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Many industrial effluents release cyanide, a well-known hazardous and bio-recalcitrant pollutant, and thus,
the treatment of cyanide wastewater is a major challenge. In the current study, a CuFe,O4-SnO,-rGO
nanocomposite was synthesized to remove cyanide from an aqueous system. The structural and
morphological characterizations of the nanomaterials were investigated by X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and energy
dispersive spectra (EDX) analysis. The results revealed that almost 97.7% cyanide removal occurred using
the nanocomposite at an initial concentration of 100 mg L=t within 1 h. The experimental data were
fitted to various adsorption models, among which the Langmuir model fitted the data very well,

confirming the monolayer adsorption process. The kinetic investigation revealed that the cyanide
Received 23rd March 2024 d ti foll d do- d-order kineti del indicati hemi ti
Accepted 8th April 2024 adsorption process followed a pseudo-second-order kinetic model, indicating a chemisorption process
with a high cyanide adsorption capacity of 114 mg g~. The result of the intraparticulate diffusion model

DOI: 10.1039/d4ra02217¢ fitting revealed a decreasing slope value (K) from stage 1 to stage 2, indicating that external mass transfer

rsc.li/rsc-advances is the predominating step. Moreover, the CuFe,04-Sn0O,-rGO nanocomposite shows excellent reusability.
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1. Introduction

Cyanide, a typical contaminant, is commonly found in indus-
trial wastewaters such as those from metal processing,
photography, electroplating, ore leaching, and coke oven
plants. Additionally, industries involved in producing nitrile,
nylon, and acrylic plastics contribute cyanide to the receiving
environment. Collectively, these industries discharge approxi-
mately 14 million kg of cyanide into the surrounding environ-
ment each year." According to a report, 1000 kg of gold
concentrate discharges nearly 4 m® of wastewater containing
cyanide.> It has been reported that the coke oven and steel-
making industries discharge 10-50 mg L™" of cyanide into the
receiving environment.®* However, as per the United States
Health Service, the allowable limit for cyanide is 0.2 mg L™'.*
Cyanide is a hazardous substance with resistance to chemical
and biological processes. In general, cyanide inhibits the cyto-
chrome oxidase enzyme system, consequently impeding the
mitochondrial electron transport system and impairing the
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respiratory system. The harmful effects of cyanide on human
health include severe impairment of the kidneys, skin, eyes, and
central nervous system.® Therefore, treatment of wastewater
that contains cyanide has gained attention in recent years.
Various methods have been extensively discovered for the
treatment of cyanide-containing wastewater, such as coagula-
tion, flocculation, bioremediation, photocatalytic oxidation,
electrochemical, ozonation, Fenton reaction, and ion
exchange.” Nevertheless, many of these technologies have
drawbacks, such as increased electricity demands, high costs,
low efficiency, and the generation of potentially harmful inter-
mediate by-products.® Similarly, although bioremediation is an
eco-friendly and cost-effective technique, at a pH of less than 10,
cyanide is converted to HCN gas and causes air pollution.” On
the other hand, microorganisms cannot grow and degrade
pollutants at a pH greater than 10. On the other hand,
adsorption is a traditional yet effective method for eliminating
recalcitrant biological pollutants such as heavy metals or
organic and inorganic substances from aqueous solutions and
has thus gained popularity in wastewater treatment.® Among
the wvarious potential adsorbents, the wunique super-
paramagnetic properties, substantial surface area-to-volume
ratio and exceptional adsorption capabilities of magnetic
nanoparticles have sparked significant interest. Among the key
magnetic nanomaterials, spinel structures, which are often
composed of ferrites, hold particular prominence.” Among the
various ferrites examined, copper ferrite (CuFe,O,4), which is
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a spinel ferrite, stands out as a promising adsorbent due to its
advantageous catalytic reactions, surface area, and exceptional
magnetic properties, and thus can remove an inclusive range of
contaminants from polluted wastewater.'***> Furthermore, the
enhanced adsorption performance is attributed to the tendency
of spinels to occupy the octahedral and tetrahedral sites with
trivalent and divalent cations®. Similarly, graphene-based
materials have effectively improved the limited sensitivity of
spinel CuFe,O, and are thus widely used for pollutant
removal.* In addition, emphasis is placed on graphene-oxide-
based nanomaterials due to their substantial surface area,
stability, remarkable optical and electrical properties, and high
thermal conductivity."*** Additionally, these materials are
lightweight, less-toxic, and cost-effective compared to other
intricate organic and inorganic adsorbents.'® Recently, reduced
graphene oxide (rGO) gained tremendous attention as an
adsorbent owing to its three-dimensional networks, which
feature interpenetrating micropores and mesoporous structures
that improve mass transfer capabilities. Its low density, robust
mechanical strength, and adjustable surface functional groups
make rGO effective in targeting various pollutants."”

SnO, has garnered significant interest due to its various
technological applications, such as serving as a catalyst for the
oxidation of organics, possessing high conductivity, trans-
parency, and thermal stability, and has thus gained popularity
in environmental applications for the elimination of heavy
metal ions and dyes, etc.'® The nanostructures of SnO, possess
intrinsic oxygen vacancies, including in-plane and bridging
oxygen vacancies, resulting in the generation of shallow donor
states beneath the minima of the conduction band (CBM). This
electronic configuration promotes electron transfer, thereby
enhancing electron mobility and pollutant removal capabil-
ities.” Additionally, it can be assembled into hollow spheres to
serve as an effective adsorbent in water treatment.”® In the
literature, a comparable observation has also been docu-
mented: the incorporation of SnO, into the rGO sheet develops
the extensive surface area of the SnO,-rGO nanocomposite,
imparting a highly mesoporous structure and elevating the
adsorption capacity of the SnO,-rGO.*

Therefore, in this investigation, a novel CuFe,0,-SnO,-rGO
nanocomposite has been synthesized employing the hydro-
thermal method. The structural, morphological, and composi-
tional characterizations of the nanomaterials were executed by
XRD, FTIR, FESEM, and EDAX studies. The cyanide removal
performance was evaluated in a batch study. The cyanide
adsorption performance of the nanocomposite was assessed by
applying different adsorption isotherms and adsorption kinetic
models. Further, the reusability of the nanocomposite for
cyanide adsorption was investigated.

2. Materials and methods

2.1. Chemicals and reagents

Analytical-grade graphite powder, ferric nitrate (Fe(NO3)s)
purity 98%; tin chloride (SnCl,), purity 97%; copper nitrate
(Cu(NO3),), purity 98% and sodium sulfide (Na,S), purity 60%
were purchased from LOBA, India. Sodium nitrate (NaNO;),
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purity 99.5%; potassium permanganate (KMnO,), purity 98.5%;
hydrogen peroxide (H,0,), purity 30%, ammonium hydroxide
(NH,OH), purity 25%; hydrazine hydrate (N,H,-H,O), purity
80%; ethylene glycol (C,HeO,), purity 99%; iron chloride
(FeCly), purity 98%; titanium butoxide (Ti(OBu),), purity 97%;
chloroform (CHCl;), purity 99%; and dimethyl formamide
(C3H;NO), purity 99.5%; and tin oxide (SnO,), purity 99%, were
purchased from Merck, India. Thioglycolic acid (C,H,0,S),
purity 98%, was purchased from Sigma Aldrich. The remaining
reagents and chemicals utilized in this investigation were of
laboratory and analytical grade.

2.1.1. Synthesis of CuFe,0,. CuFe,0, was prepared using
a hydrothermal method as outlined in the literature.*>** Briefly,
a mixture of 12.08 g of Cu(NO3), and 24.186 g of Fe(NO;); was
dissolved in 50 ml of distilled water and stirred for 3 h.
Subsequently, 4 ml C,H,0,S was introduced into the solution,
followed by an additional 2 h of stirring. The resultant solution
was poured into a 100 ml stainless steel autoclave with a Teflon
lining and subjected to a temperature of 230 °C in a muffle
furnace for 8 h. After cooling, the obtained nanomaterial was
thoroughly rinsed with distilled water and ethanol and dried at
60 °C. The obtained product was calcinated at 700 °C for 5 h in
a muffle furnace to obtain the final product.

2.1.2. Synthesis of SnO,. SnO, was prepared following the
methodology outlined in the literature.>* The reaction mixture
was made by dissolving 0.1 M of SnCl, in 50 ml of distilled
water. Subsequently, 1 M NaOH was gradually added to achieve
a pH of 7, and then the mixture was stirred at 80 °C for 2 h. The
precipitate was collected through centrifugation at 12 000 rpm
for 20 min and washed thoroughly with acetone. The product
was dried in a hot air oven at 150 °C for 1 h to remove moisture
and obtain its Sn>" state. The dried mixture was subsequently
moved to a silica crucible for oxidation and underwent
annealing in a muffle furnace for approximately 4 h at
a temperature of 600 °C. The resulting product was SnO, in the
Sn*" oxidation state.

2.1.3. Synthesis of rGO. Utilizing a modified Hummer
process, graphene oxide (GO) was prepared.® Briefly, 2 g of
graphite powder was introduced into 80 ml of concentrated
H,SO, maintained at 0 °C using an ice bath. Subsequently, 4 g
of NaNO; and 8 g of KMnO, were gradually incorporated with
constant stirring, and the mixture temperature was maintained
below 10 °C for 4 h. After another 4 h of stirring at 35 °C, the
solution was diluted with 200 ml of distilled water and stirred
for 1 h. Subsequently, 15 ml of a 30% H,0, solution was added
to the reaction mixture. The solution was centrifuged at 12
000 rpm for 20 min to separate the solid product. The filtrate
was washed with water and ethanol to remove any impurities.
The final product was dried in a vacuum oven at 60 °C for 24 h.
The synthesis of rGO was performed as outlined in the litera-
ture.” Briefly, 1 g of previously prepared GO was sonicated with
300 ml of distilled water for 20 min. Nitrogen gas was then
purged into the solution for 15 min. Then, 0.5 ml of N,H,-H,O
solution was added and the mixture was sonicated again for
10 min. The resultant suspension was transferred to a reflux
condenser at 80 °C for 8 h. The resulting solution was centri-
fuged at 12 000 rpm for 20 min to obtain the precipitate, which
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was rinsed thoroughly with deionized water and ethanol many
times and finally dried at 60 °C for 24 h.

2.1.4. Synthesis of CuFe,0,-Sn0O,-rGO nanocomposite.
12.08 g of Cu (NO3),-3H,0 and 40.4 g of Fe(NO3);-9H,0 were
mixed with 50 ml of distilled water in a beaker to prepare
solution A. In another beaker, 1 g of the previously synthesized
rGO was added to 20 ml of distilled water and sonicated for 30
minutes to obtain solution B. Then, 5 ml of citric acid was
added dropwise to the mixture of solutions A and B and stirred
at 100 °C. After that, 3.918 g of previously prepared SnO, was
introduced to the solution. The resultant mixture was kept in
a muffle furnace at 450 °C for 2 h to obtain the CuFe,0,~SnO,-
rGO nanocomposite.

2.2. Experimental setup

The adsorption of cyanide by the nanocomposite was carried
out in the batch shake flask mode of operation. In the present
study, a cyanide solution with varying concentrations was taken
in a 25 ml conical flask with 1 ¢ L™" of the nanocomposite for
the adsorption experiments. 1 M NaOH solution was used to
maintain the pH at ~12.5 to avoid the evolution of HCN gas.
The adsorption reaction was carried out under stirring at
300 rpm. The sample was collected at 15 min intervals and
centrifuged at 12 000 rpm. The supernatant solutions of the
centrifuged samples were employed to determine the residual
concentration of cyanide using the colorimetric method as
specified in the USEPA guidelines.”® The removal efficiency of
cyanide was estimated as follows:

Removal efficiency (%) = (Cy — C)/Cy x 100 )]

Co and C represent the initial and final concentrations of
cyanide, respectively.

2.3. Analytical technique

The XRD characterization of the synthesized nanomaterials was
performed using an X-ray powder diffractometer (Model:
Rikagu Ultima Japan) with CuKa (A = 1.5405 A) over a broad
range of Bragg angles (20° = 260 =< 80°) to verify the formation of
the desired nanomaterial. The structural phase and cell
parameters were computed by applying the X'Pert Highscore
Plus software. The FTIR spectra of the produced nanomaterials
were carried out using a JASCO-4100 IR spectrophotometer,
with KBr pellets serving as the standard. The nanomaterials
were subjected to scanning electron microscopy (SEM) for
microstructural examination, utilizing a Zeiss Supra 40 instru-
ment (Model: S-3400, Serial No. 340749-10) with an accelerating
voltage of 15000 kV. EDX analysis was executed to assess the
elemental composition of the nanomaterials using identical
Zeiss Supra 40 instruments.

3. Results and discussion
3.1. Characterization

3.1.1. XRD analysis of the synthesized nanomaterials. The
XRD patterns of the synthesized nanomaterials CuFe,0,4, SnO,,
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rGO, and CuFe,0,-SnO,-rGO are presented in Fig. 1. The
diffraction peaks of CuFe,0, at 26 values of 18.36, 30.02°, 33.55°,
34.72°, 35.65°, 37.19°, 41.20°, 44.25°, 49.67°, 54.14°, 57.78°,
62.96°, and 64.15° correspond to the 101, 112, 200, 103, 211, 202,
004, 220, 301, 312, 303, 224, and 400 planes, respectively, which
correspond to the tetragonal structure of the CuFe,O,. These
observations are well matched with the standard values (refer-
ences: JCPDS 01-072-1174, JCPDS 96-900-6319) and are also
correlated with the previously reported literature.®**® The
diffraction peaks at 2¢ values of 26.83°, 34.13°, 38.12°, 52.01°,
54.96°, 58.14°, 62.13°, 64.97°, 66.25°, 71.56°, and 78.97° of SnO,
correspond to the 110, 101, 200, 211, 220, 002, 310, 112, 301, 202,
and 321 planes, respectively, which are correlated with the
standard values (reference: JCPDS 96-153-3655) and are well
supported by many reports in the literature.”*>** The sharp peaks
obtained at 26 values of 26.83°, 34.13°, and 52.01° indicate that
the nanomaterial has good crystallinity. In the XRD pattern of
rGO, the primary diffraction peaks at 25.8° and a secondary peak
at 43.8° correspond to the (002) and (100) planes of graphite and
are correlated with the standard reference values (JCPDS 01-075-
1621, JCPDS 00-026-1075). In the literature, a comparable
observation on rGO was also documented.*>** The diffraction
peaks at 26 values of 26.72°, 34.01°, 35.60°, 37.89°, 38.34°, 52,
54.96°, 57.47°, 62.46°, 64.1°, 65.89°, 71.34°, and 78.62° of the
nanocomposite CuFe,0,-SnO,-rGO correspond to the 110, 101,
—311, 200, 111, 211, 220, 002, 310, 112, 301, 202, and 321 planes,
respectively, which are correlated with JCPDS card numbers 01-
088-0287 and 96-210-8028. The diffraction peaks of SnO, at 26
values of ~26°, 34°, 38°, 52°, 54°, 58°, 62°, 64°, 66°, 71°, and 78°
are well matched with the synthesized nanocomposite CuFe,0,—
SnO,-rGO. The peak at a 26 value of ~35° of CuFe,0O, corresponds
to the diffraction peak of the nanocomposite. The XRD data
indicated that CuFe,0,4 and SnO, were successfully grown on the
surface of rGO.

3.1.2. FTIR analysis of the synthesized nanomaterials. The
FTIR spectra of the prepared nanomaterials are presented in
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Fig. 1 XRD patterns of the synthesized CuFe,O4, SnO,, RGO, and
CuFe;04-Sn0O,-rGO nanocomposite.
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Fig. 2. In Fig. 2(a), the peaks located at approximately 400-
500 cm™ ", i.e., at 472 cm ' and 516 cm ™, represent the Cu-O
bond.** The Fe-O-H bending vibration appeared at
796.457 cm™ "3 The peaks appearing at 2359.48, 3484.74, and
3571.52 cm™" were assigned to the stretching and bending
vibrations of O-H, indicating the absorption of water mole-
cules.®® The presence of peaks at 1107.9 cm ' indicates
stretching vibrations related to the C-O band.** Fig. 2(b)
represents the FTIR spectra of SnO,. In Fig. 2(b), the occurrence
of the peak at 602.646 cm ™' reveals the existence of Sn-O-Sn
bonds.®®* The peaks at 3762.44 cm ', 3693.01 cm ', and
3423.03 cm ™! correspond to the stretching vibration of the O-H
bond.*”** The peak at 528.4 cm ' matches the stretching
vibrations of the terminal Sn-0.*® Fig. 2(c) demonstrates the
FTIR spectrum of the rGO. The occurrence of peaks at
3173.29 ecm " and 2358.52 cm ™" reveals the existence of C-OH
and CO, in rGO, indicating the hygroscopic and porous nature
of graphite.*® In the FTIR spectra of rGO, the graphite bands
observed beyond 3400 cm ™" (OH groups) are not prominent,
and the C=O and C-O-C stretches are observed at
1712.48 cm™ ' and 1220 cm™ *.** Additional peaks at 1044 cm ™"
and 1220 cm ™' were detected, suggesting the existence of C-O
stretching vibrations related to alkoxy and epoxy groups,
respectively.* Fig. 2(d) shows the FTIR spectra of the nano-
composite, in which the peaks at 512.97 cm ™" and 526.47 cm ™"
match with SnO,, which reveals the stretching vibrations of the
terminal Sn-OH. The peaks at 3449.06, 2358.52, 1630.52, and
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1421.06 cm ™! are matched with CuFe,0,, SnO,, and rGO, which
indicate the presence of an O-H group. This result confirms
that the CuFe,0,-SnO,-rGO nanocomposite was chemically
synthesized.

3.1.3. FE-SEM analysis of the synthesized nanomaterials.
FE-SEM was utilized to examine the morphological structure,
size, and distribution of the synthesized nanomaterials.*> The
FESEM image of the CuFe,O, is shown in Fig. 3(a), revealing
agglomerated structures with limited particle distribution.** The
FESEM image of copper ferrite illustrates the spherical shape of
the nanomaterials with an average size of less than 400 nm.** The
morphological characterization of SnO, nanoparticles revealed
a cluster of particles with well-defined edges, as illustrated in
Fig. 3(b). Further, Fig. 3(b) shows the spherical shape of SnO,
nanoparticles with an average size of 100 nm and a slightly
agglomerated surface.*” Agglomeration increases as the particle
size moves towards the nanoscale.* Fig. 3(c) presents the FESEM
image of rGO, which displayed an interconnected, partially fol-
ded, three-dimensional porous, exfoliated, and corrugated
structure. The reduction of GO to rGO is responsible for this
corrugated structure, and the elimination of oxygen-containing
groups from the GO surface causes aggregation. These observa-
tions are most likely caused by the - stacking phenomena in
the graphene molecule.” It was calculated that rGO was 200-
300 nm in size on average. The observed 2D structure is crucial
for maintaining the thermodynamic stability of graphene.*”
Fig. 3(d) presents the FE-SEM image of the CuFe,0,-SnO,-rGO
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Fig. 2 FTIR analysis of the synthesized nanomaterials (a) CuFe,Q4, (b) SNO,, (c) rGO, and the (d) CuFe,O4—-Sn0O,-RGO nanocomposite.
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Fig. 3 FE-SEM micrographs of (a) CuFe,Oy, (b) SNO,, (c) rGO, and (d) CuFe,O4-Sn0O,-RGO.

nanocomposite. From the figure, it is evident that CuFe,0, and
SnO, are uniformly dispersed on the rGO sheet. The occurrence
of rGO flakes in the nanocomposite is responsible for the char-
acteristic wrinkled and exfoliated structure. This implies that the
increased loading of SnO, is mostly caused by the oxygen-
carrying groups on the surface of rGO. Fig. 3(d) shows that the
SnO, and CuFe,O, nanomaterials are attached to the rGO
surface. The Williamson and Hall (W-H) plotting technique
involves determining the peak width with 26. This relation is
used to estimate parameters such as average lattice strain and
crystalline size, as expressed below:

Bcosf =4esind + kAID (2)

where g represents the full width at half maximum (FWHM), §
represents the angle of diffraction, A denotes the wavelength
(0.154 nm), k is a constant with a value of 0.89, ¢ denotes lattice
strain, and D signifies the average crystalline size. This method
was implemented by plotting the value of 4 sin 6 versus ( cos 6.
The slope of the curve provides the lattice strain, while the Y-
intercept indicates the value of D. The calculated D values for
CulnS, and SnO, were 225.90 nm and 118.53 nm, respectively.

3.1.4. EDX analysis of the synthesized nanomaterials. The
elemental compositions of the prepared nanomaterials were
analyzed using EDX spectroscopy. Fig. 4(a) presents the EDAX
analysis of the synthesized CuFe,O, nanomaterials. In the
CuFe,0, nanomaterial, the presence of stoichiometric

13854 | RSC Adv, 2024, 14, 13850-13861

percentages of Cu (16.3%), Fe (47%), and O (36%) without any
impurities reveals the purity of the prepared nanomaterial.
Fig. 4(b) illustrates the stoichiometric weight percentage of
83.4% tin and 16.6% oxygen in SnO,. This demonstrates that the
SnO, NPs are crystalline, which is their pure form. Fig. 4(c)
depicts the EDX analysis of rGO and shows the occurrence of
stoichiometric weight percentages of the elements C and O.
EDAX analysis of rGO shows a higher weight percentage and
atomic percentage of carbon, i.e., 66.6% and 72.7%, respectively.
On the other hand, the lower weight percentage and atomic
weight percentage of oxygen, i.e., 33.4% and 27.3%, respectively,
confirm the successful synthesis of rGO. The EDAX spectrum of
the CuFe,0,-Sn0O,-rGO nanocomposite confirms the existence of
the elements Sn, C, O, Fe, and Cu in 48.5, 6.3, 12.2, 23.2, and
9.8 wt%, respectively, as illustrated in Fig. 4(d). Moreover, no
other peaks were found in the spectrum, which confirms the
purity of the prepared nanocomposite.

3.2. Adsorption isotherm model study

The adsorption isotherm models describe the sorption perfor-
mance of the synthesized nano-materials, which defines the
distribution of adsorbates among the liquid phase and solid
phase at equilibrium. In the current work, the Langmuir,
Freundlich, Temkin, and D-R isotherm models were used to
evaluate the efficiency of cyanide removal.

3.2.1. Langmuir adsorption isotherm. The Langmuir
isotherm models a monolayer homogenous sorption process in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 EDX spectra of the synthesized nanomaterials (a) CuFe, Oy, (b) SNO,, (c) rGO, and (d) CuFe,O4—Sn0O,-RGO.

which no interaction occurs between adsorbate species.***
This, in turn, simplifies the model due to the fact that each
binding site is occupied by only one atom or one molecule, and
the adsorption energy is constant at all sites.** The Langmuir
isotherm can be expressed as shown in eqn (3).

1 1 1

= + —
qe qObCe 90

(3)

where g, represents the adsorption capacity of the nano-
composite (mg g '), and b represents the binding energy
constant. C. and g. are the adsorbate concentration and
adsorption capacity at equilibrium conditions. The experi-
mental data were plotted as 1/g. vs. 1/C., as presented in
Fig. 5(a). The relatively higher correlation coefficient (R* = 0.94)
indicates that the Langmuir model best fits the cyanide sorption
process. The g, and b values were measured from the intercept
and slope of the linear plot, as illustrated in Fig. 5(a), and were
calculated to be 0.0016 1 mg™" and 84.96 mg g, respectively.
The Langmuir model indicated that cyanide adsorption by the
nanocomposite is well-modelled as a homogeneous monolayer
adsorption process. This indicates that CuFe,O, and SnO, were
uniformly distributed and grafted successfully onto the rGO
surface. The dimensionless separation factor (R;) can express
the main features of a Langmuir isotherm.** The Ry, value can be
calculated using the following formula:

1

R = ——
L™ 115G

(4)

© 2024 The Author(s). Published by the Royal Society of Chemistry

where C, represents the initial cyanide concentration. When the
value of Ry, > 1, it indicates that the sorption process is unfav-
ourable; if the R; value lies between 0 < R, < 1, then the
adsorbent surface exhibits favourable conditions; when the Ry,
value is 0, it indicates the irreversible nature of adsorption, and
R;, =1 indicates a linear relationship.*” In the current study, the
value of Ry, is 0.862 at a starting cyanide dose of 100 mg L™,
which suggests that the sorption process is favourable.

3.2.2. Freundlich adsorption isotherm. The Freundlich
isotherm model represents a monolayer heterogeneous
adsorption process in which the quantity adsorbed increases
with increasing solution concentration. The isotherm relation-
ship can be presented as follows:

1
logg. = logK; + ;logCe (5)

Here, g. denotes the adsorption capacity (mg g~ '), and C.
represents the unadsorbed concentration of the adsorbate at
equilibrium conditions. K¢ and n are the relative adsorption
capacity and adsorption intensity of the adsorbent, respectively.
Fig. 5(b) presents the plot of log g. vs. log C.. When n > 1, it
indicates attractive forces within the surface layer of the
adsorbent, and the adsorbent binds firmly with the adsorbent;*’
if n < 1, then the adsorbent surface layer exhibits a repulsive
force.*®> However, in the present study, the computed R* value
is 0.83, which indicates that the Freundlich isotherm model did
not fit the experimental data.
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Fig. 5 Adsorption isotherms for the removal of cyanide using the CuFe,O4—SnO,-rGO nano-composite: (a) Langmuir, (b) Freundlich, (c)

Temkin, and (d) R—D isotherm.

3.2.3. Temkin adsorption isotherm. The Temkin isotherm
considers the interaction between the adsorbent and adsorbate
and the heat of adsorption.** In addition, unlike the Freundlich
model, this isotherm model shows a linear decline in adsorp-
tion energy with increasing surface coverage. The Temkin
isotherm can be represented as follows:

qe = %lnk& + %IHCe
Here, g. is the adsorption capacity at equilibrium, RT/b is the
molar interaction parameter, R represents the universal gas
constant (8.314 ] mol™' K'), T represents the absolute
temperature (K), and b denotes the Temkin constant. C. is the
unadsorbed adsorbate at equilibrium, and Ky is the equilibrium
constant for the adsorption process. The Temkin isotherm
excludes the very low and high adsorbate concentration ranges
and only applies to an intermediate range. Fig. 5(c) demon-
strates the plot of g. vs. In C.. The Ky and b values were deter-
mined from the intercept and slope of the linear plot, as shown
in Fig. 5(c), and are calculated to be 17.81 and 7.81 L mg ™",
respectively. However, the regression coefficient was found to be
low (R? = 0.91), indicating poor fitting of the experimental data
with the model.
3.2.4. D-R adsorption isotherm. The D-R isotherm model
makes assumptions about the typical adsorption behavior
associated with the porous structure of the adsorbent. Also, in

(6)
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the D-R isotherm model, the mean free energy of the adsorp-
tion process is related to the chemical and physical adsorption
processes.” The D-R isotherm can be represented as shown
below:

Inge = In gy — B€° )

Here, § represents the activity coefficient of adsorption energy,
and e denotes the Polanyi potential.

= RTln(l +Ci) 8)

The physical and chemical adsorption characteristics can be
expressed as the mean adsorption energy (E), as shown in

eqn (9).

)

Fig. 5(d) presents the D-R adsorption isotherm model graph
of In g, versus €. The ¢, and @ values are computed from the
intercept and slope of the linear plot. However, the experi-
mental data only moderately fitted the D-R isotherm model,
with an R* value of 0.91. A value of E < 8.0 k] mol " signifies
physisorption, and if the E value lies between 9-16 kJ mol ", it

© 2024 The Author(s). Published by the Royal Society of Chemistry
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indicates chemisorption.** However, in this investigation, the
calculated E value is 0.564 k] mol™*, which is insignificant for
the physical adsorption process.

3.3. Adsorption kinetic model

3.3.1. Pseudo first- and second-order kinetic models. The
study of adsorption kinetics is a critical aspect that illuminates
another essential facet of the adsorption phenomenon. It is
imperative to explore the sorption kinetics of the adsorbent, as
it delivers insights into the rate of adsorption and the control-
ling mechanisms governing the sorption process, particularly
the mass transfer and physiochemical reactions.’”*®* The
pseudo-first-order kinetic model is applicable to explain the
physical sorption rate and also describes the relation between
the accessibility of vacant positions on the adsorbent surface
and the sorption process.* This model can be expressed by the
Lagergren formula, which is presented below.

In(ge — ¢) = Ing. — Kyt (10)
In this context, g, represents the sorption capacity at time ¢, and
¢. denotes the adsorption capacity at equilibrium conditions. K;
denotes the adsorption rate constant. Similarly, the pseudo-
second-order kinetic model represents the chemisorption
adsorption process. The linear form of this kinetic model is
given below:

4 0.040 4 9
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where K, denotes the adsorption rate constant. Fig. (6) illustrates
the kinetics of cyanide adsorption onto the CuFe,0,~SnO,-TGO
nanocomposite. The computed cyanide sorption parameters of
the different kinetic models are listed in Table 1. These findings
showed that the experimental data fitted very well with the
pseudo-second-order model with a higher R* value of 0.996
compared to the pseudo-first-order reaction (R* value = 0.98), as
demonstrated in Fig. 6(a) and (b). The high R* value observed for
the pseudo-second-order kinetic model, compared to the pseudo-
first-order model, indicates its predominance in the cyanide
removal process. The alignment of the estimated data with the
pseudo-second-order model suggests the occurrence of chemi-
sorption in the adsorption method. Specifically, the unoccupied
sites on the adsorbent surface exhibit chemical interactions by
sharing or exchanging electrons with the adsorbate/cyanide ions
in the solution,*® thus facilitating cyanide removal. The pre-
dicted theoretical cyanide sorption capacity applying the pseudo-
second-order model (114.67 mg g ') was in the vicinity of the
experimental results (97.77 mg g~ '), indicating that this kinetic
model showed the best fit for cyanide adsorption. This is well
correlated with reports in the literature.** The elevated overall R*
value for the pseudo-second-order model suggests a substantial
adsorbate uptake in the chemisorption process compared to

Int

Fig. 6 Study of the cyanide adsorption kinetics of the CuFe,O4—SnO,-rGO nano-composite: (a) pseudo-first-order model, (b) pseudo-second-

order model, (c) intra-particle diffusion model and (d) Elovich model.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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physical adsorption. Table 2 presents a comparative analysis of
the efficacy of various adsorbents for removing cyanide. The
cyanide adsorption profile in this investigation proved to be
better than those in the previously reported literature using
various adsorbent systems such as modified zeolite-iron oxy-
hydroxide, Cu, Ag, Ni-impregnated activated carbon, calcinated
eggshells, granular activated carbon, LTA zeolite-modified
HDTMA, TiO,/Fe,0;/AC, and TiO,/AC, as shown in Table 2.
3.3.2. Intra-particle diffusion model. The intra-particle
diffusion model elucidated additional insights into the mass
transfer mechanisms between the adsorbate and adsorbent
throughout the sorption process. This model also represents
the adsorption properties of cyanide ions on a porous adsor-
bent.***® The Morris and Webber model describes the intra-
particle diffusion properties of an adsorbent, and the linear
equation is given below.
q: = K3t1/2 + C1 (12)
Here, K; is the intra-particle diffusion rate constant. According to
this model, if a plot of g, versus t'* shows a straight line, then
intraparticle diffusion governs the sorption process; however, if
the data show multi-linear curves, then the adsorption process is
controlled by two or more stages.* As presented in Fig. 6(c), the
curves showed a multi-linearity regression relationship, demon-
strating that cyanide sorption onto the CuFe,0,~-SnO,-rGO nano-
composite transpired through two stages. The initial distinct
segment signifies the external mass transfer of cyanide from the
aqueous phase to the solid-liquid interface. The second phase of
progressive adsorption represents the pore diffusion of cyanide
into the inner surface of the nanocomposite. The steeper slope of
the fitting line with a higher correlation coefficient in stage 1
(first linear segment) indicates a faster cyanide adsorption
process. Thus, the external mass transfer significantly impacted
the cyanide removal rate. This result indicates that the external

View Article Online
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mass transfer controls the sorption rate, as shown in Table 1. In
the second stage, the lower slope of the fitting line suggests
a lower intra-particle diffusion rate, as established in Fig. 6(c).
Numerous reports in the literature strongly support this
phenomenon.*® Further, the K; value for cyanide removal was
notably higher than K,, indicating that boundary diffusion/
external mass transfer was the predominant step, followed by
intraparticle diffusion. This observation aligns with findings re-
ported in the literature,*® in which a lower value of K, than K;
was reported. The decreasing nature of this slope agrees with the
many reports in the literature.®®

3.3.3. Elovich model. The interaction between the adsor-
bed species is represented by the Elovich kinetic model, where
the adsorption rate exhibits an exponential decline as the
number of adsorbates rises on the adsorbent surface. Further,
the Elovich model provides a strong correlation for adsorption
on very active heterogeneous surface functional groups and
demonstrates that chemisorption often occurs in addition to
surface adsorption as a prominent process. However, surface
adsorption occurs in a highly heterogeneous process with
chemisorption, ion exchange, intra-particle diffusion, and
precipitation.®® In the Elovich model, the reaction rate and
diffusion control the adsorption rate. The Elovich model is
expressed as follows:

q = éln(aﬁ) + élnt
Here, the surface coverage and chemisorption activation energy
are represented by § and « as the starting rate constant. The
graph of g, vs. Int is displayed in Fig. 6(b). The slope of the
straight line represented 1/8, and the intercept represents (1/5)
In(«g). The calculated @ values were 0.2487 and 0.044 g mg ™" for
initial cyanide dosages of 25 and 100 mg L™ ", as shown in Table
1. In the current investigation, the lower value of chemisorption
activation energy (0) revealed that the feasibility of the

(13)

Table 1 Kinetic parameters for cyanide removal employing the CuFe,O4—SnO,-rGO nano-composite

Kinetic parameters® Intra-particle diffusion model® Elovich®
Cyanide (mg L™ k qe R k, ks Ci R? « 8 R?
First-order 5.354 108.60 0.98 Stage 1 127.1 0.98 0.99 2079.7 0.044 0.92
Second-order 0.055 114.67 0.99 Stage 2 32.09 66.63 0.80

“ Units for parameters: k; (h™"), Q. (mg g ), k, (mg g " h™"), k; (mg g "
denoted by K; and pseudo-second-order kinetics denoted by K,.

h™%0.5), 8 (g mg™), & (mg g~* h™). ? Pseudo-first-order rate constant

Table 2 Comparison of a list of parameters estimated from the kinetic models for the adsorption of various pollutants

SIno. Pollutant (mg L™") Types of adsorbents Ky K, Adsorption capacity ¢, (mg g~ ') Reference
1 0.5 mol L™* Calcinated eggshells 0.018 (min™")  0.0011 (g mg ' min™")  3.27 62
2 102 Activated carbon 0.193 (h ™) —0.002 (g mg " h™1) 7.62 63
3 100 TiO,/AC 0.055 (h™") 0.010 (h™1) 90.9 64
4 75 LTA zeolite modified HDTMAB 0.026 (min~') 0.0021 (g mg ' min~") 24.09 65
5 0.5 Granular activated carbon 0.0238 (min~") 0.881 (g mg " min ) 1.66 69
6 100 TiO,/Fe,05/AC 0.047 (h ! 0.011 (h™1) 96.2 64
7 100 CuFe,0,-Sn0,-1GO 5.35(h™ ) 0.0547 (mgg 'h™) 114 This work

13858 | RSC Adv, 2024, 14, 13850-13861
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Scheme 1 Mechanism of cyanide removal using the CuFe,O4—-SnO,-rGO nanocomposite.

chemisorption process is remarkably high. For starting
concentrations of 100 mg L, the adsorption rate («) was
computed as 2079.74 x 103 mg g~ ' h™! with R? values of 0.92.
In the current investigation, these Elovich rate constants and
activation energy values are superior to those reported in the
literature. For instance, Inyinbor et al.”® computed a ( value of
0.09 g mg " and an « value of 1159.89 mg g ' h™* using urea-
modified Raphia hookerie epicarp for the degradation of
100 mg L' rhodamine dye. This observation revealed that the
sorption of cyanide onto the CuFe,0,~-SnO,-rGO nano-
composite is primarily governed by chemisorption rather than
physical processes, which is also supported by the quick cyanide
adsorption process.” Therefore, it is understood that the
adsorption of cyanide onto CuFe,0,~SnO,-rGO most likely
occurs through surface exchange reactions until the point at
which all of the surface functional sites are occupied.

3.4. Mechanism of cyanide removal by CuFe,0,-SnO,-rGO
nanocomposite

The adsorption of CN™ ions on the CuFe,0,~-SnO,-r1GO surface
occurs through three main steps, which are electrostatic inter-
action, intra-particle diffusion, and external mass transfer. The
detailed mechanism of cyanide removal using the CuFe,O,-
SnO,-rGO nanocomposite is shown in Scheme 1. Electrostatic
interactions occur between the negatively charged CN™ ions and
the positively charged ions present on the surface of the
CuFe,0,-Sn0,-rGO nanocomposite. The formula for CuFe,0, is
typically expressed as (Cu™"),_,(Fe*"),[(Cu®"), (Fe**),_,]0,> . The

© 2024 The Author(s). Published by the Royal Society of Chemistry

A site is the tetrahedral site at which the metal ions outside the
square brackets are located. In contrast, site B represents the
ions inside the square bracket, which is an octahedral position.
When the unit cell has a face-centered cubic structure, the
oxygen ions are positioned at its face.” In CuFe,0,4, 3 CN™ ions
interact with 1 Fe*" jon, and 2 CN™ ions interact with 1 Cu®". The
nanostructures of SnO, possess intrinsic oxygen vacancies,
including in-plane and bridging oxygen vacancies, with 3D
interconnected, size-tunable, trimodal pores, resulting in the
generation of shallow donor states beneath the minima of the
conduction band (CBM). This electronic configuration promotes
electron transfer, thereby enhancing electron mobility and
pollutant removal capabilities.”* In SnO,, 4 CN™ ions interact
with 1 Sn*" jon through electrostatic interactions. The three-
dimensional networks of rGO offer substantial surface area,
stability, and remarkable optical and electrical properties, as they
feature interpenetrating microporous and mesoporous struc-
tures that improve mass transfer capabilities.*> Further, due to
the 7—7 interaction between the rGO surface and CN™ ions, the
adsorption capacity of rGO is high. The CN™ ions from the
aqueous phase are adsorbed onto the rGO surface under external
mass transfer. Next, a process known as intraparticulate diffu-
sion causes CN™ ions to migrate from the exterior surface inside
the microporous and mesoporous structures of rGO.

4. Conclusion

A CuFe,0,-1GO-Sn0O, nanocomposite was created and charac-
terized, and its cyanide removal efficiency was assessed. Almost
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97.7% removal occurred within 1 h using the nanocomposite
with a starting 100 mg L' cyanide dose. The CuFe,0,-tGO-
SnO, nanocomposite is a highly effective adsorbent for elimi-
nating cyanide from polluted aqueous solutions. The experi-
mental data were fitted well by the Langmuir model, signifying
that cyanide was adsorbed as a monolayer on the homogeneous
surface of the adsorbents. Furthermore, the cyanide adsorption
method followed a pseudo-second-order kinetic model, which
implies a chemisorption process. In comparison with other
findings in the literature, the cyanide adsorption capacity of
114 mg g ' in the current investigation is superior. The
decreasing slope value (K) from stage 1 to stage 2 in the intra-
particle diffusion model suggests that external mass transfer
is the predominant phase. Moreover, the nanocomposite was
successfully recycled without significantly decreasing the
cyanide removal efficiency. Thus, the CuFe,0,-1GO-SnO,
nanocomposite could be an alternative adsorbent for removing
cyanide-polluted wastewater.
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