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Abstract
A novel bio-nanocomposite, FeS/chitosan grafted polyacrylamide, was successfully synthesized by means of a grafting technique 
that employs microwave irradiation. Employing FTIR, SEM, XRD, TEM and SAED analysis, the synthesized nanocomposites 
were characterized. Thermodynamic and kinetic studies were performed using the batch mode via the adsorption of eosin yellow 
from aqueous solution using the nanocomposite. The adsorption process was tailored to the pseudo-second order kinetic model 
and the Freundlich isotherm model. The enthalpy change, ∆H° (-12.243 kJ/mol), was an exothermic process. The Gibbs energy, 
∆G° (from -5.492 kJ/mol.K to -5.078 kJ/mol.K for temperatures from 300 K to 318 K respectively) values were indications of a 
thermodynamically feasible reaction process which was spontaneous within the temperature domain. The change in entropy, ∆S° 
(-0.023 kJ/mol), showed a reduced randomness during the adsorption process. The mean free energy of adsorption was 0.408 
kJ/mol, which was an indication of physisorption. These results show the possible use of the graft copolymer as an adsorbent 
in water treatment.
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Introduction
Water pollution due to the discharge of effluents from industries is 
of critical concern owing to its hazardous nature and threat it pos-
es to humans and environment. A major industry that contributes 
to the release of these effluents is the textile and dyeing industry. 
Textile and dyeing industries utilize a generous amount of water 
during manufacturing and employ toxic colorants such as dyes in 
colouring of their final products. Consequently, they are consid-
ered one of the largest generators of contaminated wastewater [1-

5].Owing to the complexity of the aromatic structure of most dyes, 
it is an arduous task to remedy these pollutants since they are stable 
to light and heat and non- biodegradable [6]. Various remediation 
techniques which include chemical oxidation, electrocoagulation, 
coagulation, anaerobic and aerobic microbial degradation, mem-
brane separation and adsorption have been investigated exten-
sively for the uptake of dyes from contaminated effluents [7-8]. 
Conversely, adsorption has demonstrated to be an economical and 
effectual means of treating dye effluents, because it gives off high-
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ly treated effluents. Several suitable low-cost adsorbents, namely 
peat, silica, bentonite, fly ash, wood shavings and maize cob have 
been employed in wastewater treatments but these adsorbents gen-
erally have low removal rate thus large magnititude are needed for 
the complete treatment of dye effluents [9]. Recently, attention has 
been concentrated on biomaterials for dye removal owing to their 
advantage over synthetic polymers. These biomaterials are biode-
gradable, low cost and easily available[10]. Another advantage is 
that they do not leave residues of the by-products and can easi-
ly be isolated after the adsorption process is completed [10-12]. 
Despite these advantages, biopolymer-based adsorbents have poor 
mechanical strength and water solubility as compared to synthetic 
polymers. It is therefore necessary to improve their strength and 
stability by modifying its properties by graft copolymerization and 
the incorporation of nanoparticles [13,14]. Nanoparticle based ad-
sorbents have drawn significant attention because of unique prop-
erties such as very small size and high surface area to volume ratio 
[15,16]. Incorporation of these nanoparticles within the polymer 
matrix not only increase the surface area but also provides addi-
tional properties for the binding of dye molecules [17]. Graft co- 
polymerization is the method in which one or more polymers are 
covalently bonded to the polymer backbone of another polymer 
[18].

Chitosan is known to be a bio-compatible, bio- degradable, bio-in-
exhaustible, nontoxic polymer and the second most bounteous 
regular polysaccharide after cellulose known to mankind. It is ob-
tained from the deacetylation of chitin which takes place in the 
exoskeleton of insects, crustacean shells, shrimps, prawns as well 
as the cell walls of fungi [19,20]. Due to its amine and hydroxyl 
functional groups, it can attract the alkyl, acetyl, sulphonyl and 
carboxylic groups in dyes [21,22]. Acrylamide is a receptive com-
pound utilized as a monomer for the amalgamation of polyacryl-
amide. Owing to its high-water retention capacity, it has been uti-
lized in wastewater treatment and drug delivery [23].

In this work, chitosan was modified by microwave- assisted graft-
ing of polyacrylamide followed by the dispersion of FeS nanopar-
ticles for the adsorption of Eosin yellow from aqueous solutions. 
Experimental adsorption isotherms, kinetics data and thermody-
namic properties were analysed using different adsorption models.

Materials And Methods
All chemicals used were of analytical grade and used without fur-
ther treatment. Glycerol, FeSO4 .7H2O, Na2S, ethanol, eosin yel-
low (EY), chitosan, acrylamide and acetic acid were obtained from 
Merck Limited.

Synthesis Of Fes Nanoparticle
Hundred (100) ml of aqueous 0.5 M of FeSO4.7H2O and 2 ml of 
glycerol were added together with vigorous stirring under N2 gas. 
100 ml of Na2S aqueous solution under continuous stirring was 
added dropwise to the mixture until a colour change was observed 

from pale green to brick brown and finally to dark green. This was 
stirred for about 20 minutes and washed with distilled water and 
ethanol repeatedly. The final product was then dried in a hot air 
oven at 333 K overnight. Dried FeS was ground into powder and 
stored for further application.

Synthesis Of Fes/Chitosan Graft Poly(Acrylamide) 
Nanocomposite
Two (2) g of chitosan was dissolved in 100 ml 1% acetic acid and 
added dropwise to 50 ml acrylamide (0.1 M) solution with contin-
uous stirring. An appropriate amount of FeS was added into the 
reaction mixture while stirring for about 45 minutes. The resultant 
mixture was placed in a microwave reactor at 333 K for 15- 20 
minutes at 15 psi pressure [23]. The product was washed copiously 
with deionized water to remove any homopolymer formed during 
the reaction. The final product was dried at 333 K in a hot air oven 
overnight, after which it was ground to powder and stored for fu-
ture application.

Adsorption Studies
A stock solution of EY was prepared by dissolving 0.3 g in 1 L 
of deionized water. Using serial dilution, subsequent solutions re-
quired for the adsorption tests were prepared from the stock solu-
tion.

Effect Of Adsorption Conditions
Using batch adsorption experiments, various parameters were de-
termined by agitating a desired amount of the composite with the 
dye solutions (50 ml) of desired concentration and pH on a me-
chanical shaker at an agitation speed of 150 rpm. Contact time was 
varied at 10, 20, 30, 40, 50, 60, 70, 80, and 90 minutes. For loading 
(adsorbent dose), FeS/chitosan-g-poly(acrylamide) nanocompos-
ite (0.05, 0.1, 0.15, 0.20, 0.25, 0.30, 0.35 and 0.40 g) was agitated 
with 50 ml dye solution at constant concentration and temperature 
for 120 minutes. Five (5) initial concentrations for EY (60, 80, 
100, 120, 150 mg/L) were utilized for the study of the effect of 
initial concentration on adsorption at 300 K for 2 hours. The pH 
(2, 4, 6, 8, 10) was also varied using 0.1 M NaOH and 0.1 M HCl 
solutions. The impact of temperature was studied at different tem-
peratures (300, 303, 308, 313, and 318 K) using 50 ml solutions of 
100 mg/L in a MaxQ 8000 incubator stackable shaker. The resid-
ual EY concentrations in aqueous solutions were measured using 
a Shidmazu UV-Vis spectrophotometer at absorbance of 516 nm.
The amount of dye adsorbed, Qe, or R.E were calculated as fol-
lows:

where Co is the initial dye concentration (mg/L), Ce is the final dye 
concentration at equilibrium (mg/L) and,
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where Co is the initial dye concentration (mg/L), Ce is the final dye 
concentration at equilibrium (mg/L), M is the mass of the adsor-
bent (g) and V is the volume of the dye solution (L).

 Adsorption Isotherms
Adsorption isotherms portray the behaviour of the interaction be-
tween the adsorbent and the adsorbate molecules at equilibrium. 
The data obtained was tested using the Langmuir, Freundlich and 
Dubinin-Radushkevich adsorption isotherm models. These iso-
therm models can be used to describe the equilibrium character-
istics of adsorption. 

The Langmuir isotherm (Langmuir, 1916) assumes that there is a 
homogeneous dispersion of active adsorption sites on the adsor-
bent surface which absorbs a single layer adsorbate molecule with 
no interaction between the adsorbed molecules. The Langmuir iso-
therm equation is described by the equation;

where Ce (mg/L) is the liquid phase concentration at equilibrium 
and Qe (mg/g) is the mass of the dye concentration absorbed per 
unit mass. A graph of 1/Qe versus 1/Ce was plotted.

The Freundlich model assumes that with an increment in adsorbate 
concentration, the concentration of the adsorbate on the adsorbent 
surface also builds, corresponding to exponential decreases in ad-
sorption energy after all the adsorption centers on the adsorbent 
are occupied [24]. The expression for this model is given as; 

where Qe is the amount of adsorbate adsorbed per unit mass (mg/g), 
Ce is the equilibrium concentration of the adsorbate (mg/L) and KF 
(mg/g)(L/mg)1/n and 1/n are constants representing the adsorbent 
capacity and the heterogeneity factor, respectively. The value of 
1/n must be greater than zero but lesser than unity for any adsorp-
tion to be favourable.

The Dubinin-Radushkevich isotherm describes whether the ad-
sorption was physical or chemical [25]. This is described by the 
equation;

where qDR (mg/g) is the Dubinin-Radushkevich maximum mono-
layer adsorption capacity, β (mol2/J2) is activity coefficient related 
to mean adsorption energy, and ε is the Polanyi potential which is 
calculated using the relationship

where R (8.314 J/mol K) is the gas constant, T (K) is temperature 
and Ce (mg/L) is the concentration of adsorbate at equilibrium.

Characterization
The morphology of the nanocomposite and the grafted copolymer 
were obtained using SEM and TEM. Selective area electron dif-
fraction (SAED) analysis was obtained from the TEM. XRD was 
used for the identification of the crystal structure of the materials. 
FTIR was used to determine the functional groups and the chemi-
cal bonds present in the materials.

Results And Discussion
FTIR Analysis
The FTIR spectra of FeS NP and FeS/chitosan-g-poly(acryl-
amide) nanocomposite are shown in Fig 1 (a, b). Fig 1a showed 
a broad peak at 3332 cm-1 attributed to O-H vibrations from wa-
ter molecules absorbed by the sample. Peaks at 1632 cm-1 and 
621 cm-1 were as a result of S-S vibrational stretch from the FeS 
nanoparticle [26]. A peak at 1133 cm-1 was characteristic of the 
S-O stretching vibration. In the fingerprint region, vibration bands 
corresponding to Fe-S stretch were observed below 500 cm-1 [27]. 
The FTIR of the grafted nanocomposite (Fig 1b) showed a broad 
absorption band at 3188 cm-1 which was due to overlapping of 
O-H stretching of chitosan and N-H stretching of amide groups. 
A peak at 1543 cm-1 was due to the carbonyl (C=O) stretching of 
secondary amide [1,28]. A band at 1401 cm-1 was due to C-N vi-
brational stretch which was an indication of the grafting between 
chitosan and polyacrylamide [1] Peaks found below 500 cm-1 were 
as a result of Fe-S stretching mode [23,27]. The shift in peak posi-
tions of Fe-S bands indicated the interaction of the copolymer with 
the nanocomposite.

Figure 1: FTIR spectra of FeS NP (a) and FeS/chi-
tosan-g-poly(acrylamide) nanocomposite
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(b).3.2. Xrd Analysis

Figure 2: XRD patterns of FeS NP (a) and FeS/chi-
tosan-g-poly(acrylamide) nanocomposite (b).

Fig 2 shows the XRD patterns of the as-synthesized FeS NP and 
FeS/chitosan-g- poly(acrylamide) nanocomposite. The peak po-
sitions (2θ values) at 17.56⁰, 28.83⁰ and 40.75⁰ corresponded to 
reflections from the (001), (101) and (111) planes of the tetrago-
nal FeS phase (JCPDS: 86-0389) [27]. The grafted nanocompos-
ite showed lower intensity in the peaks as compared to the FeS 
NP. This may be due to the interaction of the polymers (chitosan 
and polyacrylamide) with the nanoparticle and the less crystalline 
nature of the nanocomposite, compared to the nanoparticle [28]. 
From the Sherrer equation, the crystallite size of the FeS nanopar-
ticle was found to be 6.2 nm.	
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Figure 3: SEM image of FeS NP (A), TEM image of FeS NP (B), SEM image of FeS/chitosan-g-poly(acrylamide) nanocomposite (C), 
SAED pattern of FeS NP (D).
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(Fig 3 A, B) shows the SEM and TEM micrographs of the as- syn-
thesized FeS nanoparticle. The as-synthesized FeS nanoparticles 
were seen to be agglomerated and spherical or globular shaped. 
FeS NP synthesized through the conventional methods, tend to ag-
glomerate rapidly to macroparticles due to the interparticle van der 
Waals interaction [29]. Similar spherical shaped results were re-
ported by other researchers [30-32] (Fig 3 C, D shows SEM image 
of FeS/chitosan-g-poly(acrylamide) nanocomposite and the SAED 
pattern of FeS NP obtained from the TEM microscope respective-
ly. The SEM of the graft nanocomposite revealed that FeS NP was 

coated by the copolymer. The flake- like appearance was due to the 
grafting of FeS and polymers (chitosan and acrylamide) (Pathania 
et al., 2016). Though not all of the chitosan and acrylamide was 
fully grafted.

The SAED pattern of FeS (Fig 3D) showed small spots forming 
rings ascribed to the Bragg reflections from the individual crystal-
lite of the FeS nanoparticle indicating polycrystalline nature of the 
particles [28].

Adsorption Removal Experiments
Effect of EY concentration and FeS/chitosan-g-poly(acrylamide) dosage
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Figure 4. Effect of concentration (A) and dosage (B) on EY adsorption onto FeS/chitosan-g-

poly(acrylamide) nanocomposite. Conditions: (A. temperature: 300 K; time: 120 minutes; dose; 

0.05 g/50 ml) (B. temperature: 300 K; Time: 120 minutes; concentration: 100 mg/L). 
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was coated by the copolymer. The flake- like appearance was due to the grafting of FeS and 

polymers (chitosan and acrylamide) (Pathania et al., 2016). Though not all of the chitosan and 

acrylamide was fully grafted. 

The SAED pattern of FeS (Fig 3D) showed small spots forming rings ascribed to the Bragg 

reflections from the individual crystallite of the FeS nanoparticle indicating polycrystalline 

nature of the particles [28]. 

Adsorption Removal Experiments 
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Figure 4: Effect of concentration (A) and dosage (B) on EY adsorption onto FeS/chitosan-g-poly(acrylamide) nanocomposite. Condi-
tions: (A. temperature: 300 K; time: 120 minutes; dose; 0.05 g/50 ml) (B. temperature: 300 K; Time: 120 minutes; concentration: 100 
mg/L).

From the graph above (Fig 4A), the removal efficiency decreased 
from 92.32% to 86.56% with an increase in EY concentration. 
However, the amount of dye adsorbed per unit mass of the ad-
sorbent increased from 55.39 mg/g to 129.84 mg/g with increase 
in EY concentration. The decrease in R.E may be due to fewer 
number of available surface-active sites as the concentration in-
creased. The increase in Qe may be attributed to a large mass trans-
fer driving force. At lower concentration, fewer adsorbate particles 
are attached to the surface of the FeS/chitosan-g-poly(acrylamide) 
nanocomposite but as the concentration increased, the mass trans-
fer driving force towards the adsorbent surface increased. 

Fig 4B shows the effect of adsorbent dose on the adsorption of EY 
onto FeS/chitosan-g- poly(acrylamide) nanocomposite by varying 
the dosage in 50 ml of the dye solution. The removal efficiency 
increased from 78.16% to 83.00% upto 0.15 g dose after which 
there was a gradual plateau in a decreasing manner. The initial 
increase may be attributed to availability of adsorption sites and 
the plateau and eventual decrease may be as a result of saturation 
of the adsorption sites. However, Qe decreased from 78.16 mg/g 
to 11.48 mg/g with increase in adsorbent dose. This may be at-
tributed to overlapping of adsorbent surface sites available to EY. 
However, further increase in adsorbent dosage had little effect on 
the adsorption.
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Figure 5: Effect of temperature (A) and pH (B) on EY adsorption onto FeS/chitosan-g- poly(acrylamide) nanocomposite. Conditions: 
(A. concentration: 100 mg/L; time: 30 minutes; dose; 0.05 g/50 ml) (B. temperature: 300 K; Time: 120 minutes; concentration: 100 
mg/L).

The decrease in Qe and R.E (Fig 5A) with increasing temperature 
indicate that the adsorption was an exothermic process. This may 
be due to a decrease in adsorptive forces between the adsorbate 
and the adsorbent as the temperature increased.

The amount of dye adsorbed per unit mass and removal efficiently 
of EY were strongly affected by the pH of the wastewater as shown 
in Fig 5B. Qe and R.E increased gradually. This may suggest that 
there was a higher affinity between the adsorbate and the nano-
composite at higher pH.
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The overall trend for both R.E and Qe was the same. There was 
a rapid rise in adsorption between the first 10 to 30 minutes after 
which there was a gradual rise. The rapid rise in the first 30 min-
utes may be due to availability of more vacant adsorption sites.

Adsorption Isotherms
To be able to efficiently utilize the adsorption system for practical 

applications, it is necessary to carry out adsorption isotherm stud-
ies based on various models. Thus, the Langmuir, Freundlich and 
the Dubinin-Radushkevich isotherms were employed in this work.

Figure 7 below shows the isotherm equilibrium data points for ad-
sorption of EY onto FeS/chitosan-g- poly(acrylamide) nanocom-
posite.

Figure 6: Effect of contact time on EY adsorption onto FeS/chitosan-g- poly(acrylamide) nanocomposite. Conditions: (concentration: 
100 mg/L; dose; 0.05 g/50 ml; temperature: 300 K)
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Fig 7. Langmuir (A), Freundlich (B) and Dubinin-Radushkevich (C) plots of EY adsorption onto 

FeS/chitosan-g- poly(acrylamide) nanocomposite. 

From the graphs, the R2 value of the Langmuir isotherm was 0.9591, Freundlich isotherm was 

0.9657 and that of Dubinin-Radushkevich was 0.8243. It can be concluded that Freundlich 

isotherm fitted the system since the R2 value was high. 

The mean free energy of adsorption, E, was found to be 0.408 kJ/mol which was within the range 

of 0 < E < 8 kJ/mol thus the adsorption was physical in nature. 
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Figure 7: Langmuir (A), Freundlich (B) and Dubinin-Radushkevich (C) plots of EY adsorption onto FeS/chitosan-g- poly(acrylamide) 
nanocomposite.

From the graphs, the R2 value of the Langmuir isotherm was 
0.9591, Freundlich isotherm was 0.9657 and that of Dubinin-Ra-
dushkevich was 0.8243. It can be concluded that Freundlich iso-
therm fitted the system since the R2 value was high.

The mean free energy of adsorption, E, was found to be 0.408 kJ/
mol which was within the range of 0 < E < 8 kJ/mol thus the ad-
sorption was physical in nature.

Adsorption Kinetics and Thermodynamic studies
In order to ascertain which kinetic order explains the adsorption 

of Eosin yellow onto FeS – chitosan-g- acrylamide composite, the 
contact time studies were analyzed using the pseudo-first-order 
and the pseudo-second-order kinetics. The best fit results were ob-
tained in the pseudo-second-order model with an R2 value (0.9997) 
closer to unity as compared to the pseudo-first-order R2 value of 
0.9673. Hence, it was established that the adsorption followed a 
pseudo-second-order process. A similar trend on the adsorption of 
Eosin Y was reported by [6,14].

Table 1 below summarizes the thermodynamic studies of the ad-
sorption process

∆H°(kJ/mol) ∆S°(kJ/mol) ∆G°(kJ/mol.K)
300 K 303 K 308 K 313 K 318 K

-12.243 -0.023 -5.492 -5.252 -5.152 -5.005 -5.078

Table 1: Thermodynamic parameters for EY adsorption onto FeS/chitosan-g-poly(acrylamide) nanocomposite

The negative ΔHo value indicated an exothermic process which 
correlates to the adsorption studies on the effect of temperature 
on the adsorption process. The negative value of ΔSo showed a 
reduced randomness during the adsorption process. The negative 
values of ΔGo suggested spontaneity of the adsorption process. 

Conclusion
FeS and FeS/chitosan-g-acrylamide nanomaterials were success-
fully synthesized by co-precipitation and microwave assisted graft-
ing respectively. The XRD spectra confirmed the tetragonal phase 
of FeS and particle size within the nanometer range. The FTIR 
confirmed the formation of FeS and its associated nanocomposite. 
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SEM and TEM confirmed the morphology of the nanoparticle as 
well as the grafting of the polymers (chitosan and acrylamide). The 
SAED pattern gave an indication of the polycrystalline nature of 
the nanoparticle. Batch adsorption studies revealed the dependen-
cy of the nanomaterial on adsorbent dosage, pH, temperature, con-
tact time and adsorbate concentration. The Freundlich isotherm 
model fitted the adsorption process. This is an indication of a het-
erogenous adsorption. The thermodynamic parameters according 
to the ∆G° showed a spontaneous and thermodynamically stable 
process, the ∆S° gave an indication of a reduced disorderliness in 
the adsorption process and the ∆H° revealed that the adsorption 
process was exothermic. The FeS/chitosan-g-acrylamide therefore 
showed potential use as an adsorbent for the removal of organic 
dyes (Eosin Y) from wastewater.
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