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The objective of this study was to assess the efficacy of fungal chitosan—polystyrene-Co-nanocomposites
(FCPNC) as a material for the adsorptive removal of cadmium (Cd) ions from aqueous solutions. The
synthesis and characterization of FCPNC were accomplished using various analytical techniques,
including Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
Brunauer—-Emmett-Teller (BET) analysis, and dynamic light scattering (DLS). The effectiveness of this
adsorbent in removing Cd(i) species from solution matrices was systematically investigated, resulting in
the achievement of a maximum adsorption capacity of approximately 112.36 mg g~ This high
adsorption capacity was detected using the following operational parameters: solution pH equals 5.0,
60 min as a contact time between the adsorbent and Cd(i) solution, Cd initial concentration of 50 ppm,
adsorbent dosage of 0.5 g L™ and room temperature. The process of cadmium adsorption by FCPNC
was found to follow the Langmuir isotherm model, suggesting that a chemical reaction occurs on the
biosorbent surface. Kinetic studies have demonstrated that the cadmium removal process aligns well
with the pseudo-second-order model. The thermodynamic analysis revealed the following values: AH® =
25.89 kJ mol™!, AG® = —21.58 kJ mol™%, and AS® = 159.30 J mol™! K™%, These values indicate that the
sorption process is endothermic, spontaneous, and feasible. These findings suggest the potential of
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rsc.li/rsc-advances FCPNC as an exceptionally effective biosorbent for the removal of water contaminants.

1. Introduction copper (Cu), and cobalt are poisonous heavy metals that are of

significant ecological concern. They can be found in industrial
Currently, the supply of clean and safe drinking water for Wwastewater spawned from activities, such as battery
human consumption and usage is becoming increasingly manufacturing, mining operations, petroleum refining,
limited owing to the rising need for it and the depletion of water ~tanneries, electroplating, and pigment fabrication.® Heavy
resources. Additionally, water is becoming contaminated with ~metals have a strong aptitude to bind with protein molecules,
various substances, such as sediments, nutrients, pathogens, which can affect DNA replication and cell division. In some
dissolved oxygen, heavy metal ions, suspended solids, and cases, heavy metal toxicity can be lethal and interrupt the
pesticides.! The release of toxic and cancer-causing heavy balance of the entire ecosystem.” Concurrently, trace quantities
metals from industrial sources into ecosystems is a global issue ~ of metals are essential micronutrients for many biological and
that has raised widespread concern.? Of all the pollutants found metabolic processes within the permissible limits in drinking
globally, the contamination of heavy metals is of great impor- and potable water.® This study spotlights Cd ions, which are
tance. This is because heavy metals cannot be easily broken a widespread toxic heavy metal pollutant absorbed by humans
down, leading to their accumulation and increasing concen- in significant amounts.” Cd is a heavy metal that degrades
tration throughout the food chain, which can cause harsh awkwardly and exists in numerous forms in wastewater. It does
health issues as they flow into our lives.* Heavy metals are not have any biological roles and is known to be a contaminant
elements that have high density, are toxic, and can cause to aquatic organisms.' The maximum acceptable limit of Cd in
mutagenic effects even at low concentrations.*> Cadmium (Cd), ~drinking water is 0.005 mg L™, which is equivalent to 1-10 pg."*
The safe level of Cd in the air is set at 0.2 pg m™>. The average
safe intake of Cd from food is estimated to be around 10-50 pg.
Cd is rapidly absorbed by vegetables and animal-based foods
"Nuclear Materials Authority, P.O. Box 530, El Maddi, Cairo, Egypt and is disseminated mainly in the liver and kidneys. High

“Egyptian Petroleum Research Institute (EPRI), 1 Ahmed EIl-Zomor St., Nasr City, Cairo, co?centra?tlons O.f Cd are rn.OStly accumulated in S.heuﬁSh (>1 “g
Egypt g™ ') and in the liver and kidneys of poultry species.”> The toxic
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nature of heavy metals has led government authorities to
impose strict regulations on industrial wastewater discharge,
and their exclusion has been a primary concern of ecological
researchers for decades. There are many treatment routes for
removing toxic pollutants from water and usually involve
precipitation,” ion exchange,” cementation,"”® membrane
separation technology,'® and adsorption.””*® The adsorption
process is considered the best method for removing toxic
pollutants, especially for effluents with moderate to low
concentrations. Among the available methods, the adsorption
technique has proven to be multipurpose, cost-effective, eco-
friendly, and greatly effective in removing toxic inorganic
pollutants.>*

In recent years, there has been a significant increase in the
development of biobased adsorbents, especially those made
from renewable and sustainable natural biopolymers. Poly-
saccharides, such as chitosan, modified chitosan, and its
composites,” are among the auspicious choices that have
attracted significant attention because they are profusely avail-
able in nature, renewable, sustainable, and have low cost and
better performance compared to other materials used in the
management of contaminated water.>

Fungal chitosan represents a promising alternative to chi-
tosan compared to traditional sources, such as crustacean
shells, which result in large quantities of acid and alkali-rich
waste waters. It maintains superior physico-chemical charac-
teristics. It can be tailored with predefined properties for
various specialty purposes, such as industrial biotechnological
processes and safe disposal of waste water, resulting in higher
fabrication costs.”*

The chemical structure of chitosan is unique and provides
many opportunities for its modification through physical or
chemical methodologies to broaden its applications for the
elimination of various contaminants from water. Chitosan has
both cationic and anionic moieties that make it appropriate for
the removal of pollutants present in the form of either anions or
cations.” Therefore, numerous explanations enable materials
made with chitosan to stop or at least minimize the destruction
of water and the biosphere.

However, chitosan has shortcomings, such as a small
specific surface area, poor mechanical strength, no porosity,
and few functional groups, which limit its widespread applica-
tion in water treatment.>® To improve the mechanical proper-
ties, solubility, and adsorption effect of chitosan, researchers
have created nanomaterials for the production of new sorbents:
nano-sized adsorbents maintain extremely good performance
because of their high specific surface area and the absence of
conflict with intra-particle diffusion.””

In this study, we examined the effectiveness of Fungal Chi-
tosan-Polystyrene-Co-Nanocomposites (FCPNC) in removing
cadmium ions from wastewater. The structural and textural
characteristics of the introduced bio-composite structure were
determined using various analytical techniques. Operational
parameters for the process of Cd adsorption are optimized, and
the related kinetics and thermodynamics studies are investi-
gated in this work. The novelty of this study is based on the
incorporation of a polystyrene structure (as a shell) with
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molecules of chitosan (core) to enhance their capability as
adsorbents in acidic media or low pH values. Specifically, high
molecular weight polystyrene (acid resistant and water insol-
uble) was combined with chitosan to restrict its solubility in
media of low pH; hence, it can act as an efficient adsorbent in
such media. The novelty of this study also extends to the loading
of polystyrene particles onto chitosan using a special technique
of polymerization, resulting in a shell with high porosity. This,
in turn, could significantly enhance the accessibility of heavy
metal species to the function groups of chitosan, leading to
increased adsorption efficiency for the composite introduced in
this work. Additionally, the decoration of a polystyrene shell by
nanoparticles of two metals hydroxide is considered part of the
novelty of this study in terms of enhancing the tendency of the
introduced composite toward cation removal owing to the
presence of extra negative functional groups.

2. Experimental

2.1. Collection of sample

The raw material was obtained from the El Sella area, located in
the Halaib region, which is approximately 20 km west of Abu
Ramad City, Egypt. This raw material was crushed with a jaw
crusher until the whole sample passed through a 150 pm sieve.
Then, the sample was thoroughly mixed, dried in an electric
oven at 110 °C for 24 hours, and then cooled and stored for
further use at the Nuclear Materials Authority (NMA) of Egypt.

2.2. Isolation and extraction of fungal chitosan

Fungi were isolated from raw materials in the El-Sella area,
subsequently subjected to purification, and identified through
microscopic examination and PCR analysis. The resulting pure
fungal culture was used for chitosan extraction.?® Fungal chi-
tosan extraction involved deproteination with dilute sodium
hydroxide, followed by centrifugation and chitosan extraction
under reflux conditions with HCl. Crude chitosan was precipi-
tated at pH 9.0, washed, air-dried, and then used for nano-
composite synthesis.*®*’

2.3 . Chemicals

In all steps of this procedure, all chemicals were used as
received. Styrene, aluminum nitrate Al(NO;); and anhydrous
cobalt chloride (CoCl,) were bought from Al-Gomhoria
Company for Pharmaceuticals and Chemical Industries
(Egypt). CdSO,, obtained from Fluka Chemika (Switzerland),
was utilized to prepare standard cadmium solutions of 1.0 g
L' Fresh cadmium standard solutions at the appropriate
concentration were synthesized from the stock solution using
double-deionized water just before use. All reagents and
solvents used in this study were of analytical reagent grade.

The applied waste raffinate solution was provided by the
Nuclear Materials Authority. The chemical components of the
waste solution were evaluated using ICP-AES (Optima 2100DV,
PerkinElmer, USA) as follows: sulfuric acid molarity of 1.0 M,
Ca(u), and Fe(m) concentrations of 1.84 and 0.63 g L', and
cadmium concentration of 50 mg L.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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2.4. Preparation of polystyrene

Polystyrene polymer was synthesized using the emulsion poly-
merization technique, as reported in ref. 30 and 31. The emul-
sion was made by mixing an oil phase (20 wt%) with an aqueous
phase representing 80 wt%. Practically, 4.96 g of styrene
(monomer) was mixed with 0.494 g sodium dodecyl sulfate
(surfactant) at room temperature until a homogeneous mixture
was obtained. This mixture was then added to 20 mL of pre-
heated deionized water at 60 °C (placed in a reflux system)
under vigorous stirring, producing an emulsion. Subsequently,
0.23 g of potassium persulfate (polymerization initiator) was
added to the produced emulsion, and stirring was continued for
2 h at 60 °C. After completion of the reaction time, the emulsion
was transferred into an electric oven at 60 °C for 12 h to finalize
the polymerization stage.

2.5. Synthesize of polystyrene/chitosan nanocomposites

In this stage, the same procedures of polystyrene preparation
were followed, and an additional step was carried out. Specifi-
cally, an amount of chitosan (equivalent to 10 wt%) of the
ultimate-designated composite was added to the aqueous
phase. Experimentally, the chitosan particles were suspended in
deionized water through the use of ultrasonic waves (at a power
of 110 W) for 40 min.** Immediately after the suspension was
produced, a mixture of both the aqueous and oil phases was
prepared, and the polymerization procedures were continued,
as detailed in Subsection 2.5. After producing the polystyrene/
chitosan, a further modification via the loading of the metal
hydroxide nanoparticles was made. Particularly, 10 and 20 wt%
of cobalt and aluminum hydroxide nanoparticles were added to
the polystyrene-chitosan structure, respectively. The loading of
these metal hydroxides was carried out using the co-chemical
precipitation method, as reported in ref. 33 and 34. Practi-
cally, 0.1 M aqueous solution of CoCl, and Al(NO;); was
prepared by heating up to 70 °C under vigorous stirring. Then,
the calculated amount (which represents 80 wt% of the desig-
nated composite) of polystyrene/chitosan structure was inserted
into the prepared solution, and stirring was continued for
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Chitosan Polystyrene

Polystyrene/fungal chitosan nanocomposites (FCPNC)

Scheme 1 Schematic illustration of the synthesis of the FCPNC.
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approximately 10 min. Consequently, NaOH (0.1 M) was added
dropwise under stirring until complete precipitation of cobalt
and aluminum hydroxides (onto the polymer composite) was
observed at a pH value of 10 £ 0.1. The resulting polystyrene/
chitosan nanocomposites (FCPNC) were filtrated, washed
several times with deionized water and dried at 60 °C in an oven
for 3 hours, as shown in Scheme 1.

2.6. Characterization

FT-IR analyses for polystyrene and polystyrene/chitosan nano-
composites (FCPNC) were conducted using a PerkinElmer
Spectrometer 400 (PerkinElmer Inc., Waltham, MA, USA)
equipped with a Golden Gate diamond single-reflection device.
The measurements were carried out in the region of 4000 +
400 cm™" at a resolution of 2 em™'. SEM images for the
composite were obtained by applying SEM, QUANTA FEG 250
(USA) equipped with an EDX analyzer. The specific area of the
composite was measured by employing Quantachrome
TouchWin™ version 1.21 instruments. The N, adsorption
measurements were performed at 77.35 K.

2.7. Adsorption studies

Systematic parametric studies were conducted to investigate the
effects of various experimental parameters, including pH,
contact time, adsorbent dose, initial cadmium ion concentra-
tion and temperature, on the adsorption of cadmium. The
adsorption of cadmium onto FCPNC was conducted batch wise.
For each experiment, 0.05 g of polystyrene was mixed with
100 mL of synthetic cadmium solution in a conical flask. The
pH value of the solution was adjusted with 0.1 M HCl and NaOH
solution. Phase separation was performed by centrifuging
(Universal 320) at 2000 rpm. The sorbent was eradicated from
the aqueous solution by filtration, and ICP-AES (Optima
2100DV, PerkinElmer, USA) was used to determine the residual
concentration of cadmium ions in the aqueous solution
(Ce, mg L "). The quantity of cadmium adsorbed on the surface
of polystyrene/chitosan nanocomposite (g.), removal efficiency
of cadmium (%) and distribution coefficient (K4) were calcu-
lated using eqn (1)—(3), respectively, as follows:*

Polymerization

Polystyrene-chitosan structure

Cobalt and Aluminum hydroxides
nanoparticles
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e — o — Le ) 1
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RY% — MX 100, (2)
Ky = 4= 100 (3)
Ce ’

where C, (mg L™') and C. (mg L") are the liquid-phase
concentrations of cadmium at initial and equilibrium, respec-
tively; m (g) is the absorbent mass of FCPNC, V (L) is the
suspension volume; and g. (mg g~ ') is the amount of cadmium
adsorbed on FCPNC.

3. Results and discussion

3.1. Extraction of fungal chitosan (AFC)

The growth of the individual pure fungal cultures in Potato
Dextrose Broth (PDB) was observed for 7 days. The highest
growth rate of mycelial dry weight was 17.8 g L™ ". The best yield
of fungal chitosan (mg per gram of dry mycelia biomass) was
134 mg g~ ". Based on the biomass production, the highest
recovery % of chitosan from fungi was 13.4%.

3.2. Characterization
3.2.1. FTIR. In this study, the IR spectra of FCPNC and
fungal chitosan\polystyrene (P-AFC) were analyzed and

compared with the IR spectrum of extracted fungal chitosan
(AFC). Several absorption bands in the FTIR spectrum were
observed, as shown in Fig. 1a, and these bands were used to
determine the basic structural features of fungal chitosan. In
particular, an absorption band assigned to the O-H stretch was
detected at 3438 cm ™, while another two bands belonging to

the aliphatic C-H stretch were observed at 2920 and 2871 cm™ .

. (d)

(©)

2 ()

Transmittance (%)

(a)

L]
1000

L] L] L] L] L]
4000 3500 3000 2500 2000 1500 200
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Fig. 1 FTIR for (a) fungal chitosan (AFC), (b) fungal chitosan + poly-
styrene (P-AFC), (c) fungal chitosan + polystyrene + 5% Co(OH), + 5%

AlOH)3 and (d) fungal chitosan + polystyrene + 10% Co(OH), + 10%
Al(OH)s.
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Two absorption peaks seen at 1643 and 1541 cm™ " are assigned
to NH, deformation and N-H bending, respectively. Further
peaks referring to the stretching bands of bridged -O- and C-O
are noticed at wavenumbers of 1160 and 1085 cm !, respec-
tively. An absorption peak assigned to the stretching band of
C-0 in the primary hydroxyl group appeared at 1029 cm™*.3%%7
After the modification of fungal chitosan through core-shelling
by a layer of polystyrene, some additional peaks could be seen in
the given FTIR spectrum, as depicted in Fig. 1b. Particularly,
three absorption bands belonging to the mono-substituted
benzene ring could be detected in between wavenumber
values of 755 and 1048 cm™'. Moreover, two absorption bands
attributed to both C=C and C-C aromatics were detected at
1424 and 1603 cm™ ', respectively. The presence of C-H
aromatics was confirmed by observing an absorption band at
a wavenumber of 3025 cm™".® After the loading of cobalt and
aluminum hydroxide nanoparticles, some additional peaks
could be observed in the FTIR spectra (Fig. 1c and d). Particu-
larly, two absorption bands at wave numbers of 880 and
1600 cm ™' were observed. These two peaks are assigned to both
cobalt and aluminum hydroxides, respectively.**** Additionally,
in this nanostructure, some variations in the intensities and
broadness of the detected peaks were observed for both poly-
styrene and chitosan. These differences can be explained by the
composition change*® as a result of loading the aluminum and
cobalt hydroxide particles.

3.2.2. SEM analysis. The surface morphologies of blank
polystyrene, polystyrene/fungal chitosan (P-AFC), and the ulti-
mate nanocomposites (FCPNC) were studied using the given
SEM images, as depicted in Fig. 2. For the polystyrene structure
(Fig. 2A), a rough uniform surface was observed with the
observation of large particles. However, some small particles
were also seen dispersed within the large particles, which
showed high domination, and onto their surface. Additionally,
high porosity was observed in the displayed polymer, which can
be referred to as its method of preparation, which is based on
the usage of a high water concentration in an emulsion. A
radical change was exhibited for the polystyrene/fungal chito-
san composite, as illustrated in Fig. 2B. The demonstrated
structure could show a smooth surface, to a high extent, with
the observation of an increased porous nature. However, the
detected pores in this structure were smaller in size than those
observed in the case of pure polystyrene. Moreover, particles of
different shapes and smaller sizes than those detected in poly-
styrene were observed for the composite structure. The observed
changes between the two structures can be explained by the
buildup of the polystyrene structure onto the core of the chi-
tosan particles. Therefore, a nicer and greater homogeneity in
the distribution of the polymer molecules in the case of the
composite could be achieved compared to blank polystyrene.
After the combination of cobalt and aluminum hydroxide with
the latter composite (FCPNC), a strongly different morphology
and surface features were observed, as demonstrated in Fig. 2C.
A totally smooth and uniform surface was observed owing to the
introduction of cobalt and aluminum hydroxide particles. A
smooth skin-like layer can be detected for the investigated
nanocomposites with no detection of obvious certain shapes for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM analysis for (A) blank polystyrene, (B) polystyrene/fungal chitosan composite (P-AFC) and (C) after the combination of cobalt and

aluminum hydroxide with the latter composite (FCPNC).
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Fig. 3 The nitrogen sorption—desorption isotherms of (a) (P-AFC) composite and (b) polystyrene/fungal chitosan + Al/Co hydroxide nano-

composites (FCPNC).

particles. Moreover, this nanocomposite revealed a quite
porous nature; however, the pores were smaller than those of
the other two structures. The observation of such morphology
can be explained by the penetration and combination of the
particles of cobalt and aluminum hydroxides into the pores of
polystyrene and chitosan, creating a flat surface.

3.2.3. BET analysis. The surface -characteristics
polystyrene/fungal chitosan composite (P-AFC) and its sub-
modified nanocomposites (FCPNC) were assessed through the
Brunner-Emmett-Teller (BET). The isotherm patterns of the
FCPNC are displayed in Fig. 3. Additionally, the full surface
properties of both structures, including specific surface area,
pore volume, and average pore radius, are depicted in Table 1.
The isotherms of the two structures revealed two types of
materials. Particularly, the polystyrene/fungal chitosan

for

© 2023 The Author(s). Published by the Royal Society of Chemistry

structure showed a material of type IV with a narrow meso-
porous nature according to the IUPAC classification. However,
its sub-driven nanocomposite exhibited a material of type III
with a microporous texture.*»** As illustrated in Table 1, the
surface area of the polystyrene/fungal chitosan structure
(47.08 m*> g ') was slightly higher than that of the modified

Table 1 The nitrogen sorption—desorption isotherms of (P-AFC)
composite and polystyrene/fungal chitosan + Al/Co hydroxide nano-
composites (FCPNC)

Sample Sper(m®g™") Vo (emg™)  p, (nm)
(P-AFC) composite 47.08 0.217 3.92
(FCPNC) nanocomposites 36.9 0.093 1.79

RSC Adv, 2023, 13, 29735-29748 | 29739
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nanocomposite (FCPNC) structure, which showed a surface area
value of 36.9 m”> g~ '. Additionally, the latter structure presented
a lower total pore volume and average pore radius than the
polystyrene/fungal chitosan structure, which was numerically
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nearly half that of the polystyrene/fungal chitosan composite.
The differences in surface properties of the two structures can
be attributed to the incorporation of the metal hydroxide
particles into the pores of polystyrene/fungal chitosan
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composite. Therefore, the nanocomposite (FCPNC) structure
generally showed reduced surface characteristics compared to
the (P-AFC) structure. The detected surface properties for the
two structures agree well with the previously discussed SEM
analysis.

3.2.4. DLS analysis. The sizes of the present particles on the
prepared structures and their distribution, by percentages, are
displayed in the provided DLS chart in Fig. 4. It can be observed
that the blank polystyrene showed large particle sizes greater
than 1 micron. Particularly, two peaks around 1 and 3 microns
could be observed, as illustrated in Fig. 4A. However, the
majority of the particles are centered at 1 micron. These large
particle sizes can be referred to as the high molecular weight
and chain length of the prepared polystyrene structure. After
adding fungal chitosan to polystyrene, an obvious shift in the
sizes of the composite particles was observed. Numerically,
particles of sizes between 200 and 400 nm and around 1 micron
(and less) were observed, as shown in Fig. 4B. However, the
large particles are dominant in this structure, in which the
major particle sizes are observed around 1 micron. The decrease
in the overall size of particles in the second structure can be
attributed to the presence of chitosan particles, which are
smaller in size than polystyrene. A significant shift in size was
observed in the composite (FCPNC), which contained both
aluminum and cobalt hydroxide, as depicted in Fig. 4C. This
radical reduction in the sizes of the composite particles can be
referred to as the loading of the nanoparticles of the two metal
hydroxides. The particles of sizes around 100 nm showed high
domination in the presented polystyrene/fungal chitosan
nanocomposites (FCPNC).

3.3. Results of cadmium recovery by FCPNC

The optimization of the cadmium adsorption conditions was
performed under various experimental conditions, such as
initial pH, contact time, initial cadmium concentration,
adsorbent dose, and temperature.

3.3.1. Effect of pH. In this study, the effect of hydrogen ion
concentration was scrutinized by varying the solution pH from 2
to 9 while keeping all other parameters constant, including the
adsorbent dose (0.5g L"), contact time (12 h), initial metal ion
concentration (50 ppm), and temperature (25 °C). pH is
a crucial parameter for removing potentially toxic heavy metals
because it affects the surface nature of the adsorbent and the
degree of ionization of the metal to be detached. The effect of
pH on the removal of Cd ions was evaluated using FCPNC, and
the results are presented in Fig. 5. At a lower pH, less adsorption
of Cd ions was noticed and credited to the competitive
adsorption of H" and metal ions on the surface of the
composite. Protonation at a lower pH decreases the quantity of
active binding sites for the adsorbed metal ion. As the pH
increased, more adsorbent surfaces were exposed; hence, better
adsorption was observed.*® More importantly, as the pH
increases, functional groups, such as carboxylate and amino
groups, are negatively charged in the case of chitosan, thus
acting as scavengers for heavy metals on the composite carrying
negative charges, which causes less revulsion of Cd(u) ions.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cadmium sorption as a function of solution pH.

The adsorption of Cd ion uptake increased as the pH increased
to the maximum at pH 5.0. With a further increase in the pH of
the solution, a greater possibility of precipitation of insoluble
hydroxide complexes hinders the adsorption process.** There-
fore, the maximum removal efficiency was only 77.9% for the
composite. In the literature, identical pH profiles have been
reported for the retention of Cd(u) ions on a corn cob particle at
pH 4.8-6.6 and 5.8-7.6.%%*

3.3.2. Effect of contact time. The effect of contact time on
Cd ion uptake onto the composites was examined, as shown in
Fig. 6. Batch adsorption experiments were conducted by
altering the contact times while keeping other factors constant
(pH 5.0, adsorbent dose 0.5 g L7, initial metal ion concentra-
tion 50 ppm, and temperature 25 °C). The results indicate that
Cd ion elimination increases with an increase in contact time,
reaching a maximum of 480 min. Initially, a higher rate of
adsorption was detected owing to the presence of a large
number of vacant surface sites for Cd ion adsorption. However,
after a certain amount of contact time, the remaining vacant
surface sites become difficult to occupy because of the repulsive
forces between the adsorbed solute molecules on the solid
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Fig. 6 Variation of cadmium sorption as a function of contact time.
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surface and the bulk phase. Therefore, an increase in contact
time after the rapid enervation of adsorption sites did not
significantly improve Cd ion uptake.***®* Monitoring the contact
time with the composites revealed that the sorption efficiency
increased hastily, where over 76% of the Cd ion was adsorbed
during the first 60 min and then became almost constant.
Notably, accomplishing equilibrium time is crucial for cost-
effective water treatment processes.

3.3.3. Effect of adsorbent dose. The study scrutinized the
effect of adsorbent dosage on the removal of Cd(u) ions from an
aqueous solution using FCPNC, as shown in Fig. 7. The pH (5.0),
contact time (60 min), initial metal ion concentration (50 ppm),
and temperature (25 °C) were kept constant, whereas a variable
amount of FCPNC was used. The results obtained from several
batch studies showed that the percentage of cadmium removal
increases as the adsorbent dosage increases mainly owing to the
increase in the surface area of the adsorbent. However, ata 0.5 g
L' adsorbent dosage, the removal rate became nearly constant
owing to resistance to the adsorbent surface. Therefore, for
further work, the optimum adsorbent dosage was concluded to
be 0.5g L.

3.3.4. Effect of initial concentration. The effect of the
initial concentration of cadmium on the adsorption rate was
inspected by contacting a fixed mass (0.5 g) of FCPNC at room
temperature and an initial pH of 5.0 with changeable initial
cadmium concentrations (30, 40, 50, 80, 100, 120, and
150 mg L™"). The results, demonstrated in Fig. 8, showed that
the percentage of cadmium adsorption decreased as the initial
cadmium concentration increased. The adsorption efficiency
decreased from 85.3% to 36.5% as the initial concentration of
cadmium increased from 30 to 150 mg L~ '. This can be
attributed to the fact that at low concentrations, the ions are
well adsorbed onto the adsorbent, resulting in a high removal
rate. However, as the concentration of ions increases, the
accessible active sites for adsorbing the ions become saturated,
causing a decrease in the removal rate. Additionally, an increase
in cadmium ions leads to an increase in the adsorption
capacity per unit area, leading to an increase in the adsorbed
quantity.
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Fig. 7 Sorbent dose effect on the cadmium ion sorption process.
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3.3.5. Temperature influence. Temperature plays a consid-
erable role in adsorption processes, and its influence depends
on the type of adsorption on the sorbent, whether exothermic or
endothermic. In this study, the effect of reaction temperature
on cadmium adsorption from aqueous solution using FCPNC
was investigated, and the results are presented in Fig. 9. The
experimental conditions included a shaking time of 60 minutes,
a sorbent dose of 0.5 ¢ L', a solution pH of 5.0, and an initial
concentration range of 50 mg L™'. The data presented in the
figure show that the sorption efficiency slightly improved with
an increase in the reaction temperature. The results depicted in
Fig. 9 confirm the endothermic nature of the dehydration
process of Cd ions before their sorption on the solid surface,
and it also reveals an increase in the mobility of Cd ions with
temperature. Consequently, the optimal temperature for the
remaining studies was chosen to be 25 °C.

3.4. Adsorption kinetics

Most adsorption reactions are controlled by several successive
steps, including (a) resistance to film diffusion, (b) resistance to
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Fig. 9 Cadmium adsorption as a function of reaction temperature.
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Table 2 Evaluated parameters of the kinetic models
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Lagergreen pseudo first-order

Pseudo second-order

Weber and Morris model (intraparticle diffusion)

intraparticle diffusion, and (c) the proper sorption reaction
rate.*” Because the first step is excluded by sufficiently shaking
the solution, the rate-determining step is one of the other two
steps. To better understand the adsorption kinetics, numerous
equations, such as pseudo-first-order (PFO), pseudo-second-
order (PSO), and resistance to intraparticle diffusion (RID)****
were used for modeling the kinetic data. The linear forms of the
PFO and PSO models can be clarified as eqn (4) and (5),
respectively:

ki
log(g. — qi) = log . — mt (4)
t 1 1
— = — 4+ (¢ 5
gt kaqe? qe( ) ©)

where ¢. and g, (mg g~ ') represent the amounts of Cd ions
adsorbed at equilibrium and at time (¢), respectively; and k&,
(min~") and &, (g mg ™" min ") are the rate constants of the PFO
and PSO models, respectively. The values of model parameters
(K1, &, and ge) can be achieved from the linear plots of In(ge — ¢;)
versus t or t/q, versus t.

To evaluate the influence of intraparticle diffusion on the
control of uptake kinetics, the data were treated using
a simplified RID eqn (6):**

q:r = Kinttllzy (6)

where K;, is the intraparticle diffusion rate constant. The Kj,,
can be calculated from the slope of the regression line of g,
versus t'2.

The values of the parameters of the various kinetic models
are shown in Table 2. It can be observed that the correlation
coefficients, R?, from the PSO model (the fitting results are
shown in Fig. 11) were systematically higher than those from
the PFO (Fig. 10) model. This was more likely to reflect that the
rate-determining step might be chemical adsorption and that
the adsorption behavior might involve valency forces by sharing
electrons between the cadmium ions and adsorbent active

© 2023 The Author(s). Published by the Royal Society of Chemistry

& (min™) 0.017
Gecal (Mg gil) 38.1
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R 0.76
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Gecal (mg gil) 82.0
Geexp (Mg &) 79.8
h(molg™'h™) 7.80
ti2 (h) 10.5
R 0.99
Stage I
k; (mg ¢! min~"?) 9.89
C 2.3
R 0.99
Stage II
k; (mg g~* min~"?) 0.22
C 75.0
R 0.99
2.0 q
o
o
©
15 N\
y =-0.0073x + 1.5804
2 B
<
@
)
& 05
—
©
0.0
-0.5 ‘ : : : . )
0 50 100 150 200 250 300

Time, min

Fig. 10 Pseudo second-order kinetic model plot for cadmium
adsorption using FCPNC.
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Fig. 11 Lagergreen kinetic model plot for cadmium adsorption using
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Fig. 12 Weber and Morris kinetic model plot for cadmium adsorption
using FCPNC.

sites.”* Cd ions may form a complex between the carboxymethyl
and hydroxyl groups of the composite.

The experimental results were inspected using Weber—
Morris kinetic model (Fig. 12) to determine the sorption
mechanism. The parameter values are illustrated in Table 2.
The Weber-Morris plot exhibits two segments, indicating that
Cd ion sorption using FCPNC is controlled with multiple
mechanisms. The first mechanism could be a chemical reac-
tion, ie. surface complexation or chelation reaction, which
refers to the stage of the sorption process up to equilibrium
time (30 min). This stage is characterized by a rapid sorption
reaction, which can be attributed to the accessibility of surface
active sites on the modified chitosan.’>** The second mecha-
nism could be the physical reaction (intraparticle diffusion
mechanism), which presents the stage of the sorption reaction
after the equilibrium time. This stage is described by a slow
reaction rate attributed to the occupation of most of the surface
active sites, so the sorption process occurs inside the surface
pores.*

3.5. Adsorption isotherms

The adsorption isotherm characterizes the distribution of the
solute between the liquid and solid phases at equilibrium at
a constant temperature.

The equilibrium isotherm data were analyzed using the
Langmuir and Freundlich models.* The Langmuir model (eqn
(7)) and the Freundlich model (eqn (8)) are as follows:**

G C 1
—= =t 7)
qe Gm  4mKL
1
log g. = log K¢ + log C, (8)

where C. (mg L") and g. (mg g ') are the equilibrium
concentration and the equilibrium adsorption capacity,
respectively; g, (mg g~ ') is the maximum monolayer adsorption
capacity. Ky (L mg ") is a constant related to the affinity of the
binding sites; Kz (mg ¢ ') and n are Freundlich constants,
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indicating adsorption capacity and intensity, respectively. The
values of the model parameters (¢, Ky, K, 1) can be calculated
from the slope and intercept of the linear plots of C./q. versus C.
or log gq. versus log C., respectively.

Furthermore, the Langmuir parameters can be used to
predict the affinity between the sorbate and adsorbent utilizing
the dimensionless separation factor Ry:**

1

Rl=— 9
LTI KG )

where Cj is the initial concentration of cadmium ions. Values of
0 < Ry, < 1 expose the nature of adsorption as favorable.

The parameters for these models and the coefficient values
are shown in Table 3. The correlation coefficients demonstrated
in Table 3 confirm the better fit of the experimental data by
applying the Langmuir model (as shown in Fig. 13 compared
with the Freundlich model in Fig. 14). This means that sorption
can be described as a monolayer cover for the FCPNC sorbent.
Furthermore, the sorbent possesses a homogeneous distribution
of surface-active sites.” The maximum adsorption capacity (gm)
obtained using the Langmuir model at a constant temperature is
112.36 mg g~ ', which is consistent with the experimental value.

Additionally, as depicted in Fig. 15, all RL values for the
adsorption of cadmium ions onto FCPNC range from 0 to 1,
considering the initial concentration of cadmium (C, = 10-
100 mg L™"). This observation strongly indicates that the sorp-
tion process of Cd(u) on FCPNC is highly favorable. This further
confirms that the adsorption of cadmium onto FCPNC is not
only efficient but also preferred, regardless of the initial
concentration of cadmium.

Table 3 Evaluated variables of isotherm models

Freundlich isotherm n 4.54
model K¢ (mg g7?) 41.33
R 0.93
Langmuir isotherm model Qm (mgg™) 112.36
b(Lmg ) 0.171
R 0.99
1.0 -
S
08
y = 0.0089x +0.052
R*=0.997
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o
o
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o
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Fig. 13 Langmuir model plot for cadmium sorption using FCPNC.
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Fig. 14 Freundlich model plot for cadmium adsorption using FCPNC.
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Fig. 15 R, values for the sorption of cadmium onto FCPNC.

3.6. Comparison of the cadmium adsorption capacities of
various adsorbents

The experimental maximum sorption capacity of (FCPNC)
sorbent was compared with other accessible sorbents from the
literature for cadmium extraction from aqueous solutions, as
illustrated in Table 4. Although these data were obtained under
different experimental conditions, they represent a useful
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criterion for comparing adsorption capacities. Table 4 shows
that FCPNC has both competitive sorption capacities and quite
fast sorption kinetics. The maximum adsorption capacity (¢.,)
of (FCPNC) obtained by Langmuir isotherm for Cd(u) adsorp-
tion at 25 °C was 112.3 mg g . The high adsorption capacity of
FCPNC toward cadmium ions reveals that the prepared
composite could be promising for practical application in Cd
ion removal from radioactive wastewater or mining.

3.7. Adsorption thermodynamics

Thermodynamics, such as enthalpy (AH°, kJ mol '), entropy
(As®, J (mol K)™"), and Gibbs free energy (AG®, k] mol™ ') of
cadmium sorption, were determined by the correlation of the
equilibrium constant according to the van't Hoff equation:**

—AH° —AS°
log K1, = — 1
0g AL RT R ) ( 0)
AG* = AH" — TAS", (11)

where R is the gas constant, T is the solution temperature (K),
and Ky is the Langmuir equilibrium constant (L mol ). AH°®
and AS° were obtained from the slope and intercept of the
linear van't Hoff plots of In Ky, versus 1/T (Fig. 16) (R* = 0.9992).

The van't Hoff plot, which shows the variation of log K. versus
(1/7), is presented in Fig. 16, and the values of the thermody-
namic parameters (i.e., AH°, AG°, and AS°) are listed in Table 5.
The data suggest that the sorption process is endothermic, as
indicated by the positive values of AH® (25.89 k] mol *).3>* The
negative values of Gibbs free energy (AG°) for all reaction
temperatures suggest that the sorption process is spontaneous
and feasible.**** Moreover, the decrease in AG° as temperature
increases indicates that the sorption process is more favorable
at high temperatures.®*® The positive values of AS° for the
uptake process indicate an increase in randomness at the solid-
liquid interface.®*** Similar thermodynamic behaviors (i.e.,
endothermic, spontaneous, and feasible sorption processes)
were observed in the sorption of cadmium ions from aqueous
solutions in previous studies.®**

3.8. Characterization of sorbent after cadmium adsorption

After capturing cadmium species using the prepared FCPNC,
some differences could be observed in the FTIR of the spent
adsorbent compared to the freshly prepared one, as presented

Table 4 Reported adsorption capacities of Cd ions by different adsorbents

Adsorbents Adsorbate Adsorption capacity, mg g~ Ref.
MnO,-modified biochar (MBC) Cd(u) 37.2 55
ECH Cd(u) 72.3 56
Biochar modified with shrimp bran Cd(n) 41.1 57
CSAP Cd(u) 84.0 58
SMCS beads Cd(u) 125.0 59
Fe;0, loaded Cd(u) 97.8 60
CTS/SA/Ca** Cd(u) 110.7 61
FCPNC Cd(n) 112.3 PW

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 van't Hoff equation plot for cadmium sorption using FCPNC.

Table 5 Thermodynamic variables for cadmium sorption using the
FCPNC

AG (k] mol ™)

AH AS
25 °C 30 °C 40 °C 50 °C (kmol™) (Jmol 'K
—21.58  —22.35 —24.00 —25.54  25.89 159.30

in Fig. 17. In some details, three absorption bands could be
observed at 600, 754, and 914 cm ™', referring to the complex
formation between the cadmium species and the donating
function groups in the chitosan structure.®® Additionally, some
deformation in identifying the absorption band for the O-H
group can be mentioned in the FTIR spectrum. Its broadness
and intensity could be strongly affected and can be attributed to
the complexation between water molecules and cadmium
compounds, which are attached to the surface of the adsor-
bent.*® The stated variations in the FTIR spectrum of the spent
adsorbent, compared to its corresponding fresh one, can
confirm the successful removal of cadmium species by the
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introduced structure. The removal of cadmium species from the
liquid waste media was further verified through SEM analysis,
as shown in Fig. 18. The radical change in the morphology of
the spent adsorbent, compared to the freshly made composite,
could be observed in the given SEM image. Particularly, a skin
layer with the detection of some large particles could be seen at
the surface of the consumed adsorbent instead of the highly
rough wavy surface, as observed in the fresh adsorbent. This
skin layer can be recognized as the efficient adsorption of
cadmium species by the adsorbent forming a mono-layer on its
surface that strongly harmonizes with the Langmuir isotherm
model.

3.9. Cadmium elution and adsorbent reusability

To test the feasibility of FCPNC materials to be regenerated after
the adsorption of cadmium ions, the desorption of Cd-loaded
adsorbent was investigated using 1.0 M of different solutions,
namely, sulfuric, nitric, and hydrochloric acids. The experi-
mental conditions are as follows: 1.0 g L™ " sorbent dose, room
temperature, and shaking time of 8 h. The obtained data in
Table 6 show that the sulfuric acid solution exhibits the highest
elution efficiency (95.3%). To assess the reusability of the
adsorbent, the adsorption-desorption experiment was repeated
in five cycles. The obtained results in Table 7 demonstrate that
the sorption and the desorption percent slightly decreased from
93.0 to 88.5% for the sorption process and from 95.0 to 90.2%
for the desorption process over the five cycles, reflecting the
feasibility of sorbent recycling. This result shows that the
adsorbent can be used efficiently in a real process, such as
nuclear industry wastewater treatment.

Signal A= SE2 ZEISS
Date: 25 May 2022

EHT = 5.00kV
WD= 6.3mm

Mag= 20.00 KX

Fig. 18 SEM analysis of FCPNC after cadmium adsorption.

Table 6 Cadmium recovery from loaded FCPNC using different
eluting agents

Sorption efficiency,

Wavenumber (cm™)

Fig. 17 FTIR spectra of FCPNC after cadmium adsorption.
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Eluting agent %

1.0 M hydrochloric acid 87.1
1.0 M sulfuric acid 95.3
1.0 M nitric 71.7

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Adsorption and desorption cycles for cadmium recovery

Recycling investigation

Cycle no. Sorption Desorption
1 93.0 95.0
2 91.4 94.8
3 91.1 93.6
4 89.7 91.2
5 88.5 90.2

3.10. Cadmium ion elimination from waste solution (case
study)

In accordance with the aforementioned data, the FCPNC was
applied for Cd ion eradication from the liquid effluent. The
application experiment was conducted based on the following
parameters: 1.0 g L™" sorbent dose, room temperature, and
mixing time of 2 h. A buffer solution was used to adapt the
initial pH of the raffinate solution. The exposed data demon-
strate that the cadmium sorption capacity decreased from
112.36 mg g~ * (in the synthetic solution) to 96.74 mg g~ * (in the
case study). The falling-off sorption capacity could be due to the
competition between cadmium and different ions in the
working waste solution (especially iron).

4. Conclusion

The FCPNC sorbent was synthesized, characterized, and found to
be highly effective in recovering Cd ions from aqueous solutions.
The maximum sorption capacity was observed at 25 °C and pH
5.0, with a value of 112.36 mg g~ '. The FCPNC sorbent demon-
strated meaningful improvements in adsorption capacity and
selectivity for Cd ions, with fast adsorption kinetics and equi-
librium reached within 60 minutes. The pseudo-second-order
model was found to be appropriate in describing adsorption
kinetics, indicating that the rate-limiting step may be chemical
adsorption rather than mass transport. Isotherm and kinetic
modeling confirmed that the sorption process followed both
Langmuir and pseudo-second-order models. The interaction
between the FCPNC sorbent and cadmium ions was found to be
an endothermic, spontaneous, and feasible reaction.
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