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a b s t r a c t
Wastewaters often consist of heavy metals and the use of iron-based bimetallic nanocompos-
ites to remove these inorganic pollutants is still unclear. This investigation used a chitosan-iron/
silver bimetallic nanocomposites (CS-Fe/AgNPs) to eliminate cadmium (Cd2+), nickel (Ni2+), and 
lead (Pb2+) from aqueous solution. The chemically synthesized CS-Fe/AgNPs were characterized 
by scanning electron microscopy, transmission electron microscopy, Fourier transformed infrared 
spectroscopy, ultraviolet-visible spectroscopy, X-ray diffraction, and thermogravimetric analysis, 
which confirmed the shape, size, and composition of the bimetallic nanocomposite synthesized. 
The kinetics, adsorption isotherms, and thermodynamics of Cd2+, Pb2+, and Ni2+ were also stud-
ied in batch experiments. Analysis of inductively coupled plasma-optical emission spectroscopy 
was employed to quantify the amount of Cd2+, Pb2+, and Ni2+ absorbed by the CS-Fe/AgNPs from 
an aqueous solution. The results obtained revealed that Pb2+, Cd2+, and Ni2+ adsorption capacities 
using CS-Fe/AgNPs under optimized conditions were 2.01 mg g–1 for Pb2+, 1.73 mg g–1 for Cd2+, and 
1.81 mg g–1 for Ni2+, respectively. These results showed that the application of CS-Fe/Ag bimetal-
lic nanocomposite can be applied to remove these heavy metals from wastewaters, simultaneously 
under optimized conditions such as effects of pH, contact time, and adsorbent dosage.

Keywords:  Simultaneous adsorption; Heavy metals; Chitosan-iron/silver bimetallic nanocomposites; 
Nanoparticles

1. Introduction

Nowadays, especially in this century water has become 
the most important concern, so we need to preserve and 
guarantee this natural precious capital because it is our 
common future [1]. Large scale pollution caused by agri-
cultural, domestic, and industrial activities decreases the 
supply of good quality water. Heavy metal pollution poses 
a prospective risk to aquatic and human health by their 
non-biodegradability, which are harmful at remarkably low 

concentrations and widespread existence in anthropogenic 
and natural environments [2–4]. Anthropogenic activities 
such as pesticide development, metal industries, nickel- 
cadmium batteries manufacturing, plastics manufacturing, 
polymer production, pigment industries, electroplating, 
erosion, volcanic activity, electronics, photography, alloys, 
fertilizers, refining, and nuclear plants are the major sources 
of heavy metals into the environment [5,6].

Exposure to transition metal ions such as cadmium 
(Cd2+), lead (Pb2+), and nickel (Ni2+) even at low levels can 
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damage multiple organs in living organisms [7]. It has 
been demonstrated that Cd2+ can cause acute and chronic 
effects in humans such as kidney damage, psychological 
disorders, central nervous system damage, lung cancer, 
and prostate cancer [8,9]. The Environmental Protection 
Agency (EPA) [10] and World Health Organization (WHO) 
[11] have set a maximum limit in drinking water for Cd2+ to 
be 0.005 and 0.003 mg L–1 for cadmium, respectively. Lead 
has continuous toxicity, which can cause neurological, 
immunological, and cardiovascular diseases [12,13]. So for 
lead, the permissible limit is 0.010 mg L–1 in drinking water 
[14]. In the case of Ni2+, it can also cause major harmful 
effects in humans such as kidney, lung, and cardiovascular 
diseases [15,16].

However, in recent years, various water treatment tech-
nologies, such as adsorption, coagulation, dialysis, mem-
brane processes, osmosis, foam flotation, and biological 
photocatalytic degradation methods have been employed 
for the elimination of heavy metal ions from water and 
wastewaters [17,18]. Unfortunately, these methods have 
some drawbacks such as expensive instrumentation, high 
maintenance and operational cost, high energy condition, 
generation of sludge that contains toxic residual metals, 
and inadequate metal removal [19]. These drawbacks have 
encouraged scientists to develop alternative water treatment 
technologies that are less expensive and highly efficient 
for the elimination of heavy metals. In this regard, adsorp-
tion offers high efficiency, is less expensive, easy to handle, 
and metals recovery and other adsorbed species [20].

In previous studies, some effective adsorbents used 
to eliminate Pb2+, Cd2+, and Ni2+ ions are biopolymers [21], 
modified carbon [22], clays [23], zeolites [19], and bime-
tallic nanoparticles [18]. Among the different adsorbents, 
bimetallic nanoparticles are of greater interest from both 
Scientific and Technological views. Owing to their large 
surface area, improved electronic, optical, thermal, and cat-
alytic performances [24], bimetallic nanoparticles are the 
most promising sorbents for heavy metal removal.

According to the literature, nanoscale zero-valent iron 
(nZVI) has been intensively used to eliminate heavy met-
als [25–27], organic compounds [28], and pesticides [29,30] 
in the environment. For example, Geng et al. [31] used 
Fe0 nanoparticles that were stabilized by chitosan (CS) for 
the elimination of Cr+6 in water. Liu et al. [32] removed 
heavy metals from wastewater produced by the electro-
plating industry using enhanced CS beads-supported Fe0-
nanoparticles. Unfortunately, the stability of nZVI is poor 
and it tends to agglomerate easily [33], so the ability to 
reduce pollutants is decreased. In this regard, researchers 
have loaded alternative metal such as Au, Ni, Pd, Pt, and 
Ag, on the surface of nZVI to increase the performance and 
accelerate the reduction rate [34–36]. Among various ele-
ments, silver nanoparticles have high electrochemical poten-
tial and have been used to increase the catalytic ability of 
nZVI [37]. Many scientists [38] have synthesized Ag-based 
bimetallic nanoparticles such as Bi-Ag [39], Ag-ZnO [40], 
Ag/Fe [41], and Ag@Pt [42] for environmental applications.

These bimetallic nanoparticles tend to aggregate 
together to be more stable due to the high energy level of 
surface state and van der Waals attraction. This aggrega-
tion of bimetallic nanoparticles can be reduced by applying 

a supporting matrix with functional groups [18,40,41] or 
organic surfactants [43,44]. For example, Wu and Feng 
[41] used biochar to stabilize Ag/FeNPs. Kakavandi et 
al. [45] used activated carbon with nZVI and Ag bimetal-
lic nanoparticles for enhancing the elimination of Cr6+. In 
this investigation, the focus was shifted and CS was used 
because it’s an amino polymer, a derivative of chitin, a 
naturally occurring biopolymer which is the second most 
abundant polysaccharide in the world, after cellulose 
[46]. Due to the high contents of amino, its low cost, and 
hydroxyl functional groups compared to other polymers, 
CS displaying high adsorption potential for several aquatic 
contaminants and has drawn particular attention as an 
effective biosorbent [47,48]. The major application of chi-
tosan is based on its ability to tightly bind contaminants, in 
particular, ions of heavy metals. To the best of our knowl-
edge, there is still no investigation previously reported 
about Fe/AgNPs impregnated into CS for the elimination of 
heavy metal ions from aqueous solutions.

In this investigation, the main objectives were there-
fore to synthesize CS-Fe/AgNPs and to do characteri-
zation on the surface properties of this CS-Fe/AgNPs by 
comparing them with chitosan and Fe/AgNPs individu-
ally, and to determine the surface structure and chemical 
functional groups responsible for the adsorption of heavy 
metals using X-ray diffraction (XRD), transmission elec-
tron microscopy (TEM), scanning electron microscopy 
(SEM), ultraviolet-visible spectroscopy (UV-Vis), and 
Fourier transformed infrared spectroscopy (FT-IR) tech-
niques for chemical and morphological structure elucida-
tion. The other objective was to optimize the parameters 
for simultaneous adsorption such as contact time, adsor-
bent dosage, pH, and study thermodynamics, equilibrium 
constants, and kinetics of the simultaneous adsorption 
of Cd2+, Pb2+, and Ni2+ ions from aqueous solutions.

2. Materials and methods

2.1. Reagents

Chitosan (CS) and sodium borohydride (NaBH4) used 
in this experiment were supplied by Sigma-Aldrich 
(Germany). Iron chloride hexahydrate (FeCl3·6H2O) and 
silver nitrate (AgNO3) were procured from Educhem 
(South Africa). Ethanol (CH3CH2OH), sodium hydroxide 
(NaOH), and acetic acid were procured from Kimix, chem-
ical, and laboratory suppliers (South Africa). The heavy 
metal standards (1,000 mg L–1 AAS) that were used in this 
study were all procured from Fluka (South Africa). All 
solutions were prepared using Milli-Q (18.2 MΩ; Millipore 
systems) deionized water.

2.2. Fe/Ag bimetallic nanoparticles preparation

Iron silver bimetallic nanoparticles (Fe/AgNPs) were 
prepared by a reduction procedure described by Yuvakkumar 
et al. [48] with some modification using FeCl3·6H2O, 
AgNO3, and NaBH4 in ambient pressure, room tempera-
ture, and aerobic conditions. Approximately, 0.5 g solution 
of FeCl3·6H2O and 1.8 g AgNO3 were prepared separately 
in a 1:4 (v/v) water:ethanol mixture (10 mL deionized water 
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and 40 mL ethanol) and agitated well. A 0.1 M NaBH4 solu-
tion was prepared by dissolving 0.3 g of NaBH4 in 100 mL 
of Milli-Q deionized water. To start the procedure, the 
NaBH4 solution was added to the solutions of FeCl3·6H2O 
and AgNO3 with continuous stirring. After the first drop 
of NaBH4 solution, solid gray nanoparticles instantly 
appeared, and then the remaining NaBH4 was added for 
the completion of the reduction reaction. The mixture was 
left for additional 10 min of stirring after the addition of the 
remaining NaBH4 solution. The reduction reaction products 
were washed numerous times using absolute ethanol and 
a Buchner funnel to eliminate all the water. The end prod-
uct was dried overnight in an oven at 323 K. Dry polyeth-
ylene flask was employed to transferred the dried Fe/AgNPs 
and were preserved with a thin layer of ethanol to prevent 
that the Fe/AgNPs from oxidation. The resulting product 
was collected, stored, and prepared for characterization.

2.3. Preparation of CS-Fe/Ag bimetallic nanocomposite

Chitosan-iron/silver bimetallic nanocomposite (CS-Fe/
AgNP) was prepared according to the procedure described 
elsewhere in the literature [32,49]. Approximately, 2.0 g 
chitosan (CS) flakes were dissolved in 100 mL 5.0% (v/v) 
acetic acid solution for 24 h with continuous stirring until 
complete dissolution. After continuous stirring of 24 h, a 
1.0 g amount of Fe/AgNPs were slowly added into the CS 
polymer solution. The CS-Fe/AgNPs mixture was quickly 
dropped into a 2 mol L–1 NaOH solution to form CS-Fe/
AgNPs. The nanocomposite remained in a solution of 
NaOH for 1 d to get harder and then was washed with pure 
Milli-Q deionized water. The CS-Fe/AgNPs were stored 
for further use in deionized water.

2.4. Analytical methods

A SEM was employed to investigate the surface mor-
phologies (SEM, ZEISS, Germany) [50]. TEM was employed 
to record the images of the synthesized materials (TEM, 
Oregon, USA). FT-IR spectra of prepared CS, Fe/AgNPs, 
and CS-Fe/AgNPs were obtained using a Bruker Alpha-T, 
infrared spectrometer (Bruker, South Africa). UV-Vis spec-
troscopic analysis was obtained using a ThermoFisher 
Spectronic Helios spectrometer (Thermo, USA) [38,50]. 
The XRD patterns of CS, Fe/AgNPs, and CS-Fe/AgNPs 
were investigated by a Philips-X’Pert Pro MPD instru-
ment (Philips, Netherlands) [18]. Thermogravimetric 
analysis (TGA) was performed by using the TGA Q500 
instrument (ELTRA’s TGA Thermostep, Germany).

2.5. Batch experiments

Batch experiments were performed to eliminate of Cd2+, 
Pb2+, and Ni2+ ions simultaneously by CS-Fe/AgNPs in 
100 mL Erlenmeyer flasks. In these batch experiments, 1 g of 
CS-Fe/AgNPs were added followed by the addition of Cd2+, 
Pb2+, and Ni2+ ions 25 mL solutions with known concen-
trations. The mixture was agitated for 120 min at 100 rpm 
in a room with a constant temperature. After this agitation 
time, the CS-Fe/AgNPs was centrifuge to separate it from 
the model solution by filtration, and the concentrations of 

Cd2+, Pb2+, and Ni2+ ions were determined simultaneously 
in the filtrate. The effects of initial heavy metal ions con-
centration (5–60 mg L–1), contact time (60–360 min), pH 
(3–8.5), and adsorbent dosage (0.25–2.5 g L–1) were also 
investigated. In the case of isotherm studies, various con-
centrations of metal ions were used at optimum pH value, 
constant contact time, and adsorbent dosage. These exper-
iments were conducted in triplicate and their average was 
reported. The concentration of Pb2+, Cd2+, and Ni2+ ions in 
model solutions was measured by an inductively cou-
pled atomic emission spectrometer (ICP-AES) Thermo 
Scientific® iCAP 6200 (Barrington, USA) [51].

The individual uptake capacity (q) of Pb2+, Cd2+, and 
Ni2+ ions using CS-Fe/AgNPs were calculated using 
Eq. (1) [40,49].

q
C C
W

Ve
t=

−( )
×0  (1)

where qe (mg g–1) is the quantity adsorbed per gram of 
adsorbent at time t (min), C0 (mg L–1) represents the ini-
tial concentration of heavy metals in the model solution 
and Ct (mg L–1) represents the concentration of heavy 
metals at t min, W (g) is the mass of the adsorbents, and 
V (L) is the volume of heavy metals solutions.

3. Results and discussions

3.1. Morphology

The SEM images of Fe/AgNPs and CS-Fe/AgNPs are 
illustrated in Figs. 1a and b, respectively. In Fig. 1a, the 
shape of the Fe/AgNPs was found to be sphere-shaped, with 
a diameter of approximately 10–50 nm and accompanied 
by some chain-like aggregates. Fig. 1b illustrates the SEM 
image of CS-Fe/AgNPs that is also spherical in shape with 
both Fe/AgNPs and CS polymers aligned on top of each 
other. The CS-Fe/AgNPs has a diameter of approximately 
10–120 nm.

Both the shape and particle size of Fe/AgNPs and CS-Fe/
AgNPs were analyzed by TEM and illustrated in Figs. 1c 
and d, respectively. Fig. 1 shows that Fe/AgNPs are spher-
ical in shape, with chain-like aggregates, that are 20–80 nm 
in diameter. Fig. 1d shows that Fe/AgNPs and CS poly-
mers are both spherical in shape with Fe/AgNPs aligned 
on top of CS polymers. The CS-Fe/AgNPs has a diameter of  
5–10 nm.

3.2. FT-IR and UV-Vis analysis

UV-Vis spectrum of CS, Fe/AgNPs, and CS-Fe/AgNPs 
is illustrated in Fig. 2a. The UV-Vis experiments were con-
ducted over a range of 190–1,000 nm. In Fig. 2a, no absor-
bance peak was detected for the solution comprising 
dissolved unmodified CS. In the case of Fe/AgNPs, two 
characteristic absorption peaks were observed at wave-
lengths of 300 and 380 nm, which confirmed the forma-
tion of iron and silver nanoparticles. The broad featureless 
absorption peak at 300 nm falls in the bandgap of semi-
conductor materials [52]. The UV-Vis spectrum of CS-Fe/
AgNPs also features two absorption peaks at wavelengths 
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(a) (b)

Fig. 2. UV-Vis spectra of (a) for CS, Fe/AgNPs, and CS-Fe/AgNPs. FTIR spectra of (b) for CS, Fe/AgNPs, and CS-Fe/AgNPs before 
adsorption and CS-Fe/AgNPs after adsorption.

Fig. 1. SEM images of (a) Fe/AgNPs and (b) CS-Fe/AgNPs. TEM images of (c) Fe/AgNPs and (d) CS-Fe/AgNPs.
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of 300 and 400 nm. A slight swift in wavelength for the 
silver absorbance peak was observed.

Molecular motion and fingerprinting of the synthe-
sized materials were assessed by FT-IR spectroscopy. 
Fig. 2b shows FT-IR spectra for Fe/AgNPs, CS, and CS-Fe/
AgNPs, respectively. The FT-IR spectrum of CS showed 
results for the C–O–C band stretching around 1,110 cm–1, 
N–H angular distortion in the CO–NH plane at 1,531 cm–1, 
C–H and C–N stretching at 2,930 cm–1, and O–H stretching 
at 3,455 cm–1 that relates well with the results reported in 
the literature [53,54]. For the Fe/AgNPs, the bands observed 
at 1,100 and 1,360 cm–1 in the spectrum can be ascribed 
to the ethanol used in the preparation procedure of the 
sample. Compared to the FT-IR spectra of CS, there are 
changes in bands from CS-Fe/AgNPs where the N–H and 
O–H band shifts from higher wavenumber to lower wave-
number. The decrease in wavenumber illustrates the effect 
of the Fe/AgNPs interaction with these functional groups 
on the CS structure. In the CS-Fe/AgNPs spectrum, a new 
peak at 580 cm−1 was observed, which is an indication that 
the Fe–O group, so it demonstrates that iron was success-
fully deposited on the CS. The structure of CS contains 
functional groups such as the N–H group and the O–H 
group and they act as electron donors. The N–H group 
and the O–H group participate in electrostatic interactions 
and are used for the stabilization of CS-Fe/AgNPs [55].

In Fig. 2b, the FT-IR spectra have shown a significant 
difference between the CS-Fe/AgNPs before and after 
adsorption. In adsorption studies, it is important to identify 
what interaction occurring at the adsorbent and adsorbate 
interface. The heavy metals adsorption onto the surface 
of the CS-Fe/AgNPs occurs through chelation and ion-ex-
change between the ionized functional groups within the 
adsorbent and positively charged heavy metal ions. The 
FT-IR spectra in Fig. 2b for before and after adsorption 
of heavy metal ions confirms this interaction. After the 
adsorption process, the –NH group peak intensity in amine 
decreased, this is due that N2 atoms act as the main sites for 
heavy metals adsorption on the CS-Fe/AgNPs. The peak at 
1,650 cm–1 after adsorption is the formation of metal che-
late with N2 atoms in the amino groups. The strong peak at 
3,455 cm–1 relates to OH-groups and the shift to 3,435 cm–1 
is an indication that –OH groups positively influence the 
adsorption process. Some of the peaks have broadened 
with a slight shifting in wavenumber indicating that the 
functional groups present in CS-Fe/AgNPs had inter-
acted with the heavy metals in the solution. The obtained 
results are similar to the results of previous studies [56].

3.3. XRD and TG analysis

The structural properties of the synthesized CS, Fe/
AgNPs, and CS-Fe/AgNPs were further studied using XRD 
techniques. The XRD spectrum for CS in Fig. 3a shows 
two characteristic 2θ peaks between 17° and 20°. The two 
peaks for CS match well with the literature values [57–59]. 
The enlargement of the peaks for CS can be attributed to 
the amorphous nature of the biopolymer [60]. In Fig. 3a, the 
XRD spectrum of the Fe/AgNPs shows three characteris-
tic peaks around 38.06° (main peak), 44.66°, and 64.34° that 
corresponds to the Ag-111, Fe-110, and Fe-200 diffraction 

peaks, respectively [61,62]. The XRD pattern obtained 
for CS-Fe/AgNPs illustrates peaks of both CS and Fe/
AgNPs. The values obtained for this nanocomposite agreed 
well with the individual values obtained above for both 
CS and Fe/Ag bimetallic nanoparticles.

TGA was employed to determine the mass percentage 
of each of the CS, Fe/AgNPs, and CS-Fe/AgNPs and illus-
trated in Fig. 3b. The TGA pattern for Fe/AgNPs indicates 
that there was a small weight loss from 25°C to 680°C 
intervals. For CS, the TGA results show that from 25°C 
to 130°C the mass loss of the biopolymer was relatively 
small (7%) because of the elimination of absorbed phys-
ical and chemical water. The principle chains of CS began 
to degrade at approximately 160°C–360°C and the tem-
perature of the final breakdown was around 380°C–680°C, 
with significant mass loss (68%). According to Wang 
et al. [63], the second and third mass loss for chitosan 
could be attributed to the breakdown of etheral groups 
and the breakdown of glucosamine residues, respectively.

3.4. Batch experiments

3.4.1. Effect of pH

The solution pH and contact time are two of the great-
est important parameters which could affect the removal 
process of Cd2+, Pb2+, and Ni2+ ions [64]. Fig. 4a illustrates 
the effect of pH on the adsorption of Cd2+, Pb2+, and Ni2+ 
ions over a pH range between 3 and up to 8.5. The results 
showed little adsorption of heavy metal ions at pH 3 due to 
hydrogen ions competing with these heavy metal ions for 
adsorption sites [65]. Maximum adsorption was obtained 
at pH 4.36 and recorded as the optimum pH. The adsorp-
tion decreased slowly from pH 5 up to pH 8.5 owing to 
the precipitation of the metal ions as hydroxides which 
reduced the speed of adsorption and further reduced 
the removal percentage of these heavy metal ions [65]. 
The adsorption of positively charged metal ions such as 
Cd2+, Pb2+, and Ni2+ increases the attraction of electrostatic 
interactions between the positive heavy metal ions and 
the surface of the CS-Fe/AgNPs adsorbent. These observa-
tions of the pH effect have been observed in other studies 
reported in the literature [66].

3.4.2. Effect of contact time

The contact time effect on the Cd2+, Pb2+, and Ni2+ ions 
adsorption is illustrated in Fig. 4b with the following exper-
imental parameters: optimal pH (pH = 4.36), a 1.0 g L–1 
adsorbent solution, and the contact time were evaluated 
at different time intervals from 1 to 6 h. The Pb2+, Cd2+, 
and Ni2+ ions adsorption capacities as indicated in Fig. 4b 
were increased from 1 up to 3 h and it remained constant 
from 4 to 6 h. In further experiments, the contact time of 
4 h was used because it ensured the high removal of these 
heavy metals. Similar results have been found in the 
literature reported by other scientists [67].

3.4.3. Effect of adsorbent dosage

Adsorbent dosage plays always an important part in 
the adsorption of heavy metal ions from wastewater samples. 
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(a) (b)

Fig. 3. XRD pattern of (a) for CS, Fe/AgNPs, and CS-Fe/AgNPs. TGA spectra of (b) for CS, Fe/AgNPs, and CS-Fe/AgNPs.

Fig. 4. Results for the effect of pH (a), contact time (b), adsorbent dosage (c), and initial concentration (d) on the adsorption 
of Cd2+, Pb2+, and Ni2+ onto CS-Fe/AgNPs.
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In the present investigation, at room temperature, the con-
centration of the adsorbent dosage that was used ranged 
from 0.25 to 2.5 g L–1. The results in Fig. 4c show that the 
removal efficiency becomes greater as the concentration of 
the adsorbent dosage was increased. This observation is 
due to large surface area and active adsorption sites on the 
CS-Fe/AgNPs [68]. In Fig. 4c, the adsorption capacity of 
CS-Fe/AgNPs becomes smaller with an increase in adsor-
bent dosage. This observation may be a result of heavy 
metals aggregation at the surface of the adsorbent and the 
diffusion path length might be increased [44]. This obser-
vation of the adsorbent dosage effect has been observed 
in other studies reported in the literature [25].

3.4.4. Effect of initial concentration

The initial concentration effect is also an important 
parameter in the study of the equilibrium adsorption of 
the CS-Fe/AgNPs adsorbent. The initial concentration of 
the heavy metal ions is used to overcome the mass-trans-
fer barrier between the CS-Fe/AgNPs adsorbent and adsor-
bate medium. In the study of the initial concentration 
effect, different concentrations of heavy metal ions (from 
5 to 60 mg L–1) were used at optimum pH value, constant 
adsorbent dosage, and contact time. The results in Fig. 4d 
illustrates the initial concentration becomes greater as the 
concentration of the heavy metal ions was increased. This 
phenomenon is due to the availability of active sites on the 
adsorbent surface. Besides, at equilibrium, the heavy metal 
ions will not be adsorbed onto the active sites of the adsor-
bent anymore. Similar observations had been found in some 
other investigation reported elsewhere in the literature [69].

3.5. Adsorption kinetics

The experimental data obtained for the removal pro-
cess of Cd2+, Pb2+, and Ni2+ ions onto CS-Fe/Ag bimetallic 
nanocomposite were fit into the pseudo-first-order and the 
pseudo- second-order kinetic models. Below is the equation 
for the pseudo-first-order equation and are illustrated as [70]:

log log
.

q q q
tk

e t e−( ) = + 1

2 303
 (2)

where t is the reaction time, qt is the concentration adsorbed 
at a specific interval (mg g–1), qe is the concentration 
adsorbed at (mg g–1), k1 is the pseudo-first-order model 
rate constant (g mg–1 min–1). For the pseudo-first-order 
model, qe and k1 values were obtained from the intercept 
and the linear regression slope of log(qe – qt) vs. t. The lin-
ear regression plots of the pseudo-first-order kinetic model 
and the pseudo-second-order kinetic model for Cd2+, Pb2+, 
and Ni2+ ions adsorption onto CS-Fe/AgNPs is illustrated 
in Fig. 5. According to Eq. (2), the values for k1 and qe were 
calculated for Cd2+, Pb2+, and Ni2+ ions, respectively, and 
illustrated in Table 1. The value for qe calculated was lower 
than the experimental results. In Table 1, low correlation 
coefficients (R2) for the three metal ions were observed. 
The pseudo-first-order model is not applicable to describe 
the kinetics of Cd2+, Pb2+, and Ni2+ ions by adsorption using 
CS-Fe/AgNPs as the adsorbents [71].

The pseudo-second-order equation was stated below 
by the following equation [72]:

t
q k q

t
qt e e

= +
1

2
2  (3)

where qe is the adsorption capacity at adsorption equi-
librium (mg g–1), and qt is the adsorption capacity at the 
specific time (mg g–1), k2 is the rate constant of the pseu-
do-second-order model (g mg–1 min–1) and can be calcu-
lated by the slope of the regression plot of t/qt vs. t. From 
Eq. (3), k2 and qe were calculated for Cd2+, Pb2+, and Ni2+ 
ions, respectively, and illustrated in Table 1. The pseudo-
second- order adsorption correlation coefficient (R2) was 
better than 0.99 and showed good linearity. The correlation 
coefficient (R2) results obtained for the pseudo- second-
order adsorption model illustrates the chemisorption 
of Pb2+, Ni2+, and Cd2+ ions, onto CS-Fe/AgNPs [73].

3.6. Adsorption isotherms

In adsorption studies, the adsorption isotherm defines 
the adsorption capacity. According to the literature, var-
ious models such as Langmuir, Freundlich, Temkin, and 
Dubinin–Radushkevich have been developed to describe 
the behavior of the adsorbent materials [74]. The Langmuir 
isotherm theory is built on the assumption that adsorption 
is taking place on a homogenous and uniform surface of 
materials that forms a monolayer. Walker and Weatherley 
[75] stated that when adsorbate molecules formed a layer 
on the surface of the adsorbent, the adsorbent becomes 
saturated. The linear form of the Langmuir isotherm was 
employed to the data as the following equation:

1 1 1
q QbC Qe e

= +  (4)

where qe (mg g–1) is the number of heavy metal ions 
adsorbed onto the CS-Fe/AgNPs, Q (mg g–1) is the maxi-
mum adsorption capacity of the adsorbent for the heavy 
metals, Ce (mg L–1) is the concentration of the heavy metal 
ions at equilibrium time in the solution, and b (L mg–1) is 
the constant related to the net enthalpy of adsorption. The 
b and Q were determined from the slope and intercept of 
the linear plot of Ce/qe vs. Ce in Fig. 6 and are illustrated in 
Table 2. Table 2 illustrates that the Langmuir maximum 
adsorption capacity of the CS-Fe/AgNPs was found to be 
0.433, 0.922, and 1.909 mg g–1 for Pb2+, Cd2+, and Ni2+ ions, 
respectively. From the observed results in Table 2, the R2 
values for this isotherm were found to be 0.6993, 0.4574, 
and 0.7840 for Pb2+, Cd2+, and Ni2+ ions, respectively. These 
values were not close enough to 1 and indicate that the 
Langmuir isotherm is not in good agreement with the  
investigational data.

The Freundlich isotherm theory is built on the assump-
tion that adsorption takes place on heterogeneous surfaces 
and is appropriate for the monolayer adsorption (chem-
ical adsorption) and the multilayer adsorption (physical 
adsorption) [76]. The Freundlich isotherm could be derived 
by using the following equation:
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Fig. 5. Pseudo-first-order kinetic (a–c), pseudo-second-order kinetic (d–f) for adsorption of Cd2+, Pb2+, and Ni2+ ions onto 
CS-Fe/AgNPs.
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logq K C
ne e= +
1 log  (5)

where qe (mg g–1) is the number of heavy metals adsorbed, 
Ce is the concentration of the heavy metals at equilibrium 
(mg L–1), K can be taken as the adsorption coefficient, and 
n is the constant of Freundlich isotherm which illustrates 
the adsorption process favorability. The value of n should 
between 1 and 10 for favorable adsorption conditions. 
Table 2 illustrates the results obtained from Freundlich 
isotherm analysis and shown that Cd2+, Pb2+, and Ni2+ ions 
were favorably adsorbed onto CS-Fe/AgNPs. The R2 val-
ues of Cd2+, Pb2+, and Ni2+ ions for the Freundlich isotherm 
model in Table 2 (R2 > 0.99) are close to 1 and indicate that 
the Freundlich isotherm is in good agreement with the 
investigational data.

3.7. Thermodynamic studies

The thermodynamic studies of heavy metal ions 
adsorbed onto CS-Fe/AgNPs were used to explore if the 
adsorption is exothermic or endothermic. The thermody-
namic parameters such as entropy (ΔS°), enthalpy (ΔH°), and 
the standard free energy (ΔG°) were determined by applying 
the following equations [74,77].

K
q
Cc
e

e

=  (6)

∆G RT Kc° = − ln  (7)

lnK H S
RT Rc =
− °

+
°∆ ∆  (8)

∆ ∆ ∆G H T S° = ° − °  (9)

where Kc (L mol–1) is the standard thermodynamic equi-
librium constant obtained by qe/Ce, R (8.314 J mol–1 K–1) is 

the gas constant, and T (K) is the absolute temperature. 
The standard free energy (ΔG°) was determined at each 
temperature employing Eq. (7). The values of entropy 
change (ΔS°) and enthalpy change (ΔH°) were determined 
from the slope and intercept of the Van’t Hoff plot (lnKc 
vs. 1/K) in Fig. 7, respectively [78]. Table 3 illustrates the 
various thermodynamic parameters calculated for Cd2+, 
Pb2+, and Ni2+ at the three temperatures. The negative val-
ues of ΔG° at all temperatures for the adsorption process 
of Pb2+, Cd2+, and Ni2+ on CS-Fe/AgNPs active adsorption 
sites indicate a spontaneous process or reaction. The pos-
itive values of ΔH° in this study illustrate an endothermic 
adsorption process. The value of ΔS° for Pb2+, Cd2+, and Ni2+ 
was also positive, which illustrates that the adsorption effi-
ciency increases in solid/liquid phases with an increase in  
temperature.

3.8. Reusability of the CS-Fe/Ag

The desorption study of CS-Fe/AgNPs is very important 
because the cost-effectiveness of the adsorption process is 
determined by the regeneration of the adsorbent [79]. The 
reuse value of the CS-Fe/AgNPs was done by using a 0.01 M 
solution of NaOH as the desorbing agent. This process is 
performed by triplicate the adsorption-desorption experi-
ments. A slight difference in Pb2+, Cd2+, and Ni2+ adsorption 
capacity of CS-Fe/AgNPs was observed after one regen-
eration cycle. The Cd2+, Pb2+, and Ni2+ adsorption capacity 
from the initial desorption by the first cycle in Fig. 8 results 
in a regeneration efficiency of 92.2% for Pb2+, 82.7% for 
Cd2+, and 87.0% for Ni2+, respectively. In the case of the sec-
ond cycle, a sharp decrease in the adsorption capacity was 
observed with a regeneration efficiency of 62.7% for Pb2+, 
70.9% for Cd2+, and 74.6% for Ni2+, respectively. This phe-
nomenon may be due to adsorbed heavy metals and at each 
cycle, some adsorption sites do not get free by the 0.01 M 
of NaOH desorbing solution and decrease the adsorption 
capacity of CS-Fe/AgNPs [80]. According to the regenera-
tion results observed in this study, the results suggest the 

Table 1
Kinetic model parameters for Cd2+, Pb2+, and Ni2+ ions adsorption using CS-Fe/AgNPs

Pseudo-first-order Pseudo-second-order

Pollutant qe,exp (mg g–1) k1 (min–1) R2 qe,cal (mg g–1) k2 (mg mg–1 min–1) R2

Cd2+ 0.189 0.014 0.9514 1.73 0.164 0.9999
Ni2+ 0.770 0.022 0.8848 1.81 0.078 0.9997
Pb2+ 0.155 0.0055 0.9152 2.01 0.197 0.9999

Table 2
Isotherm equation parameters for Pb2+, Ni2+, and Cd2+ adsorption using CS-Fe/AgNPs

Langmuir model Freundlich model

Pollutant qm (mg g–1) kL (L mg–1) RL R2 kF (mg g–1) 1/n R2

Cd2+ 0.922 1.77 0.102 0.4574 0.25 1.00 0.9999
Ni2+ 0.433 0.24 0.450 0.7840 0.26 1.03 0.9998
Pb2+ 1.909 1.10 0.150 0.6993 0.28 1.08 0.9978
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Fig. 6. Langmuir isotherm model (a–c) and Freundlich isotherm model (d–f) for adsorption of Cd2+, Pb2+, and Ni2+ onto CS-Fe/AgNPs.
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Table 3
Thermodynamic parameters for Cd2+, Pb2+, and Ni2+ using CS-Fe/AgNPs

Pollutant T (K) ΔG° (kJ mol–1) ΔH° (kJ mol–1) ΔS° (J mol–1 K–1) R2

298 –407.236 9.42 30.42 0.9188
Cd2+ 308 –51.216 – – –

318 –193.969 – – –
298 –350.748 4.54 16.37 0.9527

Pb2+ 308 –458.737 – – –
318 –680.559 – – –
298 –334.152 2.71 10.23 0.9908

Ni2+ 308 –458.737 – – –
318 –537.666 – – –

Fig. 7. (a–c) Van’t Hoff curve for adsorption of Pb2+, Cd2+, and Ni2+ using CS-Fe/AgNPs.
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suitability of CS-Fe/AgNPs for only up to two cycles after  
regeneration.

3.9. Competitive ion adsorption

In this study, the interference of co-existing ion of Cd2+, 
Pb2+, and Ni2+ was also investigated (results not shown). 
The composition of industrial or natural wastewater rarely 
contains single heavy metal and is always a mixture of 
heavy metals. These heavy metal ions may influence the 
adsorption of other heavy metal ions and cause interference 
with one another. The effluent solutions concentrations of 
each heavy metal ions were fixed at 10 and 20 mg/L with 
the binding capacities of each heavy metal ion decreases 
under interference conditions. For the three heavy metal 
ions adsorption, the affinity order was Pb2+ > Cd2+ > Ni2+ 
and the ion selectivity of Pb2+ was higher due to a larger  
ionic radius.

4. Conclusion

In this study, a simple chemical method was used to 
synthesize chitosan (CS), iron/silver bimetallic nanopar-
ticles (Fe/AgNPs), and chitosan-iron/silver bimetallic 
nanocomposite (CS-Fe/AgNPs). From the XRD pattern, 
it was seen that the synthesized compound does not have 
impurity peaks and the respective XRD spectrums spec-
ified the production of the individual CS, Fe/AgNPs, and 
the CS-Fe/AgNPs. The SEM images further indicated that 
the Fe/AgNPs are spherical shape and of uniform size. 
The TEM results concluded that the size of the Fe/AgNPs 
ranges from approximately 10 to 30 nm. This investigation 
has further illustrated that the CS-Fe/AgNPs showcase 
functions that make the simultaneous adsorption of Ni2+, 
Cd2+, and Pb2+ ions possible in model wastewater solutions. 
The Freundlich isotherm and pseudo-second-order kinetic 
model fitted well with the adsorption results obtained 
for Cd2+, Pb2+, and Ni2+ ions. The application of the CS-Fe/
AgNPs to adsorption studies demonstrated that it has the 
potential to remove Pb2+, Cd2+, and Ni2+ ions from wastewa-
ter solutions, which should be pursued in future studies.
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