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Climate change, Water The growing issue of water scarcity, exacerbated by climate change and extended

droughts, underscores the critical need for effective water and wastewater treatment

resource management, strategies. In this study, NiFe204 magnetic nanoparticles were synthesized using a
Green Magnetic NiFe204, green synthesis approach in peppermint (Mentha) extract medium, ensuring an eco-
Chitosan, Cyanide removal friendly fabrication process. The magnetic nanoparticles were coated and modified
with chitosan, resulting in a new nanocomposite with improved adsorption properties.

This green-synthesized magnetic chitosan nanocomposite was characterized using

FTIR, XRD, VSM, SEM, and TEM, and subsequently applied to remove cyanide

from contaminated groundwater and industrial wastewater. The adsorption process

was optimized through an experimental design procedure, achieving a maximum

removal efficiency of 97.1 + 3.8% at a 95% confidence level, closely matching

Received: the experimental results of 95.8 £ 7.7%. The results highlight the potential of this
02 February 2025 sustainable nanocomposite for water and wastewater treatment, aiding effective water

resource management in the face of climate change and growing water scarcity.
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Introduction

Various industries, especially mining,
pharmaceuticals, and agriculture, use
cyanide (CN-) compounds (Kuyucak &

Deymeh et al.

Akcil, 2013). As an essential ingredient in
mining, cyanide facilitates the dissolution
of Au and Ag silver through complexation
reactions (reactions 1 and 2).

2Ag +4CN+ 1/2 Oyt H,0 2[Ag(CN),] '+ 20H" o)
2Au +4CN+ 1/2 Oy+ H,0 2[Au(CN),]"'+ 20H" )
However, despite its industrial there is a crucial need for alternative

significance, cyanide is highly toxic,
posing serious environmental and health
hazards which can cause severe health
complications even at concentrations as
low as 0.2 mg.L! (Dash et al.,, 2009a).
Small amounts of cyanide can deactivate
cytochrome oxidase, which ultimately
prevents the so-called cellular respiration,
which ultimately causes tremors, nerve
damage, and eventually death (Beasley
& Glass, 1998; Gracia & Shepherd,
2004; Hendry-Hofer et al., 2019). Due
to this, they are commonly found in
wastewater generated by these industries,
posing significant environmental risks
(Moussavi & Khosravi, 2010; Singh
& Balomajumder, 2016). Given these
risks and the extensive industrial use of
cyanide, large quantities of cyanide-laden
wastewater are continuously released into
the environment, necessitating efficient
and sustainable treatment methods.

Usually, cyanide-containing wastewater
is treated by alkaline chlorination, which
uses chlorine to convert cyanide into
cyanogen chloride and sodium cyanate
as intermediates, eventually converting
them into non-toxic end products, i.e.
CO2 and N2 (Dash et al., 2009a). This
method effectively lowers cyanide levels;
however, it creates toxic sludge and incurs
high operational costs. Furthermore,
chlorinated by-products may form when
this sludge reacts with organic compounds
in wastewater. Due to these limitations,
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cyanide remediation strategies that are
both cost-effective and environmentally
sustainable.

Electrochemical techniques (Hassani et
al., 2011; Scarazzato et al., 2015), ozone
treatment (Chang et al., 2008), wet-air
oxidation (WAOQO), and “acidification/
volatilization/re-neutralization” (AVR)
have also been utilized as CN- remediation
alternatives. Electrochemical and WAO
techniques are limited to small-scale
operations (Pulkka et al., 2014), while
ozonation equipment is prohibitively
expensive. The use of biological methods
is severely limited by the microbial and
cytotoxicity of cyanide, owing to the
strong complexation tendency of metals
and cyanide, inactivating live-essential
metalloenzymes  (Luque-Almagro et
al., 2016). The removal of cyanide with
adsorbents has been proven to be rather
effective. Adsorbents are advantageous
due to their low cost, insensitivity to
cyanide’s toxicity, inherent simplicity, and
reusability. Removal of cyanide has been
reported using sorbents from agricultural
wastes, including nutshells, coconut husks,
calcinated eggshells (Eletta et al., 2016),
rice husks (Yazici et al., 2009), pistachios’
green hulls (Moussavi & Khosravi, 2010),
guar gum (Sharma, Kumar, Devi, et al.,
2018), and by activated carbon (Singh &
Balomajumder, 2016; Zhang et al., 2010)
and activated carbon modified by TiO2
(Ramirez-Muiiiz et al., 2010).
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As a result of their many advantageous
properties, biopolymers like chitosan and
gums have been intensively investigated
(Bhatnagar & Sillanpaé, 2009; Kumar et
al., 2017; Sharma et al., 2018a; Sharma et
al., 2018b). Compared to activated carbon,
chitosan has a much greater concentration
of hydroxyl groups on its surface, making
it an excellent candidate for pollutant
removal (Bhatnagar & Sillanpdi, 2009).
However, like all polysaccharides, it is
not easy to remove it from the purified
effluents (Reddy & Lee, 2013). Linking
chitosan and other compounds to magnetic
particles is a solution for environmental
remediation, which allows for a simple,
cheap, energy-efficient, and rapid water
treatment (Donia et al., 2008; Hritcu et al.,
2012; Moghaddam et al., 2020; Shadman
et al., 2021; Tanhaei et al., 2015). Such
magnetic sorbents can be removed from
the solution using magnets. Iron oxide is
most commonly used as the magnetic core
for the preparation of such chitosan-based
adsorbents (Pisanic et al., 2007), but other
magnetic particle polymer combinations
have been studied (Reddy & Lee, 2013).
Iron oxides are unstable at low pH, which
impairs their capability to be magnetically
separated. Protecting the cores with an
inert layer remedies this drawback whilst
potentially providing another layer for
improved sorption (Wang et al., 2010).

This study addresses the need for cost-
effective and eco-friendly remediation
techniques wusing a green-synthesized
NiFe204-chitosan nanocomposite for
cyanide removal. The study highlights
the nanocomposite’s potential as an
effective and environmentally responsible
adsorbent, offering an alternative to
conventional treatments that frequently
generate hazardous byproducts. The
results contribute to more sustainable
environmental protection strategies by

providing insightful information on new
cutting-edge materials for wastewater
treatment.

Materials and Methods

Chemicals

Sodium cyanide (NaCN) and chitosan
were acquired from Sigma—Aldrich Co
(St. Louis, United States). All solvents
were analytical grade and purchased
from Merck Co. (Darmstadt, Germany).
Hydrochloric acid (HCI, 37%), sodium
hydroxide (NaOH, 99%), nickel chloride
hexahydrate (NiCl.:6H20, 98%), ferric
chloride hexahydrate (FeCls-6H20, 98%),
and glutaraldehyde (25% aqueous solution)
were provided by Merck Co. (Darmstadt,
Germany). Double-distilled deionized
water (DDW) was used in all experiments
and cleaning procedures unless mentioned
otherwise. The concentrations of chemical
solutions and their preparation methods
are detailed in the respective synthesis
sections.

Instruments

A JASCO 4600 series FT-IR spectrometer
(Tokyo, Japan) was used for Fourier-
transform infrared spectroscopy (FT-
IR), conducted at room temperature with
a scanning range of 4004000 cm™,
utilizing KBr pellets. X-ray diffraction
(XRD) patterns were obtained using a
Bruker AXS-D8 diffractometer (Billerica,
Massachusetts, United States) with
Cu-Kou radiation (A = 1.5406 A) at a
step size of 0.02° and a scanning rate
of 1°/min. The microstructure of the
synthesized composites was analyzed via
scanning electron microscopy (SEM) and
transmission electron microscopy (TEM)
using a Philips CM-30 TEM (Eindhoven,
Netherlands). The magnetic properties
were assessed with a Lake Shore VSM
model 7400 (Westerville, USA) under an
applied field of £10 kOe.
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Synthesis of proposed green nanocomposite
Using mint extract as a natural reducing
agent, a green synthesis method for
NiFe204 nanoparticles is performed
according to the literature with some
modifications (Kalita et al., 2022). Fresh
mint leaves (10 mg) were thoroughly
washed with DDW and boiled in 100
mL of DDW at 80°C for 30 minutes, and
the resulting extract was filtered using a
Whatman No.1 filter paper and stored at
4°C for further use.

For green synthesis of NiFe204
nanoparticle, the solutions containing
NiCI2.6H20 (0.1 M) and FeCl3.6H20
(0.2 M) were separately prepared in DDW
(Kalita et al., 2022; Zeraatkar Moghaddam
et al., 2018). Then, 50 mL of the mint
extract was slowly added dropwise to
the prepared solutions while stirring
continuously. The mixture was subjected
to 90°C for 2 hours to facilitate the
reduction of metal ions and nanoparticle
formation. Afterward, the precipitate was
separated via centrifugation (6000 rpm,
10 min), washed with DDW to remove
any remaining impurities, and dried at
100°C overnight. Ultimately, the obtained
powder was calcined at 450°C for 2 hours
to enhance crystallinity and structure
integrity. This method offers an eco-
friendly technique for producing NiFe204
nanoparticles, which may be utilized
in water treatment and environmental
remediation (Kalita et al., 2022; Zeraatkar
Moghaddam et al., 2018).

After the NiFe204 was prepared and
collected, 1.0 g of chitosan was dissolved
in an 2% (v/v) aqueous acetic acid solution
(Zeraatkar Moghaddam et al., 2018). Next,
0.5 g of the green synthesized NiFe204
nanoparticles were added and sonicated
for 30 min to ensure uniform dispersion.
Then, 5 mL of an aqueous 25% (w/v)
glutaraldehyde solution was blended with
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the mixture to initiate gelation, followed by
drying in a forced convection oven at 60°C
overnight. Before grinding, the composite
particle gels were washed several times
with an aqueous acetic acid (2% (v/v))
solution and double distilled water, then
dried at 50°C for another 12 hours (Tanhaei
et al., 2015; Zeraatkar Moghaddam et al.,
2018). They were kept under low humidity
conditions in a desiccator to preserve the
particles for further use.

Adsorption and desorption experiments
Adsorption experiments were conducted
in batch mode, i.e., a defined amount of
adsorbent (15-75 mg) and cyanide pollutant
(100 to 200 mg.L") was mixed in 10 mL
water (temperature 25°C), whose pH-
value was set to predefined values between
7 and 11 by 0.01 M HCI or NaOH aqueous
solutions, depending on the experiment.
The contact time was between 10 and 30
min under stirring at 800 rpm. After that,
the adsorbents were separated from the
remainder of the suspension, followed by
quantification of the remaining cyanide
in the solution. In all cases, titration was
used to obtain cyanide concentrations (C),
utilizing AgNO3 (0.001M) and aqueous
potassium iodide (10 g/L) solutions as
indicators.

A similar approach was used in isothermal
studies with cyanide concentrations
between 10 and 500 mg.L! and 60 minutes
of contact time. In kinetic studies, 50
mg.L! cyanide was used with contact
times between 1 and 35 min with the other
parameters at optimized values. After
reaching equilibrium, removal efficiency
and adsorption capacity values (ge and qt
(mg. g-1), respectively) were determined
using Egs. 3 and 4 (Sadeghi et al., 2015;
Shadman et al., 2021; Tanhaei et al., 2015).

(€=
C

e

Cyanide removal (%) =

100 3)
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(G =GV dao. = (Co— CV
e = ———andq = ———— (4)

m

where Co (mg L-1), Ce (mg L-1), and
Ct (mg L-1) stand, respectively, for the
initial (o), equilibrium (e), and time-
dependent (t) cyanide ion concentrations.
m (g) stands for the mass of the proposed
nanocomposite, and V (L) is the solution
volume used.

Optimization of the treatment process
The adsorbent works reasonably well under
most not-too-acidic conditions. However,
major process factors were optimized,
namely contact time, adsorbent dosage,
initial pollutant concentration, and solution
pH. Temperature (298 K) and stirring rate
(800 rpm) were kept constant to ensure
comparability. For efficient testing, we
used CCD (Design Expert 10.0.0 (Stat-
Ease Inc., Minneapolis, MN, USA)) to
determine a minimum of experimental
conditions to optimize the experimental
design.

Results and Discussion
Characterization

FTIR results of the proposed green
NiFe204-chitosan nanocomposite (Figure
1) show typical patterns for chitosan,

namely the coinciding stretching vibrations
of N-H and O-H (broad absorption peak
at ~3400 cm-1), indicating the presence
of hydroxyl (—OH) and amine (—NH2)
groups broadness
of the peak suggests hydrogen bonding
interactions within the composite. The
stretching vibrations band at ~2924 cm-1
is associated with the C-H stretching
vibrations of aliphatic groups in chitosan,
confirming the organic nature of the
polymeric backbone. The peak at ~1640
represents the C=O stretching vibration
from amide groups (amide I band) in
chitosan. This peak suggests that the
chitosan structure remains intact after the
synthesis process. The C-N stretching
vibrations, at ~1380 cm-1, further support
the presence of chitosan within the
nanocomposite. Moreover, a strong peak
at ~1100 cm-1 shows the characteristic
of the C-O-C stretching vibrations,
confirming the glycosidic bond structure in
chitosan. Finally, A prominent peak around
580 cm-1 is attributed to the Fe—O and
Ni—O stretching vibrations, confirming
the successful formation of NiFe204
nanoparticles. Thus, FTIR suggests the
successful formation of nanocomposite
consisting of nickel ferrite, chitosan, and
glutaraldehyde.

from chitosan. The

Transmission (%)

20 4

3900 3400 2900

2400

1900 1400 900 400

Wavenumber (cm)

Fig 1. FTIR spectrum of proposed green NiFe:0s-chitosan nanocomposite.
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A vibration sampling magnetometry
(VSM) analysis of the green prepared
NiFe204-chitosan nanocomposite shows
a significant reduction in magnetization
compared to pure green synthesized
NiFe204 (see Fig. 2). Because
glutaraldehyde  cross-linked  chitosan
is non-magnetic, it forms an insulating
layer around the magnetic core, limiting
direct magnetic interactions. Despite this
reduction in magnetization, the residual
magnetic field remains sufficient to allow
effective magnetic separation (see Fig. 2)
(Jacob et al., 2011).

X-ray diffraction shows a rather complex
pattern  consisting of sharp peaks
stemming from green NiFe204 (Kalita
et al., 2022) (Figure. 3). The peaks at
26=18.5°(111), 30.3°(220), 35.9°(311),
37.3°(222),  43.5°(400),  53.9°(422),
57.7°(511), and 63.1°(440) can be indexed
to the Miller indices in the brackets behind

Deymeh et al.

the respective reflections according to
JCPDS-card no. 10-0325 of cubic nickel
ferrite. The observed peaks are at slightly
higher 26 than the JCPDS-reference (ca.
0.1°), which could be the consequence of
the small size of the particles. In addition,
a strong amorphous halo with two broad
modes around 40° is prominent, which is
typical for complex amorphous polymers
and, thus, can be seen as the proof for the
immobilization of chitosan and crosslinked
glutaraldehyde on green NiFe204 (Kalita
et al., 2022; Munir et al., 2021).

SEM image of green NiFe2O4-chitosan
nanocomposite shown in Figure 4a
shows porosity and agglomeration.
A high-magnification image reveals
interconnected  nanoparticles,  which
increase surface area and provide more
active sites for adsorption. As a result of
the porous morphology observed, cyanide
ions can be absorbed more effectively.
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Fig 2. VSM data of the synthesized a) green NiFe204, and b) NiFe204-chitosan nanocomposite.
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Fig 3. XRD pattern of the synthesized NiFe204-chitosan nanocomposite.

Figure 4b shows the TEM image of a
nanocomposite particle with a well-
defined dark core (green NiFe204)
and lighter outer layer (chitosan).
An approximate 100 nm particle size
confirms nanoscale dimensions. In this
nanocomposite, the NiFe204 core is
encapsulated by a polymeric layer, which
stabilizes the nanocomposite while
maintaining sufficient magnetization for
easy separation.

Experimental Design

In most experimental studies, univariate
methods are used, i.e., an entire matrix of
experiments is conducted, which means
that many time-intensive and costly
experiments are required. Furthermore,
such a matrix approach does not assess

-
Mag WD Si
1if* 27.04 pm 25.0 KV 10000x 9.0 mm BS|

variable interactions unless special
advanced analysis techniques are used. A
remedy to this predicament is multivariate
techniques, which offer fast and efficient
tools for optimizing several variables
simultaneously. In this work, we use CCD,
an independent quadratic design tool
(Montgomery, 2019; Reece et al., 1993).
The major influential parameters on
cyanide adsorption are the amount of
NiFe204-chitosan nanocomposite, contact
time, pH, and initial cyanide concentration
while keeping minor parameters (stirring
rate, temperature) constant. These
major parameters were systematically
varied using a central composite design-
based model to establish the parameter-
performance surface, followed by variance

Fig 4. SEM and TEM images for the synthesized NiFe2O4-chitosan nanocomposite.
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analysis (ANOVA) to find the most
relevant parameters and their predictions
for the optimal parameter combination
(Montgomery, 2019).

As the number of optimization parameters
is small enough, a simple factorial design
is sufficient, allowing for the application
of CCD directly (Reece et al., 1993). To
assess the number of required design
points N, equation 5 is used.

N =2k 4+ 2k 4+ N, (5)

Deymeh et al.

In this equation (Eq. 5), k stands for the
number of input parameters, and NO
corresponds to the replicate number in
the central design. Based on this equation,
36 experiments are required by the CCD,
which were randomized in three blocks
with four replicates per block. The values
used for each of the four parameters are
given in Table 1. The results of ANOVA
and CCD analyses were found to be
described by the quadratic polynomial,
which reads as:

R (%) = +68.5 — 10.6A + 13.4B — 10.1C + 3.5D + 6.5AB + 3.0BC + 5.9A% + 3.4c2 (0)

Table 1. levels and experimental variables of the CCD.

26

P ¢ Levels
arameters - 1 0 + o
Initial pH (A) 7 8 9 10 11
Nanocomposite amount (mg) (B) 15 30 45 60 75
Initial concentration (mg.L™") 12.5 25 37.5 50 62.5
©
Contact time (min) (D) 15 30 45 60 75
ANOVA analysis shows individual predicted R? = 0.9260 and the adjusted R?

contributions from different sources to
the overall experimental result variations.
ANOVA results for cyanide removal
in terms of their statistical significance
parameters (P-values, the sum of the
squares, and Fisher’s F-ratios) can be
found in Table 2. An F-value of 40.2
indicates a 0.01% chance of the observed
result being due to statistical noise and
signifies the high importance of the results
(A. Asfaram et al., 2016). A p-value above
0.05 for the lack of fit suggests an excellent
ability of Eq. 6 to fit the experimental data.
Consequently, the quadratic A2 and C2 and
the linear and interaction terms A, AB, B,
BC, C, and D are statistically significant.
The cyanide removal performance could be
modeled with a high R?> = 0.9462, showing
an excellent agreement between modeled
and experimental results. Moreover, the
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= 0.8491 conform well. Figure 5 shows
the residual plot, indicating only a few
percent deviations between modeled
and experimental results. This shows the
absence of considerable contradictions in
the model, good experimental quality (low
statistical scatter), and no violation of the
initial assumptions. There is low statistical
scatter in the residual plot (Figure 5),
showing the model’s high accuracy,
denoted by an excellent signal-to-noise
ratio >4, indicating that the chosen method
is efficient and appropriate (Asfaram et
al., 2016)For our data, we found that the
CCD’s signal/noise ratio is an excellent
25.1, confirming that the model can be
applied to the complete previously defined
design space.

The results visualized with contour plots
(Figure 6) give a clear and intuitive
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understanding of the  correlations
between adsorption and the various
parameters (Montgomery, 2013). Both
cyanide concentration and pH impact
adsorption, i.e., greater cyanide loading
and higher pH reduce adsorption. Contact
time and nanoparticle adsorbent have
a positive effect on adsorption, which
is logical as the number of adsorption
sites and a longer time for adsorption
are beneficial, which is also the reason
for the negative correlation between
cyanide concentration and adsorption.
The negative correlation between pH and
adsorption in the investigated range could
be due to weaker H-bonding and =n-n
interactions and, consequently, less likely
adsorption. The reason for the reduction
of these supramolecular interactions is

plentiful hydroxyl groups on the green
nanocomposite surface undergoing a
negative transformation at higher pHs,
thus leading to a lower affinity between
them and cyanide.

Based on the CCD and ANOVA analysis,
under the application of a non-linear
optimization approach according to
Nelder-Mead, the optimum parameters
were found to be pH=8, 60 mg of green-
prepared nanocomposite, and 60 min
contact time to obtain an above 90%
removal efficiency for a 50 mg.L"! cyanide
solution. This agrees with the experiment,
which found 93.0+7.1% vs. 91.746.2%
in the model predicted (95% confidence
level), showing excellent agreement
between the experiment and the model.

Table 2. ANOVA table for modeling of the cyanide removal efficiency procedure.

Sum of Square  Degree of Freedom Mean Square F-Value p-Value
Block 220.8 2 110.4 2.9 0.0706
Model 12053.0 8 1506.6 40.2 0.0001
A 2703.0 1 2703.0 72.2 0.0001
B 4296.1 1 4296.1 114.7 0.0001
C 24543 1 24543 65.5 0.0001
D 291.9 1 291.9 7.8 0.0099
AB 669.5 1 669.5 17.9 0.0003
BC 145.8 1 145.8 3.9 0.0596
A? 11159 1 11159 29.8 0.0001
C? 376.5 1 376.5 10.0 0.0040
Residuals 936.3 25 374
Lake of Fit 738.3 16 46.1 2.1 0.1304
Pure Error 197.8 9 22.0
Cor Total 13279.6 35
29 |
=]
95 o
90 3| I
£ ow
% 70 3
£ ol e
e e
s
Z  p2 .EF‘
5 [}
B |
1 (=]

Residuals

Fig 5. Normal plot of residuals for cyanide removal using the synthesized
NiFe204-chitosan nanocomposite.
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Fig 6. Contour plots, visualizing the effects of pH, nanocomposite amount, starting concentration, and contact
time effects on efficiency of the adsorbent.

Adsorption isotherms

Further experiments were all done using
the optimized conditions determined
above. In addition to providing insight into
how adsorbate interacts with adsorbent
surfaces, adsorption isotherms can also
contribute to determining adsorption
efficiency and capacity. A variety of
models have been used to describe
adsorption behaviors in similar studies
such as Langmuir, Freundlich, and Temkin
(Gupta et al., 2012; Tanhaei et al., 2015).
Analyzing the cyanide adsorption process
on the synthesized nanocomposite was
done using these models.

Adsorption isotherms were determined by
varying the cyanide concentration (Figure
7) to gain a more in-depth insight into the
physical-chemical processes behind this
adsorption. For this purpose, the adsorption
capacity was defined as Eq. 4.

In a linear-linear plot (Figure 7a) the data
show a nonlinear behavior. Therefore,
several classical adsorption models were
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also applied. Namely, the isotherm models
according to Langmuir, Freundlich, and
Temkin were used for the evaluation
(Gupta et al., 2012; Tanhaei et al., 2015).

The Freundlich isotherm

The Freundlich isotherm model (see Eq.
7) assumes less material can be adsorbed
when it is already covered with non-
negligible amounts of adsorbed material.

1
Ing, =Inks + Eln Ce (7)

In this model, the key parameters of kf
(adsorption capacity) and n (adsorption
intensity) are the Freundlich constants
(Gupta et al., 2012; Tanhaei et al., 2015).
Here, qe (mg.g') and Ce (mg.L™") refer to
the equilibrium amount of removed cyanide
and its equilibrium concentration in final
treated solution, respectively. According
to Table 3, the Freundlich model failed to
adequately describe adsorption behavior,
particularly at high and low concentrations
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Fig 7. plots of the isotherm models; a) basic plot (qe vs. Ce), b) Freundlich model, ¢) Langmuir model, and d)
Temkin model.

(R?=0.8475). Even so, n = 4.3, the model
parameters, indicated favorable adsorption
(n > 1) (Gupta et al., 2012; Tanhaei et al.,
2015).

Langmuir isotherm

The Langmuir isotherm
monolayer adsorption onto a surface with
uniform adsorption sites and identical
adsorption enthalpies for each site:

bC,
1+C,

assumes

Je = dm ®)
where gm (mg.g™') is the maximum
adsorption capacity, and b (mL.mg') is
the Langmuir constant. Typically, this
equation (Eq. 8) is rearranged into linear
form as follows:

1 1 N 1
qmbC,

)

In order to analyze adsorption favorability
further, the parameter RL was calculated.
For RL=0 it is irreversible, for 0 < RL<1
it is favorable, for RL = 1 it is linear, and
for RL> 1 it is unfavorable (Tanhaei et al.,
2015).

1

R,=—
L7 1+ b,

(10)
where CO represents the initial cyanide
concentration. 60 mg of the nanocomposite
was incorporated into a 10 mL solution to
study cyanide adsorption at concentrations
ranging from 5 to 100 mgL! (Table
3). RL value of 0.2485 and excellent fit
(R?=0.9532) indicate favorable adsorption.
Langmuir’s  superior fit  suggests
monolayer adsorption with homogeneous
active sites, which is the most suitable
model for explaining cyanide adsorption
on synthesized nanocomposite.
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Table 3. Adsorption parameters of cyanide by proposed nanocomposite for Langmuir, Freundlich, and
Temkin models.

T (K) Langmuir constant Freundlich constant Tembkin constant
298 (m Ko Rp R2 n K¢ R2 bT Kr R2
6.6 29.57  0.2485 0.9532 4.3 515  0.8475 431.53 31147  0.9242

The Temkin isotherm

According to the Temkin isotherm, the
enthalpy of adsorption decreases linearly
with surface coverage because adsorption
sites are not identical (Anbia & Salehi,
2012; Tanhaei et al., 2017). This can be
expressed as follows:

RT
qe = b In(KreCe) (11)
T

de =A+BInC,,

With an R? = 0.9242, the Temkin model
fit the data, but the obtained parameters
indicated that the adsorption enthalpy
did not decrease significantly with
surface coverage. It is evident that
adsorption sites remain available even
at high concentrations, confirming that
the Langmuir model provides the most
accurate description of adsorption.

Comparison of Isotherm Models

A summary of the adsorption parameters
is provided in Table 3. The Langmuir
isotherm showed the best fit (R? = 0.9532),
suggesting monolayer adsorption on a
homogeneous surface. Accordingly, the
nanocomposite’s adsorption sites are
uniform, and the maximum adsorption
capacity was not reached within the
studied range, confirming the material’s
high cyanide removal efficiency.

Kinetic studies
Identifying the mechanism and rate-
controlling steps of the cyanide adsorption
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RT
A=—

b

where T (K) is temperature, R = 8.314 J/
(mol-K) is the gas constant, KTe (L-g™) is
the Temkin equilibrium binding constant,
and bT (J-mol™) is the heat of adsorption
(Asfaram et al., 2017; Tanhaei et al., 2017).
It is often expressed as a linear equation:

RT

In KTe ) and B =— (12)
by

process requires understanding the

adsorption kinetics. In order to analyze
the kinetic behavior, two commonly used
models were applied: pseudo-first-order
and pseudo-second-order.

Pseudo-first-order model

According to the pseudo-first-order model
(Wu et al., 2001), the rate of adsorption
depends on the difference between
equilibrium adsorption capacity (qe) and
the amount of adsorbate adsorbed at time t.
As the most straightforward model, a first-
order model

dq
— =Kk1(qe — qv)

dt (13)

which was integrated to form (Wu et al.,
2001).

kot
2.303

log(qe — q¢) = logq. — (14)
Using eq. 13, the plot of log (q_—q') versus
time (Figure 8) resulted in a first-order
rate constant of k =0.0069 min"' with a
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calculated g, = 2.25 mg.g' which was
determined for a 50 mg.L"! initial cyanide
concentration (see Table 4 and Figure 8a).
This model, however, fails to adequately
describe the experimental data based on

the correlation coefficient R* = 0.7185.
Figure 8a confirms this visually, indicating
that the adsorption process is not pseudo-
first-order.

Fig 8. a) Pseudo-first-order and b) pseudo-second-order kinetic models for cyanide adsorption on proposed
nanocomposite.

Table 4. Kinetics parameters for cyanide removal by proposed nanocomposite.

Time range (min) (mgC(i‘l ) Pseudo first order Pseudo second order
1-125 50 Qe (mg.g") ki (min™) 1§ Qe (mg.g") ki (min™) R
2.25 0.0069 0.7185 8.39 0.0887 0.9998

Pseudo-second-order model

In order to improve the kinetic description,
a pseudo-second-order model was used.
This model assumes that chemisorption,
involving valency forces through electron
sharing or exchange, is the rate-limiting
step (Ho & McKay, 2000). The pseudo-
second-order model, defined as

d
= Ky (ge — 40 (15)

dt
was integrated from q=0to qtatt=0 to
t0 yields

1 1 t

- = + —
A k2q¢  q. (16)

In this model, k, (g.mg'.min")) is the
second-order rate constant. A plot of t/q;
versus t (Figure 8b) provided a straight line
with R?2 = 0.9998, confirming an excellent

fit to the experimental data (see Table 4
and Figure 8b).

h = k,qe* 17

The calculated equilibrium adsorption
capacity was q, = 8.39 mg-g"', which is
very close to the experimentally observed
value. This suggests that the pseudo-
second-order model reliably describes the
adsorption mechanism. Based on the good
agreement with this model, the adsorption
process is controlled by chemisorption, as
in other studies on cyanide removal using
nanocomposite materials (Rezaei et al,
2018; Tanhaei et al., 2015). Furthermore,
it indicates that NiFe204 and chitosan
nanocomposites have a strong affinity for
cyanide ions.
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Comparison of Kinetic Models

As shown in Table 4, the pseudo-second-
order model offers a better fit than the
pseudo-first-order model based on the
kinetic parameters. This suggests that
adsorption involves surface interactions
and chemical bonding, rather than simple
physical adsorption. The initial fast
uptake followed by slower adsorption
over time is consistent with other reports
on chemisorptive processes (Gupta et al.,
2012; Ho & McKay, 2000).

Comparison of Adsorbents for Cyanide
Removal

According to Table 5, the GNF@GCCs
synthesized in this study demonstrated an
adsorption capacity of 8.4 mg.g! at pH
8-9, which is comparable to conventional
adsorbents such as activated carbon (7.0
mg.g-1, (Monser & Adhoum, 2002)) or
granular activated carbon (7.9 mg/g"!, (Dash
et al., 2009b)). It may be environmentally
and economically unfavorable to use
heavy metals in certain metal-impregnated
carbons, such as Cu-impregnated or Ag-
impregnated activated carbon (Baghel et
al., 2006; Barakat, 2005; Deveci et al.,
2006; Monser & Adhoum, 2002).
GNF@GCCs nanocomposite offers a
sustainable alternative through eco-

Deymeh et al.

friendly synthesis, magnetic separability,
and biocompatibility. As a result of its
moderate adsorption capacity, ease of
separation, and environmental safety, it is
an ideal cyanide remover for real-world
applications.

Conclusion

A novel hybrid nanocomposite of green
synthesized nickel ferrite (NF) coated
with cross-linked chitosan as a cost-
effective and eco-friendly adsorbent has
been developed to remove cyanide from
aqueous media. The bath adsorption
experimental results demonstrated that the
proposed GNF@GCCs nanocomposite
exhibited exceptionally high cyanide
removal efficiency at intermediate pH,
making it suitable for practical water
and wastewater treatments. The process
reached adsorption equilibrium, with
removal efficiencies above 95%, within
60 minutes, indicating its potential for
real-time water and wastewater treatment.
The central composite design (CCD) and
ANOVA provided a robust statistical
framework for optimizing the process
parameters, achieving maximum cyanide
removal efficiency, and a high correlation
coefficient (R? = 0.9462). Moreover,
response surface 3D plots were used to

Table 5. Comparison of the proposed GNF@GCCs with other adsorbents

Adsorbent Adsorption capacity (mg.g™!) Sample pH Reference
Activated carbon 7.0 11 (Monser & Adhoum,
2002)
Granular activated 7.9 9 (Dash et al., 2009b)
carbon
TiO> 13.0 7 (Barakat, 2005)
Ni-impregnated 15.4 11 (Monser & Adhoum,
activated carbon 2002)
Cu(Il)-impregnated 16.6 10.5 (Baghel et al., 2006)
activated carbon
Cu-impregnated 19.7 10.5-11 (Deveci et al., 2006)
activated carbon
Ag-impregnated 26.5 11 (Monser & Adhoum,
activated carbon 2002)
GNF@GCCs 8.4 8-9 This study
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illustrate the influence of key parameters
on removal efficiency, aiding in the
adsorption process optimization. The
process reached adsorption equilibrium
after 60 minutes for a sample containing
10 mL of 50 mg.L"! cyanide at pH 8 with
only 60 mg of GNF@GCCs, making it
sufficiently rapid for practical application.
The Langmuir isotherm model best fitted
the data, confirming monolayer cyanide
adsorption on a homogeneous GNF@
GCCs surface. The kinetic data showed
a well-fitting with a pseudo-second-order
kinetic model, suggesting an initial rapid
adsorption phase followed by gradual
internal diffusion. Overall, this study
demonstrates the effectiveness of the NF-
chitosan nanocomposite as a sustainable
and highly efficient adsorbent for cyanide
removal, providing a viable alternative
to conventional treatment methods while
minimizing secondary pollution and
operational costs.
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