then react with water molecules to generate hydroxyl radicals [26,77]. Positively
charged holes can oxidize water molecules, producing hydroxyl radicals [26]. Formed
reactive oxygen species can decompose MG into CO2 and H2O. Mostafa and Amdeha [1]
point out that •OH and •O2

− significantly contribute to the photocatalytic degradation of
malachite green, while h+ has a limited role in the photodegradation of MG.

ZnO + hν → e− + h+ (19)

GO + e− → GO
(
e−

)
(20)

GO
(
e−

)
+ O2 → •O2

− (21)

h+ + H2O → •OH + H+ (22)

•OH + MG → products → CO2 + H2O (23)

•O−
2 + MG → products → CO2 + H2O (24)

Table 3 presents a comparative analysis of the photocatalytic activity of ZnO–5%GO
synthesized from Zn–C batteries and ZnO–GO nanocomposites synthesized from chemical
precursors. Additionally, Table 4 compares the photocatalytic activity of the ZnO–5%GO
nanocomposite with various photocatalysts used for malachite green degradation.

Table 3. Comparative analysis of the photocatalytic efficiency of ZnO–GO nanocomposites synthe-
sized from different precursors.

Photocatalyst Precursors for
Synthesis Pollutant Concentration

of Pollutant
Catalyst
Dosses

Reaction
Time Light Source Degradation

Efficiency Reference

rGO–ZnO

Zinc acetate
dehydrate
Purchased
graphite
powder

Methyl
orange 0.03 mM 100 mg 70 min visible light 99% [74]

E-ZnO@GO

Zinc chloride
Purchased
graphite
powder

Congo red 100 ppm 0.1 g 100 min UV 74.78% [79]

GO–ZnO

Zinc sulfate
Purchased
graphite
powder

Methylene
blue 3.13 × 10−3 M 50 mg 90 min sunlight 84% [22]

ZnO–GO Zinc oxide
Graphite

Methylene
blue 5 ppm 10 mg 60 min visible light 98.73% [26]
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Table 3. Cont.

Photocatalyst Precursors for
Synthesis Pollutant Concentration

of Pollutant
Catalyst
Dosses

Reaction
Time Light Source Degradation

Efficiency Reference

GO-ZnO

Zinc acetate
dehydrate
Purchased
graphite
powder

Malachite
green 20 mg/L 100 mg/L 30 min sunlight 65.85% [78]

ZnO–5%GO Zn–C batteries Malachite
green 10 ppm 0.1 g 30 min UV 99.6% This work

Table 4. Comparative analysis of the photocatalytic performance of various photocatalysts for the
degradation of malachite green.

Photocatalyst Initial Concentration of
MG Catalyst Dosage Reaction Time Light Source Degradation

Efficiency Reference

Fe@(Alg–CMC) 10 ppm 0.1 g 30 min UV–A 98.8% [2]
MMnS(60) 24 ppm 0.5 g 120 min UV 95% [6]
GO/CuO 15 ppm 0.2 g/L 4 h UV 98% [76]

CDC 6 mg/L 0.1 g 90 min UV 93% [80]
TiO2/COF 10 ppm 1.67 g/L 120 min UV 93.64% [81]

BC@Co–MOF 10 ppm 50 mg 60 min UV 92.52% [82]
RGO/TiO2/PANCMA

NFs 100 ng/mL 1 g/L 90 min UV 91.4% [83]
CZnO–dots 0.5 g/L 1.5 mg 60 min Visible light 94.8% [84]
ZnO–EG 100 ppm 0.2 g/L 3 h Visible light 94.06% [85]

ZnO–5%GO 10 ppm 0.1 g 30 min UV 99.6% This work

The comparative analyses of photocatalytic activity presented in Tables 3 and 4 indicate
that ZnO–5%GO exhibits photocatalytic activity, supporting the reuse of zinc and graphite
from waste Zn–C batteries as precursors for synthesizing ZnO–GO nanocomposites and
their application in wastewater treatment. The presented study aligns with the principles
of sustainable development and the circular economy, as this approach contributes to waste
reduction, environmental preservation, and the conservation of Zn and C resources.

3.5. Statistical Analysis and Process Optimization

Response Surface Methodology (RSM) is a statistical approach that connects exper-
imental data with mathematical models to estimate the influence of multiple factors on
the desired response. Unlike traditional experimental techniques, which examine only one
factor while keeping other process parameters constant, RSM enables the simultaneous
analysis of several parameters. This reduces the number of experiments required, saves
time, and decreases the amount of chemicals used in experimental research [75]. Among
the available experimental designs, the Box–Behnken design has been frequently applied
in recent years to optimize photocatalytic processes, as it has shown good agreement with
experimental values and high predictive reliability [86,87].

RSM based on the Box–Behnken Design (BBD) was employed to evaluate the effects
of graphene oxide content (%GO), initial concentration of MG (C0), irradiation time (t),
and catalyst dosage (m) on the photocatalytic degradation efficiency of malachite green (E).
Four independent variables were studied at three levels, low (−1), medium (0), and high
(+1), as presented in Table 5. Using trial version of the Design–Expert software 13 (StatEase
Inc., MN, USA), a Box–Behnken matrix was created (Table 6). A total of 29 experimental
runs were generated in randomized order to minimize systematic error. The center points
were replicated multiple times to provide a reliable estimation of the pure error, and to
assess the reproducibility of the measured responses. Experimentally achieved efficiencies
ranged from 82.68% to 99.40% (Table 6).
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Table 5. Experimental factors and range levels in the experimental design.

Factors Symbol
Range Level

−1 0 1

Graphene oxide content (wt%) %GO 1 2.5 5
Initial concentration of malachite green (ppm) C0 1 10 50
Catalyst dosage (g) m 0.02 0.05 0.1
Irradiation time (min) t 10 20 30

Table 6. Box–Behnken matrix with experimental photocatalytic degradation efficiencies of
malachite green.

Run
Coded Factor Values Actual Factor Values

Experimental E
(%)%GO

(wt%)
Co

(ppm)
m
(g)

t
(min)

%GO
(wt%)

Co
(ppm)

m
(g)

t
(min)

1 0 0 0 0 2.5 10 0.05 20 93.11
2 0 0 1 −1 2.5 10 0.1 10 91.34
3 −1 0 −1 0 1 10 0.02 20 82.68
4 0 0 0 0 2.5 10 0.05 20 93.11
5 0 −1 1 0 2.5 1 0.1 20 99.00
6 1 0 0 −1 5 10 0.05 10 95.79
7 0 0 0 0 2.5 10 0.05 20 93.11
8 0 0 0 0 2.5 10 0.05 20 93.11
9 0 1 1 0 2.5 50 0.1 20 91.67
10 0 1 0 −1 2.5 50 0.05 10 92.12
11 −1 0 0 1 1 10 0.05 30 93.43
12 1 −1 0 0 5 1 0.05 20 96.42
13 −1 0 0 −1 1 10 0.05 10 83.03
14 1 1 0 0 5 50 0.05 20 92.55
15 0 1 −1 0 2.5 50 0.02 20 86.03
16 0 −1 0 −1 2.5 1 0.05 10 95.77
17 −1 −1 0 0 1 1 0.05 20 89.82
18 0 1 0 1 2.5 50 0.05 30 92.33
19 0 0 −1 −1 2.5 10 0.02 10 84.02
20 1 0 0 1 5 10 0.05 30 99.40
21 0 0 1 1 2.5 10 0.1 30 97.27
22 0 −1 −1 0 2.5 1 0.02 20 91.53
23 0 0 −1 1 2.5 10 0.02 30 88.11
24 1 0 −1 0 5 10 0.02 20 91.11
25 1 0 1 0 5 10 0.1 20 98.51
26 −1 0 1 0 1 10 0.1 20 93.26
27 −1 1 0 0 1 50 0.05 20 85.55
28 0 −1 0 1 2.5 1 0.05 30 98.80
29 0 0 0 0 2.5 10 0.05 20 93.11

3.5.1. Model Selection

The experimentally obtained data were analyzed using Response Surface Methodology
to select the model that best represents the relationship between the analyzed parameters
and the efficiency of photocatalytic degradation of malachite green. Linear, two-factor
interaction (2FI), quadratic, and cubic models were tested. The results of the analysis of
variance (ANOVA), presented in Table 7, show that the linear model has the highest statis-
tical significance, and good predictive ability. The inclusion of interaction and quadratic
terms did not significantly improve model performance. Consequently, the linear model
was selected as the most appropriate to describe the effects of the investigated parameters
on the efficiency of photocatalytic degradation.

Table 7. Statistical evaluation of the adequacy of various RSM models.

Source Sequential p-Value Adjusted R2 Predicted R2

Linear <0.0001 0.8098 0.7476 Suggested
2FI 0.6848 0.7919 0.5698

Quadratic 0.1376 0.8323 0.5169
Cubic 0.6719 0.8010 −5.1402 Aliased
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Based on the applied linear model, the dependence of the efficiency of the photocat-
alytic decomposition of malachite green on the examined factors is represented by the
following regression equation:

E = 92.24 + 3.83 ·%GO − 2.59 ·Co + 3.96 ·m + 2.27 ·t (25)

Positive signs for independent factors such as GO content, catalyst dosage, and UV
irradiation time indicate a positive effect on the response, while the initial MG concentration
has an antagonistic impact on the efficiency of MG photocatalytic degradation [88,89].

A graphical comparison of experimentally obtained and model-predicted photocat-
alytic degradation efficiencies of MG is shown in Figure 10a. All points lie along the
regression line, indicating minimal differences between experimental and model-predicted
values [75]. The normal probability plot (Figure 10b) shows that the residual values are
close to the reference line, indicating the model’s accuracy in explaining the relationship
between the independent variables and the response [55]. The residuals versus run number
plot (Figure 10c) shows a random scatter of residuals near zero (±3.54581) with no apparent
trend or periodicity [88]. These results indicate the absence of systematic errors, confirming
that the developed mathematical model is statistically valid and reliable for describing
the process.

  
(a) (b) (c) 

Figure 10. (a) Comparison of experimental and predicted degradation efficiencies of MG; (b) normal
probability plot of the residuals; (c) residuals versus run number.

3.5.2. Analysis of Variance (ANOVA) and Model Validation

Statistical analysis of variance (ANOVA) was used to assess the significance of the de-
veloped model and individual factors. The results of the analysis of variance are presented
in Table 8. The statistical significance of the model and the examined factors was evaluated
using the F-value and p-value. The higher the F-value is above 1, the more accurately
the estimated effects of the examined factors explain the data variations compared to the
mean value. p-values less than 0.05 indicate a high level of statistical significance for the
regression model at the 95% confidence level, with a lower p-value indicating greater model
significance [90]. As the p-value is less than 0.0001 and the F-value is 30.8, the model
is highly significant. Furthermore, the analysis of variance showed that all investigated
parameters have a statistically significant effect on the efficiency of the photocatalytic
decomposition of malachite green (p < 0.05). Based on the F-value, it can be concluded that
the catalyst dosage (45.77) and content of GO (42.83) have the greatest influence on the de-
composition of malachite green, while the influence of the initial concentration of malachite
green (19.56) and the irradiation time (15.04) is slightly smaller but still significant.
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Table 8. Analysis of variance (ANOVA) for the selected linear model.

Source Sum of
Squares df Mean

Square F-Value p-Value

Model 507.63 4 126.91 30.80 <0.0001 significant
%GO 176.49 1 176.49 42.83 <0.0001

C0 80.60 1 80.60 19.56 0.0002
m 188.58 1 188.58 45.77 <0.0001
t 61.97 1 61.97 15.04 0.0007

Residual 98.89 24 4.12
Lack of Fit 98.89 20 4.94
Pure Error 0.0000 4 0.0000
Cor Total 606.52 28

Mean 92.24

Model validation is a key step in assessing a model’s ability to predict new data based
on the training dataset. Several relevant parameters were considered for model validation,
including the coefficient of determination (R2), adjusted R2, predictive R2, adequate pre-
cision, and coefficient of variation (C.V.) (Table 9) [75]. The coefficient of determination
should be greater than 0.8 and as close to 1 as possible. The obtained coefficient of deter-
mination value of 0.837 indicates good predictability and suitability of the model [89,91].
The robustness of the model was further confirmed by comparing the predictive R2 and
adjusted R2 (Table 9). Their difference was less than the recommended 0.2, indicating the
significance of the model and satisfactory predictive ability [4,89]. Adequate precision
of the model is 18.51, which significantly exceeds the threshold value of 4, indicating its
applicability and suitability [55,75]. Based on the coefficient of variation, the reproducibility
of the results and the implications of the model can be evaluated. The desirable range for
the coefficient of variation is 0.5% to 13.5% [92]. The obtained coefficient of variation of
2.2% is optimal and confirms the high precision and repeatability of the experimental data.

Table 9. Statistical parameters for the proposed linear model based on ANOVA.

R2 Adjusted R2 Predicted R2 Adeq
Precision Std. Dev. C.V. %

0.8370 0.8098 0.7476 18.5063 2.03 2.20

3.5.3. Influence of Individual Factors on the Efficiency of Photocatalytic Degradation
of MG

Understanding the influence of individual factors is essential for optimizing the photo-
catalytic degradation of malachite green. Figure 11 shows the effects of GO content, initial
malachite green concentration, catalyst dosage, and irradiation time on the efficiency of
the photocatalytic decomposition of malachite green. Increasing the GO content, catalyst
dosage, and irradiation time significantly improved the efficiency of the photocatalytic de-
composition of malachite green. However, increasing the initial concentration of malachite
green negatively affected the efficiency of photocatalytic degradation.

Optimizing the combination of GO content, catalyst dosage, irradiation time, and
initial MG concentration can significantly increase photocatalytic efficiency. Using Design–
Expert software and numerical optimization identified the following optimal parameters:
GO content of 5 wt%, initial malachite green concentration (C0) of 10 ppm, irradiation time
(t) of 20 min, and catalyst dosage (m) of 0.1 g.
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Figure 11. Influence of individual factors on efficiency of photocatalytic degradation of MG.

3.6. Stability and Reusability Test

The stability and reusability of the ZnO–5%GO nanocomposite are important criteria
for its practical application and the economic viability of the synthesis process. To assess the
stability and reusability of the synthesized nanocomposite, a series of experiments on the
photocatalytic decomposition of malachite green were conducted under optimal conditions
over five consecutive cycles. After each cycle, the nanocomposite was washed with ethanol,
then dried and reused in the next cycle under the same experimental conditions. The results,
shown in Figure 12, indicate that after five cycles, there is a slight decrease in the efficiency
of photocatalytic malachite green decomposition of 6.32%. This trend may indicate the
accumulation of intermediates after the photocatalytic degradation of malachite green,
which block the active sites on the photocatalyst [1,24,48], or the reduction in photocatalyst
mass that occurs during separation and washing between cycles [74,93]. However, after
five consecutive cycles, the photocatalyst retained a significant percentage of activity
(92.19%), confirming its stability and potential for practical application in wastewater
treatment. These results can be attributed to the chemical stability of the ZnO–5%GO
nanocomposite and its excellent photoelectric performance [37]. The stability of the ZnO–
5%GO nanocomposite can be ascribed to the synergistic effect of ZnO with GO, which
not only enhances the photocatalytic activity of ZnO but also improves the mechanical
stability and the long-term durability of catalyst [25,94]. In addition, GO prevents the
agglomeration of ZnO NPs, thereby avoiding activity reduction and loss of efficacy during
repeated use [94].
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Figure 12. Reusability of ZnO–5%GO nanocomposites for photocatalytic degradation of MG.

3.7. Energy Consumption Analysis

The energy consumption analysis was conducted to evaluate the energy efficiency and
sustainability of the ZnO–GO nanocomposite synthesis process. Electricity consumption
(E) represents the electricity required by the device during the usage period and can be
determined according to Equation (26) [95]:

E = ΣP·t (26)

where P is active power of the device, and t is the usage period.
Table 10 summarizes the energy consumption of each device and the total energy con-

sumption during the synthesis of ZnO, GO, and ZnO–GO nanocomposites. ZnO synthesis
is the most energy-intensive, as it requires both a laboratory furnace and a drying oven.
Thermal treatment is the most energy-intensive step in the synthesis. However, the total en-
ergy consumption for the conventional synthesis method using chemical precursors would
be higher, because dissolving the precursor typically requires additional heating of the reac-
tion mixture, whereas dissolving Zn anodes does not require additional thermal treatment.
The synthesis of GO and ZnO–GO nanocomposites are less energy-intensive process.

Table 10. Energy consumption analysis of ZnO–GO nanocomposite synthesis.

Device ZnO GO ZnO–GO

Energy
(kWh)

Mixer 0.165 2.5 4
Laboratory

furnace 8.4 / /

Oven 3.6 1.8 1.8
Ultrasonic bath / 0.1 0.1

Total energy (kWh) 12.165 4.4 5.9

Energy per mass of product (kWh/g) 0.71 1.65 0.36

The highest energy consumption per mass of product was recorded for GO, because
only a small amount of product was synthesized to reduce chemical use and waste genera-
tion. ZnO–GO had the lowest energy consumption per product mass, at only 0.36 kWh.
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4. Conclusions
This study presents a detailed characterization and comprehensive analysis of the

photocatalytic performance of ZnO–GO nanocomposites for the degradation of malachite
green. A sustainable synthesis method for ZnO–GO nanocomposites from waste Zn–C
batteries at room temperature was proposed. The results confirm the successful synthesis
of the ZnO–GO nanocomposite, demonstrating the significant potential of using secondary
raw materials, particularly waste Zn–C batteries, as precursors for photocatalyst synthesis.

The effect of GO content on the optical, structural, morphological, and photocatalytic
properties of nanocomposites was investigated. The results show that increasing the
GO content in the nanocomposites up to 5 wt% improves optical properties, reduces
particle size and agglomeration tendency, increases specific surface area, and enhances
photocatalytic activity.

Response Surface Methodology was used to investigate the effects of GO content,
catalyst dosage, initial MG concentration, and irradiation time on the efficiency of pho-
tocatalytic degradation of malachite green. Analysis of variance indicates that all tested
parameters significantly affected the efficiency of MG degradation, with GO content and cat-
alyst dosage having the greatest effects. Numerical optimization determined the following
optimal conditions: GO content of 5 wt%, catalyst dosage of 0.1 g, initial MG concentration
of 10 ppm, and irradiation time of 20 min. Under optimal conditions, the photocatalytic
degradation efficiency of MG was 98.51%. After five reuse cycles, it remained at 92.19%,
demonstrating the excellent stability and reusability of the ZnO–GO nanocomposite. In
this study, the synthesis and photocatalytic measurements were conducted on a laboratory
scale, and the scalability of the process was not assessed.

In line with the zero-waste concept, future research will focus on fully valorizing
all battery components, including the electrolyte, to synthesize composites with im-
proved performance and broader application potential in wastewater treatment and
environmental protection.
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