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Abstract Keywords:

In this study, polymeric waste was utilized to produce a stable and Heterogeneous Fenton,

environmentally compatible catalyst for the removal of high concentrations of Poﬁlﬁ;'%;?gn %ngber
cyanide from water. A heterogeneous Fenton-like process was employed, in Oxide Acti\’/ated
which activated carbon derived from polymeric waste served as the catalytic Carbon.
support and was impregnated with copper oxide (CuQ) nanoparticles. The
catalyst was characterized by X-ray diffraction, confirming the presence of
crystalline CuO and AC phases. Field-emission scanning electron microscopy
combined with energy-dispersive spectroscopy demonstrated a uniform
dispersion of CuO nanoparticles (~50 nm) across the porous carbon surface,
while Brunauer Emmett Teller analysis demonstrated a high specific surface area
(2174 m2/g in AC and 1332 m2/g in CuO/AC) and mesoporous structure (average
pore diameter~2.2 nm). Catalytic performance tests revealed that under
optimized conditions (pH~=11, ambient temperature, H,0,-to-cyanide molar ratio
of 3, and a catalyst dosage of 15 g/L), the cyanide removal efficiency exceeded
98%. The catalyst maintained its activity over three successive reaction cycles,
indicating excellent structural stability and reusability. This work highlights that
employing polymeric waste for catalyst fabrication provides an efficient,
sustainable, and low-cost strategy for cyanide remediation, while simultaneously
contributing to waste management and environmental protection. Under
optimized conditions (pH=11, ambient temperature, H,O,-to-cyanide molar ' (OpEN
ratio=3 and catalyst dosage=15 g/L), the cyanide removal efficiency exceeded S
98%. The CuO/AC catalyst maintained excellent activity over three consecutive
cycles, indicating good structural stability and reusability. This work highlights a
sustainable and economical strategy for cyanide remediation using polymer- = Received: Mar. 14, 2025
derived CUO/AC catalysts, simultaneously addressing waste management and =~ Revised: May 27,2025

. - Accepted: June 26, 2025
environmental protection.
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1. Introduction

Cyanide is among the most toxic pollutants,
causing acute respiratory failure, neurological
damage, and even death (Kuyucak and Akcil,
2013). Its widespread use in electroplating and
gold mining leads to extremely high effluent
concentrations (10,000-30,000 mg/L), compared
with natural levels (0.001-0.05 mg/L) (Akcil,
2010). Traditional methods such as alkaline
chlorination are limited by sludge formation and
high cost (Brishin, 2020). Advanced oxidation
processes, particularly heterogeneous Fenton-like
systems, have emerged as efficient alternatives
due to recyclability and operation under milder
conditions (Ranjbar et al., 2023; Bolisetty and
Mezzenga, 2016).

Copper-based catalysts are of special interest
due to their favorable redox potential
(E°Cu?/Cu*=0.17 V) compared to Fe*'/Fe*
(E°=0.77 V), enabling efficient hydroxyl radical
production (Chen et al.,, 2023b). Activated
carbonl is an excellent support material owing to
its high surface area and porosity (Senthil Rathi et
al., 2024; Fadaei et al., 2024). Using polymeric
waste as the precursor for AC not only reduces
costs but also supports circular economy
strategies. This study reports the development of
a CuO/AC catalyst derived from polymeric waste
for efficient cyanide degradation.

2. Methodology

Polymeric waste from carpet industries was
carbonized via KOH activation and pyrolysis at
800 °C. The AC obtained (SSA=2174 m#/g) was
impregnated with Cu?" from CuSOa solution and
precipitated at pH 10 to form CuO nanoparticles
on the surface. Characterization techniques
included X-ray diffraction® (phase identification),
FESEM/EDS (morphology and elemental
distribution) and BET analysis (surface area and
pore structure).

Cyanide degradation tests were performed at
15,000 mg/L CN~ concentration, with variable pH
(10-12), catalyst dosage (5-25 g/L) and H,0,-to-
cyanide ratios (1-3). Cyanide concentration was
measured by AgNO; titration (APHA, 1926).
Kinetic modeling employed pseudo-first-order
and pseudo-second-order equations.

3. Discussion and results

3.1. Extended structural properties
The XRD patterns of AC and the CuO/AC
catalyst (Fig. 1) exhibit broad amorphous peaks in

! Activated Carbon (AC)
2 X-Ray Diffraction (XRD)
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the 20 range of 10-25° confirming the
amorphous nature of the carbon structure. In
addition, distinct diffraction peaks are observed in
the CuO/AC catalyst at 20 values of 35.5°, 38.7°,
48.6°, 58.3° and 61.5°, which correspond to the
(-111), (111), (-202), (202) and (-311)
crystallographic planes of CuO, respectively.
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Fig. 1. XRD spectra of AC and CuO/AC catalyst

Comparison of these diffraction peaks with
the standard reference card No. 96-901-6058
confirms the presence of the copper oxide phase.
These results indicate the successful impregnation
and loading of CuO onto the surface of AC.
Field-emission scanning electron microscopy®
images illustrate the surface morphology of the
carbon support and the synthesized catalyst (Fig.
2). The AC sample exhibits a highly porous
surface with a relatively uniform structure. In
contrast, the CuO/AC sample shows the presence
of aggregated spherical particles with an average
size of approximately 50 nm. These nanoparticles
are relatively uniformly distributed over the
catalyst surface, which can effectively increase
the number of active sites and facilitate contact
with reactant molecules. The visible pores in the
micrographs further confirm a porous structure
that is favorable for mass transfer. Nitrogen
adsorption—desorption isotherms and pore size
distribution curves for AC and CuO/AC are
presented in Fig. 3. The AC derived from
polymeric waste exhibits a very high specific
surface area of 2174 m?/g and a total pore volume
of 1.06 cmd/g, indicating a highly developed
microporous structure. After CuO loading, the
specific surface area decreases to 1332 m2/g and
the total pore volume to 0.734 cm?3/g, while the
average pore diameter is approximately 2.2 nm,
suggesting the predominance of a mesoporous
structure (Table 1).

® Field-Emission Scanning Electron Microscopy (FESEM)
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Fig. 2. Field-emission scanning electron microscopy images of a) and b) AC synthesized from
polymeric waste, c) and d) CuO/AC catalyst

Table 1. Physical properties of carbon-based material and synthesized catalyst

Composition Dap (NM) Vimeso (cM/g) V; (cm®/g) SSA (m*g)
AC 1.95 0.879 1.06 2174
CuO/AC 2.20 0.489 0.734 1332
704 (a) 0.30 b)
600 025
E ' —AC
E\ 500 020 4 CuO/AC
g a0 3‘5&
= 0054
'g 300 =
E;E; 0.10 4
Z 200+
—AC 0.05 4

101 CuO/AC \

0 0.00

0.0 UTZ 0?4 0?6 UTR 1 TO (') 2'0 4'0

Relative pressure (p/p,) Pore radius (nm)
Fig. 3. Nitrogen adsorption-desorption isotherm and pore size distribution of
the AC carbon base and CuO/AC catalyst
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The significant reduction in specific surface
area after metal loading can be attributed to
partial blockage of micropores and the
accumulation of CuO nanoparticles within the
carbon framework. Similar behavior has been
reported in previous studies. For instance, Feijoo
et al. observed that the formation of nickel-ferrite
oxide phases on AC resulted in an approximately
35% reduction in the initial surface area;
however, the presence of mesopores ensured
efficient mass transfer and satisfactory catalytic
activity (Feijoo et al., 2021). Based on these
findings and the present results, the decrease in
surface area in the CuO/AC sample can be
primarily ascribed to physical pore blockage.
Nevertheless, the remaining mesopores with an
average diameter of approximately 2 nm allow
effective diffusion of reactant solutions (cyanide
and hydrogen peroxide).

3.2. Catalytic performance

As shown in Fig. 4, the CuO/AC-H,0, system
achieved >98% cyanide removal within 60 min
under optimal conditions, outperforming H,O,
alone (28%) and CuO/AC alone (31%). The
system maintained efficiency across alkaline
conditions (pH=10-12), unlike Fe-based catalysts
restricted to acidic media. Increasing catalyst
dosage up to 15 g/L enhanced removal, while
further addition gave no significant improvement.
An H,0,-to-cyanide ratio of 3 ensured maximum
radical production without side reactions.

100 + a A

—=—H,0,
—4— CuO/AC-H,0,
+— CuO/AC

Removal efficiency (%)

80 100 120
Time (min)

Fig. 4. Cyanide removal efficiency under
various catalytic conditions. (Reaction conditions:
pH=11, cyanide concentration=15,000 ppm,
catalyst dosage=15 g/L, hydrogen peroxide to
cyanide ratio=3, temperature=298 K, reaction
time=120 min)

3.3. Reusability and kinetics

Catalyst stability and reusability are of great
importance  from  both  economic  and
environmental perspectives. In this study, after
each catalytic run, the recovered catalyst was
collected, washed, and dried prior to reuse. Over
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three consecutive cycles, the removal efficiency
gradually decreased from 98% to 92% and
subsequently to 87%. Atomic absorption
spectroscopy” analysis performed after each cycle
revealed that copper leaching from the catalyst
was  negligible, with  concentrations  of
approximately 1 ppm detected after each run.

This slight decline in performance can be
attributed to partial blockage of surface active
sites, a reduction in effective contact area, and
minor copper leaching from the catalyst surface
(De la Torre et al., 2018; Chen et al., 2023a). The
limited loss of activity observed in the second and
third cycles indicates the structural durability of
the catalyst and demonstrates its potential for
multiple reuse cycles in industrial-scale
applications.  Kinetic modeling (Table 2)
indicated a pseudo-first-order reaction with
k=1.0107 min?* (R?~0.95), confirming that
hydroxyl radical-mediated surface reactions
governed cyanide degradation. The proposed
mechanism involves Cu?'/Cu* cycling, activation
of H,0,, generation of *OH radicals, and
stepwise conversion of CN~ to cyanate,
ammonium, and carbonate (Ninh Pham et al.,
2013; Zhao et al., 2015).

Table 2. Kinetic model parameters for cyanide
removal using various systems

R*(pseudo
second
order)

R*(pseudo
first
order)

Ky
(minY)

K,

System (C'l.min'l)

CuO/AC-
H,0,

CuO/AC
H,0,

1.0107  0.9496 1.3x10°  0.8981

8x10®
6x10

0.0706
0.0706

0.9733
0.9733

0.9745
0.9647

4. Conclusions

The This work demonstrates the successful
synthesis of a CuO/AC catalyst derived from
polymeric  waste  for efficient cyanide
degradation. The catalyst exhibited

high cyanide removal (>98% in 60 min), stability
under alkaline conditions (pH=10-12), reusability
over multiple cycles with minor efficiency loss,
and favorable  pseudo-first-order  kinetics
(k=1.0107 min1).

These results highlight a sustainable and low-
cost approach to treating industrial cyanide
wastewater, while simultaneously valorizing
polymeric waste. Further work should focus on
semi-industrial scale studies and long-term
stability in complex effluents.

! Atomic Absorption Spectroscopy (AAS)
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Fig. 3. FESEM images of a) and b) activated carbon synthesized from polymeric waste,
¢) and d) CuO/AC catalyst
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Table 1. Physical properties of carbon-based material and synthesized catalyst

Composition  Dgy (NM)  Vineso (cmM?g) Vi (cm*/g)  SSA (m*g)
AC 1.95 0.879 1.06 2174
CuO/AC 2.20 0.489 0.734 1332
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Fig. 4. a) EDS image of the CuO/AC catalyst, b) elemental mapping of the CuO/AC catalyst
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Fig. 8. Proposed mechanism for cyanide removal
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Table 2. Comparison of catalysts similar to CuO/AC and their performance

Cyanide Reaction conditions
Catalyst Support removal Time (min)  (pH, temperature, Reference
efficiency (%) CN'’ concentration)
Biochar Biochar 97 60 pH:lgolggff G Yan%t al.
NiFe,0/AC Activaled 96 240 pH;;g'ri;Eoc’ (—J—LFeié‘gﬁ; el
e AER o g PEEC Gopalaa
Fe/BC Biochar 90-95 120-180 F;Hog-eégbiz’/% (—lwz‘e(i)_ze;))a"
CU/AC Activaled 75-83 60 p”;?l'éﬁ;gz,ﬁ°c’ (—‘C%al'
CUO/AC Activated 98 60 p;:olotﬁ;/f : This work
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Table 3. Kinetic model parameters for cyanide removal using various systems

K1 R2 k, R2
SR (min™) (pseudo-first order) (conc™.min™)  (pseudo-second order)
CuO/AC- H,0, 1.0107 0.9496 1.3x10°° 0.8981
CuO/AC 0.0985 0.9689 8x10° 0.9745
H,0, 0.0706 0.9733 6x107° 0.9647
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