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Abstract

Starch-g-polyacrylamide copolymer and its nanocomposite with Fe;O, and graphene oxide have been successfully synthe-
sized. The synthesized samples were characterized using FTIR, XRD, SEM, HRTEM, and VSM. The factors that affect
the adsorption efficiency of samples for Ni(II) ions from aqueous solutions as pH, initial Ni(II) ions concentration, contact
time and temperature have been examined. The maximum adsorption capacities achieved by the synthesized samples were
195 mg g~! and 290 mg g~! for starch-g-polyacrylamide copolymer and its starch-g-polyacrylamide/ Fe;O,/ graphene oxide
nanocomposite respectively. Kinetic studies showed that the adsorption was well described by the pseudo—second-order model
and the equilibrium adsorption data fitted Freundlich model. Thermodynamic studies showed that the adsorption capacity
increases as temperature increase up to 313 K but higher temperatures result in dissolution of starch. Results showed that
the adsorption process is spontaneous, endothermic in nature and leads to a greater entropy.
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Introduction

Industrial activities generate a huge amount of waste includ-
ing toxic and carcinogenic inorganic pollutants as heavy
metals and organic pollutants as dyes and pesticides. When
heavy metal ions exceed definite limits in aqueous systems,
it is considered as toxic and carcinogenic materials. Despite
organic wastes, heavy metals as nickel, lead, copper, iron,
cobalt, molybdenum, manganese, etc. are not biodegradable
and end up as accumulated pollutants in the environment [1].
In addition to the industrial wastewater contaminated with
heavy metal ions, heavy metals naturally exist in the earth’s
crust and by the action of acidic rains, it may dissolute and
release into rivers, streams, and groundwater. According to
the World Health Organization (WHO), the nickel ions con-
centration should not exceed 0.02 mg L~! since below this
limits Ni (II) ion is required for some metabolic reactions.
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However, a higher concentration of Ni (II) ions inhibits the
activity of enzymes and causes damages in the lungs, kidney
and skin [2]. Among the various physicochemical techniques
for heavy metals removal from aqueous media, adsorption
is considered as a powerful technique because it is a fast,
inexpensive and easy method. Many researchers studied
the development of low cost biodegradable adsorbents for
heavy metals as sesame straw biochar [3], rice bran [4], acti-
vated carbon [5], Coconut leaves [6] and sweet lime peel
[7]. Natural polymers adsorbents are good options for heavy
metals because they are abundant, nontoxic, biocompatible,
biodegradable, eco-friendly and have plenty of adjustable
functional groups. Chitosan [8—10], alginate [11], starch
[12-14] and gelatin [15] were examined as adsorbents for
heavy metals. Modification of natural polymers by graft-
ing with monomers/polymers enhances the adsorption effi-
ciency of the polymer by introducing additional functional
groups to the polymeric matrix. Also, attempts to improve
the adsorption efficiency of natural polymers by impreg-
nation of nanoparticles of inorganic materials as magnetite
(Fe;0,) or/and carbonaceous compounds have been exten-
sively studied. Iron oxide is abundant, cheap, and non-toxic,
has a high surface area and high efficiency for adsorption of
heavy metals [16]. To the best of our knowledge, only few
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researches focused on using starch or starch composites for
removal of heavy metals as polyacrylonitrile grafted cassava
starch hydrogel [17], crosslinked starch [18, 19], modified
starch/magnetite nanocomposite [20].

In this article, starch -g-polyacrylamide and its composite
with magnetite (Fe;0,) nanoparticles and graphene oxide
(GO) have been synthesized. The grafting crosslinking
polymerization reaction of acrylamide with starch was car-
ried out in the presence of GO and Fe;O, nanoparticles. The
synthesized samples were examined by FTIR, XRD, SEM,
TEM and VSM. The kinetics, isotherms and thermody-
namic studies of the adsorption of the synthesized samples
for Ni (II) ions have been studied. The adsorption efficiency
of starch-g-polyacrylamide for removal of Ni (II) ions was
compared to that of starch-g- polyacrylamide copolymer/
Fe;0,/ GO nanocomposite.

Experimental
Materials

Starch and ferric chloride hexahydrate (FeCl;-6H,0) were
obtained from (Alpha Chemika, India), N,N’-methylenebi-
sacrylamide (MBA, Merck, Germany), Acrylamide (AAm)
and ferrous chloride tetrahydrate (FeCl,-4H,0) ( WIN-
LAB, India), Ceric ammonium nitrate (CAN) (Alfa Aesar,
Germany), graphite fine powder extra pure (Loba Chemie,
India). Nickel nitrate hexahydrate Ni(NO;),.6H,0O (Sigma-
Aldrich). All other reagents were analytical reagent grade
and were used as received.

Synthesis
Synthesis of magnetite (Fe;0,)

Magnetite (Fe;0,) was prepared by co-precipitation accord-
ing to the modified Massart method [21]. In this method, a
mixture of FeCl;-6H,0 (3.03 g) and FeCl,-4H,0 (1.13 g)
was dissolved in distilled water (150 ml) at 60 °C under
stirring. Ammonia solution was added to the obtained yel-
low solution slowly during stirring till the mixture’s pH is
10.0. The reaction mixture was purged by N, gas during the
reaction. After 1 h of vigorous stirring, the obtained black
precipitate was filtered, rinsed several times by deionized
water and ethanol and then dried in an oven at 60 °C.

Synthesis of graphene oxide (GO)
Graphene oxide (GO) was prepared by the modified
Hummers method [22]. Briefly, graphite (5 g) was mixed

with H,SO, 98% (230 ml) then NaNO; (5 g) was added.
After 30 min, KMnO, (30 g) was gently added and mixed
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thoroughly and later deionized water (300 ml) was added.
The whole reaction was carried out in an ice bath under
continuous stirring to control the rapid rise in reaction
temperature. The reaction mixture was stirred till cooled
down then H,0, (30%) was added. The mixture was cen-
trifuged to and the obtained precipitate was washed sev-
eral times with 5% HCI followed by deionized water. The
obtained GO was dried at 50°C, and then crushed using
a mortar.

Synthesis of starch-g- polyacrylamide copolymer and its
nanocomposite with Fe;0, and GO

Starch-g- polyacrylamide copolymer was prepared by
dispersing 3 g of starch in 75 ml distilled water then
gelatinizing it at 100 °C for 15 min. In a test tube, 0.3 g
(CAN) was dissolved in 1 M HNO; then added to the
gelatinized starch. The reaction mixture was stirred at
60 °C under nitrogen atmosphere for 15 min to allow
the free radicals formation. A solution of AAm (3 g) and
MBA (0.07 g) was added to the reaction mixture and
allowed to react for 2 h. After that, a solution of NaOH
(4.1 g dissolved in 75 ml distilled water) was added to
the reaction mixture and stirred for 2 h at 90 °C. The
obtained grafted starch was filtered, washed several
times by distilled water and dried in an oven at 60 °C
and this sample was labeled as gSt. To prepare starch-g-
polyacrylamide/Fe;0,/GO nanocomposite the same pro-
cedure was used where Fe;O, (0.15 g) and GO (0.15 g)
were dispersed in 300 ml distilled water and this disper-
sion was sonicated using a tip sonicator for 1 h to get
a homogeneous dispersion. This dispersion was added
immediately after sonication to the starch dispersion
after the initiation step. The obtained polymer nanocom-
posite was labeled as gSt/ Fe;0,/ GO.

Characterization

Fourier transform infrared (FTIR) spectra were recorded
on a FTIR spectroscopy (FT-IR-6100 Jasco, Japan), using
KBr pellets in the range of 4000-400 cm™' at room tem-
perature with spectral resolution 4 cm~'. X-Ray diffrac-
tion analysis was carried out using X—Ray Diffractometer
(X’Pert Pro, PANanalytical, Netherlands) using Cu Ko
radiation (A=0.15406 nm) in the 20 range of 4° to 70°.
The morphology of the samples was investigated using
Field Emission Scanning Electron Microscope (FE-SEM)
(Quanta FEG 250, NL). The samples were coated with
gold before FE-SEM testing. High Resolution Transmis-
sion Electron Microscope (HRTEM) analysis was car-
ried out on a JEOL JEM-2100 Plus (USA) Transmission
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Electron Microscope. In addition, the magnetic proper-
ties of the synthesized Fe;O, and gSt/ Fe;0,/ GO were
examined using a vibrating sample magnetometer (VSM,
CRMDI) at room temperature.

Adsorption experiments

In each adsorption experiment, 0.1 g of the adsorbent was
immersed in 50 ml of Ni (II) aqueous solution with a defi-
nite initial concentration, temperature and initial pH using
HCI 0.1 M and NaOH 0.1 M solutions. The concentration
of the Ni (II) solution was measured on atomic absorption
spectrometer AAnalyst 400—PerkinElmer. The adsorption
percentage (%E) and the amount of adsorbed Ni (II) ions, g,
(mg g~ 1), were calculated as follows:

(Co - Ce)
%E = - —= % 100 (1)

o

4. = (C,~C)-(mgg— 1D @

where C, and C, are the initial and equilibrium concen-
tration of Ni(II) ions in the solution (mg L), respectively.
V is the volume of the solution (L) and m is the mass of the
adsorbent in grams.

Results and discussion
Characterization
XRD

The crystallinity and other structural properties of the investi-
gated samples were examined by XRD and presented in Fig. 1.
The XRD pattern of Fe;0, showed characteristic peaks at 2
theta values of 30.3, 35.5, 43.2, 53.3, 57.4 and 62.7 corre-
sponding to (220), (311), (400), (422), (511), and (440) planes,
respectively (JCPDS file PDF no.65-3107) [23]. XRD pattern
of GO showed a strong sharp diffraction peak at 26 value of
10.8 which was ascribed to (002) plan with the basal spacing
of 0.818 nm [24]. The absence of diffraction peaks in the XRD
pattern of gSt indicates the amorphous structure of the grafted
polymer. The XRD pattern of gSt/ Fe;O,/ GO nanocomposite
showed small sharp peaks around 2-theta values of 35 and 62
which revealed to Fe;0, crystals. However, the other charac-
teristic diffraction peaks were not obvious probably due to the
small content of Fe;0O, in the nanocomposite which results in
low intensity for these diffraction peaks. In addition, the sharp
characteristic peak of GO did not appear in gSt/ Fe;0,/ GO
nanocomposite which attributed to either the complete exfo-
liation of GO sheets in the polymer or the partial exfoliation
leaving a small amount of crystalline GO [25].

Fig.1 XRD patterns of
synthesized samples (a) GO;
(b) Fe;0,; (c) gSt/ Fe;0,/ GO
nanocomposite and (d) gSt
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FT-IR

FT-IR spectra of both synthesized samples are shown
in Fig. 2. The characteristic peak around 3440 cm™ cor-
responds to stretching vibrations of O—-H and N-H bonds
where the intensity of this peak was greater in the case of
gSt/ Fe;O,/ GO nanocomposite due to the extra hydroxyl
groups from GO sheets. The peaks at 2860 and 2930 cm™'
belong to the stretching vibrations of aliphatic C—H [26].
The peak at 1630 cm™! is attributed to the stretching vibra-
tion of C=0 of acrylamide -CONH, group [27]. The
observed peak at 1050 for both samples belongs to C-O,
however, this peak was broadened in the case of gSt/ Fe;0,/
GO nanocomposite due to the presence of GO [28]. In the
case of gSt/ Fe;0,/ GO nanocomposite, The additional peaks
at 1450 cm™! (aromatic C=C), 1550 cm™! (asymmetric
COO) and the shoulder at 1410 cm™' (symmetric COO) con-
firm the incorporation of GO in the nanocomposite sample
[29]. The peaks around 660 cm™ in the case of gSt/ Fe;0,/
GO nanocomposite belongs to stretching vibration of Fe—O
bond which confirms the presence of Fe;0, nanoparticles in
the polymeric matrix [27].

FE-SEM
Figure 3 shows the SEM micrographs of gSt/ Fe;0,/ GO.

As shown in Fig. 3a the sample surface exhibits homog-
enous distribution for Fe;O, aggregates (light color) where

the image shows a GO sheet within the polymeric matrix
that is covered homogeneously with Fe;O, aggregates. Fig-
ure 3b showed large clusters of Fe;0, aggregates on the
polymeric surface. These results indicated that the magnetite
is homogeneously distributed on the polymeric surface as
aggregates; however, some areas on the surface are heavily
covered with aggregated Fe;0,,.

HRTEM

Figure 4 illustrates the HRTEM image for gSt/ Fe;O,/ GO
nanocomposite. The dark areas represent GO sheets where
the dark spheres that are distributed on its surface are Fe;0,
nanoparticles while the light background represents the pol-
ymeric matrix. Images show that th+e Fe;0, nanoparticles
have diameters ranging from 7 to 9 nm. It was observed that
Fe;O, nanoparticles mainly decorate the GO sheets which
suggest an interaction between Fe;O, and GO through
Fe—O-C bonds as mentioned previously by other authors
[30]. This was attributed to the sample preparation method
at which Fe;0, was dispersed in GO suspension and the
mixture was sonicated for enough time to interact with each
other before addition to the polymer.

VSM

The magnetization curve of Fe;0, and gSt/ Fe;O,/ GO nano-
composite are shown in Fig. 5. The saturation magnetization

Fig.2 FTIR spectra of gSt and
gSt/ Fe;0,/ GO nanocomposite
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Fig.3 SEM micrographs of St/
Fe;0, / GO nanocomposite

7/13/2016 mode
3:28:00 PM SE 45 u.

Fig.4 HRTEM image of gSt/
Fe;0,/ GO nanocomposite
sample

was 98.56 and 0.95 emu g~ for Fe;0, and gSt/ Fe;0,/ GO
respectively. In addition to the coverage of Fe;O, nanoparticles
by the polymer, the low content of Fe;O, leads to a negligible
saturation magnetization value for the nanocomposite. The
saturation magnetization value is measured per g of materials
then its value is proportional to the content of Fe;O, per gram
of nanocomposite [31].

TS 5 ————————— 20 um

82.9 pm | 10.0 mm CMRDI

Adsorption studies

Adsorption and pH dependence
The pH of the adsorbate solution deeply affects the adsorp-

tion capacity because it affects the charge of the adsorbent
surface and the degree of ionization of the functional groups
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Fig.5 VSM patterns of the syn- 100

thesized (a) Fe;0, and (b) gSt/
Fe;0,/ GO nanocomposite
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on the adsorbent. To investigate the effect of initial pH of Ni
(II) ions solution on the adsorption (%E) of the synthesized
samples, 0.1 g of each adsorbent was immersed in 50 ml of
Ni (II) ions solution (20 mg L) with initial pH 2, 3, 4, 5,
and 6 for 24 h at 20 °C with continuous shaking. Figure 6
shows how the adsorption (%E) is changed with the initial

@ Springer

pH of Ni (I) ions solution. As shown, both samples showed
the lowest adsorption (%E) at pH 2 which was attributed to
the protonation of NH, of polyacrylamide side chains those
results in the repulsion of the cationic species Ni (II) ions. In
addition, in strong acidic mediums, H* ions present in excess
in the solution and hence compete the Ni (II) ions. At all
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studied pH values, gSt/ Fe;0,/ GO nanocomposite showed
greater adsorption (%E) than gSt. In the case of gSt/ Fe;0,/
GO nanocomposite, the presence of GO sheets with plenty
of OH groups provides extra hydrophilicity that increases
the degree of swelling. In addition, the presence of Fe;0,
restricts the H bonding which also enhances the swelling and
hence the adsorption efficiency [32].

Effect of contact time

Figure 7 shows the change of adsorption (%E) of the synthe-
sized samples with the contact time. The maximum adsorp-
tion capacity (q,) attained after 24 h was detected experi-
mentally as 9.028 and 9.5 mg g~! for gSt and gSt/ Fe,O,/
GO respectively. During the first 30 min of the adsorption
reaction, the adsorption (% E) reached 61.2, 64.5% for gSt
and gSt/ Fe;0,/ GO respectively which was attributed to
the availability of most of the active sites on the adsorbent
surface. As the adsorption reaction precedes, the available
active sites on the adsorbent decrease, so the rate of adsorp-
tion process slows down.

Effect of initial concentration

To investigate the saturation capacity of the adsorbent,
adsorption experiments were carried out using Ni (II) solu-
tions of different initial concentrations. In each experiment,
0.1 g adsorbent was soaked in a Ni (II) solution of concen-
tration range (20—500 mg L), pH 5 at 20 °C for 24 h with

shaking. The obtained equilibrium adsorption capacity (q,)
is plotted versus the different initial Ni (II) concentration
and presented in Fig. 8. It is obvious that as the initial con-
centration of Ni (II) ions increased from 20 to 500 mg L,
q. increased from 9.08 to 195 mg g~ for gSt and 9.72 to
290 mg g~! for gSt/ Fe;0,/ GO. Up to initial concentration
500 mg L1, the samples did not show saturation as increas-
ing the initial concentration of the Ni (I) ions enhances the
mass transfer from the solution to the adsorbent as a result
of the concentration gradient.

Adsorption kinetics and mechanism

The kinetic studies for adsorption of any pollutant from
aqueous solutions on/onto solid adsorbent indicate the
adsorption reaction pathway. To investigate the kinetics of
the adsorption reaction, the well-known pseudo—first-order
and pseudo—second-order models were used to interpret the
experimental results. Also, the intra-particle diffusion model
was used to analyze the experimental results to explore the
adsorption mechanism.

Pseudo-first-order model

The pseudo—first-order model has been extensively used to
study the adsorption in liquid—solid systems based on the
sorption capacity of solids. The linear form of this model
is expressed as:

Fig. 7 Effect of contact time 100
on adsorption (% E) [adsorbent
dose, 0.1 g; Ni (I) solution
concentration, 20 mg L', initial @)
pH, 5.0 and 20 °C for 24 h] o
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where g, is the amount of pollutant adsorbed (mg g™') at
any time ¢ and ¢, is the amount of pollutant adsorbed (mg
g1 at equilibrium, and k, (min™") is the rate constant of the
adsorption process. The rate constant k; is detected from the
slope of the straight line obtained from plotting log (g, — q,)
Vversus t.

Pseudo-second-order model

The pseudo—second-order equation is expressed as:

t 1 1

_— = 4 — 4
4q; kzqg kzqﬁ @

where g, and g, are the same as in the previous model and
k, is the pseudo—second-order rate constant of the adsorp-
tion (g mg~! min™"). Plotting #/g, versus t produces a straight
line with intercept = the rate constant (k,) and slope=1/ g,

T T T T

200 300 400 500

Initial concentration (mg L'1)

The parameters obtained from both models are pre-
sented in Table 1. As shown, the experimental results fit
well the pseudo—second—order model where the correlation
coefficients (R?) values were close to unity. Also, the theo-
retical g, values detected from the pseudo—second-order
model were very close to the experimental results. On the
other hand, analyzing the experimental results using the
pseudo—first—order model gives lower values for the corre-
lation coefficient (R%) and very low values for g, compared
to the experimental values. These results indicate that
the adsorption process follows the pseudo—second-order
model, where the adsorption of Ni (II) ions occurs on an
energetically heterogeneous surface. The rate constant (k,)
values detected from pseudo second-order model indicate
that the rate of adsorption on gSt/ Fe;0,/ GO was slightly
greater than that on gSt. This is attributed to the pres-
ence of GO sheets as well as Fe;O, nanoparticles which
enhances the adsorption.

Table 1 Kinetics parameters for the adsorption of Ni (II) ions (20 mg g~), pH 5, 20° C for 24 h

Adsorbent Pseudo-first-order Pseudo—second-order
q. [experimen- qmgg™) K, X10*(min™!) R? q@mgg™  H(gmglmin!) R2
tal] (mg g™
aSt 9.028 1.528 5.093 0.908 9.175 34.017 0.999
gSt/ Fe;0,/ GO 9.500 1.446 2.650 0.811 9.615 37.846 0.999
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Adsorption mechanism

The experimental adsorption data were examined using
the intra-particle diffusion model to predict the adsorp-
tion mechanism and the rate determining step. This model
assumes that the intra-particle diffusion process is the rate
determining step and its rate can be detected using the fol-
lowing expression [33]:

g, =kt'*+C 6))

where k; is the rate constant of intra-particle diffusion (mg
g min™"?) and C (mg g™') is an indicator for the boundary
layer thickness and as the boundary layer effect increases,
the value of C increases. According to this model, if plotting
q, versus the square root of time (t"?) yields a straight line
passes through the origin then the intra-particle diffusion is
the rate determining step. If the straight line deviates from
the origin, then the intra-particle diffusion is not the only
rate determining step. On the other hand, if the plot showed
two or more overlapping lines, then two or more stages are
controlling the adsorption process [22]. Figure 9 shows the
intra-particle diffusion plot obtained from the experimental
adsorption results. The plot showed three regions with three
overlapping lines which indicate a three stages adsorption
process with decreasing rates over the whole time range. The
first region represents the fast surface adsorption stage where
the Ni (II) ions diffuse from the solution to the surface of the
adsorbent and this step is not a rate limiting step. The second
region represents the slower intra-particle diffusion stage at
which Ni (II) ions diffuse through the bulk of the adsorbent.
The third region represents the equilibrium stage where the

gSt

0 T T T
0 10 20 30 40

%% (min"®)

rate of diffusion process slows down as a result of the low Ni
(IT) ions concentration in the solution or/and the saturation
of the adsorbent surface. These observations suggest a mul-
tistep adsorption process where the intra-particle diffusion
step is not the only rate determining stage but it influences
the adsorption rate [9].

The intra-particle diffusion rate constant k; is determined
from the slope of the line that passes through the points of
the second region in the plot and is listed in Table 2. As
shown gSt/ Fe;0,/ GO exhibited lower value for k; indi-
cating slower intra-particle diffusion. Besides, according to
obtained C values, the boundary layer thickness is greater
in the case of gSt/ Fe;O,/ GO sample. This was attributed
to the presence of the GO sheets and Fe;0, impregnated in
the polymeric matrix which may limit the rate of the diffu-
sion process.

Adsorption isotherms

The adsorption equilibrium results attained after 24 h
have been analyzed using Langmuir, Freundlich and
Dubinin—Radushkevich (D-R) isotherm models. At these
experiments, 0.1 g adsorbent was added to 50 ml Ni (II)
ions solution with different initial concentrations range from

Table 2 Intra-particle diffusion parameters for Ni (IT) ions adsorption

Adsorbent Intraparticle diffusion mod
k(mgg'min™?)  C(mgg!  R?
gSt 0.1981 5.1257 0.927
gSt/ Fe;0,/ GO 0.0735 7.5729 0.968
10
8 .
64
‘o
o
3
T 4
2
gSt/ Fe,0,/ GO
0 T T T
0 10 20 30 40
t*® (min®®)

Fig.9 Intra-particle diffusion plots for adsorption of Ni (II) ions, 20 mg L' at pH 5.0 and 20 °C for 24 h
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20 to 500 mg L~ at pH 5 and 20 °C with continuous shak-
ing for 24 h.

Langmuir isotherm

This model suggests a monolayer adsorption where the
active sites on the adsorbent have similar activation energy
and affinity to the adsorbate. This model ignores the steric
restrictions between the adjacent adsorbate species. Chem-
isorption process usually fits the linear mode of Langmuir
isotherm model which is represented as [34]:

C, 1 N C, 6
g9, bQ. qge ©)
P

L= T+0C, )

where C, and g, are the equilibrium concentration of
adsorbed species in aqueous solution (mg L™!) and on adsor-
bent (mg g™!) respectively. Q, is the theoretical capacity in
the case of complete monolayer coverage (mg g™') and b is
the Langmuir constant and it is correlated to the adsorp-
tion energy (L mg™'). The dimensionless Langmuir factor
R; could be detected using Eq. 7 where C, is the maximum
initial concentration of Ni(II) ions (mg L™"). The numerical
value for R; indicates whether the adsorption is favorable
(R; 1) or unfavorable (R; " 1).

Freundlich isotherm

The Freundlich adsorption isotherm assumes a multilayer
adsorption mechanism on the adsorbent which has several
active sites with different adsorption energies. It suggests
that the adsorbent has a heterogeneous surface with non-
uniform distribution of adsorption heat instead of exponen-
tial decrease during the adsorption process [35]. The linear
form of this model is represented as [36]:

1
1 =log k; + =log C,
ogq, =logk + ~log C, ®)

where g, and C, are similar to that in Langmuir model,
kfis the Freundlich constant is an indicator for the extent of

adsorption or adsorption capacity [mg g~ (mg L™))"] and
lin is an empirical parameter related to the energetic het-
erogeneity of the adsorption sites (dimensionless). The con-
stants k,and 1/n can be detected from the intercept and the
slope of log (g,) versus log(C,) plot. 1/n value lies between
zero and 1 and the closer the value to zero the more hetero-
geneous surface is [9].

Dubinin—-Radushkevich Isotherm

Dubinin—Radushkevich (D-R) isotherm is usually used to
investigate the type of adsorption either physical or chemical
in nature through the detection of the apparent free energy of
adsorption. In general, this model is suitable for the adsorp-
tion processes that occur on heterogeneous surfaces with a
Gaussian energy distribution. The linearized expression of
this model is written as:

Ing, =In 4d-r) — ﬂez 9)

1
€ =RT ln(l+6) (10)

e

1
E=$ (11)

where ¢, and C, are similar to that in Langmuir
model, g,_g, is the theoretical adsorption capacity (mg
g7 1),e is Polanyi potential and f is a constant related to
the mean free energy of adsorption per one mole of the
adsorbate (mol® kJ™2). R is the universal gas constant
(0.008314 kJ K~! mol™") and T is the absolute temperature
of adsorption experiment (K). E (kJ] mol™') is the mean free
energy per molecule of adsorbate when it migrates from
the bulk of the solution (infinity) to the adsorbent surface
and its numerical value suggests the nature of adsorption
process. If E value ranges from 8 and 16 kJ mol™" then it is
a chemisorption process while E value less than 8 kJ mol~!
indicates that the adsorption is physisorption process [9].

The resulted parameters from fitting the experimental
adsorption data with the three models are summarized in
Table 3. Up to 200 mg 17! of Ni (II) ions solution initial

Table 3 Langmuir, Freundlich and Dubinin—Radushkevich (D-R) isotherms parameters

Adsorbent Langmuir mode Freundlich model D-R isotherm
b Qunax R? K; 1/n R? E (k'mol™') QD-R (mgg™)) R2
(Lmg™") (mgg™) ((mg g~y
(mgL™H"
gSt 0.014 299.034  0.763 2.304 0.710  0.982 0.605 46.872 0.905
¢St/ Fe;0,/ GO 0.020 417.104  0.537 3.208 0.636  0.976 >1.435 >49.393 0.906
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concentration, both Freundlich and Langmuir models fit the
experimental data and exhibit comparable R? values (R~
0.96). This is attributed to the high adsorption capacity of
the adsorbent and the low concentration of the adsorbate
which results in both isotherm equations approach a lin-
ear form. Additional isotherm with initial concentration of
500 mg L= of Ni (II) ions is carried out to explore the best-
fitted model and the results well fitted Freundlich model.
The values of 1/n confirmed the heterogeneous nature of the
surface where it was closer to zero in the case of gSt/ Fe;0,/
GO which suggests that this sample has a more heterogene-
ous surface than gSt. This is attributed to the decoration of
the polymeric matrix by the inorganic nanoparticles. gSt/
Fe;0,/ GO showed higher k; value than gSt, which reflects
that gSt/ Fe;O,/ GO has a higher adsorption capacity.

Dubinin-Radushkevich isotherm is restricted for a definite
range of adsorbate concentrations where it shows unrealistic
behavior at high concentrations and it is unable to predict
Henry’s law at low pressure [37]. Dubinin-Radushkevich
isotherm fitted reasonably the experimental data in concen-
tration range 20—150 mg L™!( R>=0.905 and 0.906 for gSt
and gSt/ Fe;0,/ GO, respectively). Both samples showed
E value < 8 kJ mol~! which suggests that the adsorption is
physical in nature.

Thermodynamics studies

For the detection of thermodynamic parameters, 0.1 g of
each adsorbent was immersed in 50 ml of Ni (II) aqueous

solution of initial concentration 60 mg L~! at different
temperatures (293, 298, 303, 313 and 323) for 24 h. Fig-
ure 10 shows that the adsorption capacity increases as tem-
perature increase up to 313 K then dramatically decreased.
These observations suggest that the adsorption process is
endothermic in nature. As temperature increases, Ni(II)
ions gain the required energy to diffuse through the poly-
meric adsorbent. Besides, increasing temperature allow the
mobility of the polymeric chains which eases the diffusion
of Ni(II) ions into the polymeric matrix. However, when
the temperature exceeds 313 K, the adsorption capacity
decreased which revealed to the low stability of the poly-
meric matrix at these temperatures. Generally, starch starts
dissolution in aqueous medium at 40 °C. Modification of
the polymer by crosslinking would enhance the stability so
the synthesized did not show dissolution at 40 °C. How-
ever, it was reported that modification of starch by graft-
ing may results in partial degradation of the chains into
shorter fragments that leach out when soaking in solutions
[38]. These results indicate that the synthesized samples
are suitable as an adsorbent for aqueous solutions only up
to 40 °C. It is important to explore the thermodynamic
parameters as entropy change (AS), enthalpy change (AH),
and Gibbs energy change (AG) for the adsorption process.
These parameters are calculated from the thermodynamic
distribution coefficient (K,) as follows:

Fig. 10 Effect of temperature on 30
adsorption capacity for initial
Ni (II) concentration 60 mg L!
at pH 5.0 for 24 h O
O O
29
O
FIO)
o)
E
(6] 28 7
(o
27 —e— gSt
o gSt/ Fe,0,/ GO
T T T T T T
290 295 300 305 310 315 320 325

Temperature (K)
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A(I yq q.
MR T “”
where A, and A are the activity of the adsorbed Ni(II)
ions and the activity of Ni(Il)ions in the solution at equi-
librium respectively. Y, and y, are the activity coefficients
of adsorbed Ni (II) ions and the Ni(II) ions in solution at
equilibrium. In the case of very dilute solutions of Ni (II)
ions, the activity coefficients approach unity so the equation

can be written as:

= 4
C

e

K, (13)

Then the thermodynamic parameters were detected as
follows:

AG=-RT K, (14)
AS AH

1 K = — = —

M= R TR 13

where T is the absolute temperature in Kelvin and R
is the general gas constant (8.314 J K™! mol™). AG is

calculated from Eq. 14 while AS and AH are detected from
the intercept and the slope of the straight line obtained
from plotting In K, versus /T up to 313 K.The detected
thermodynamic parameters were listed in Table 4. The
correlation coefficient R? values for the plot of In K, ver-
sus 1/T was 0.986 and 0.956 for gSt and gSt/ Fe;O,/ GO
respectively so the calculated AH and AS values were
satisfying. As shown in Table 4, the positive values of
AH confirmed the endothermic nature of the adsorption
process. Also, AS for both samples showed positive val-
ues indicating that the adsorption process results in more
randomness, which confirmed that the adsorption of Ni(I)
ions on the samples is favorable [22]. The negative values
of AG up to 313 K suggest that the adsorption is spontane-
ous in nature. Also, increasing the temperature from 293 to
313 K resulted in more negative AG values for all samples
which indicates that the adsorption is more spontaneous
at a higher temperature. The less negative AG values at
323 K are misleading because at this temperature the dis-
solution of starch from the polymer takes place. These
results revealed that increasing the temperature promotes
the adsorption process up to 313 K.

Table 4 Thermodynamic parameters for adsorption of Ni(II) ions on synthesized samples

T(K) gSt ¢St/ Fe;0,/ GO
InKd AGUmol™) AHx10*(Umol™) AS@mol'K'>) InKd AG(@mol™) AHx10’°(J mol™") AS{J mol ' K™
203 1.5609 -3802.3820  1.8743 137.4929 25292 -6161.1384  1.8135 144.9757
208 1.8859 -4672.4206 26793 -6638.2419
303 21507 -5417.9302 2.8485 -7175.7935
313 25292 -6581.6939 3.4914  -9085.7226

Table 5 Comparison of the maximum adsorption capacity (q,,,,) at equilibrium of prepared gSt and gSt/ Fe304/ GO with previous adsorbents

for Ni(II) ions
Adsorbent max (ME/E) pH Reference
gSt 195 5 Present study
gSt/ Fe;0,/ GO 290 5 Present study
kaolinite clay 166.67 6 [39]
graft copolymers of maltodextrin and chitosan with 2-acrylamido-2-methyl-1-propanesulfonic acid 32.74 8 [40]
Peat 61.27 5 [41]
Corn cob ash 107.4 6 [42]
Magnetite/Graphene Oxide/Chitosan Nanocomposite 12.24 7 [43]
Aminopyridine modified poly(styrene-alt maleic anhydride) crosslinked by 1,2-diaminoethane 76.92 5 [44]
Cellulose acetate/zeolite composite fiber 16.95 5.5 [45]
Polymeric adsorbent form the reaction of diethylenetriamine (DETA) or pentaethylenehexamine 26.43 6 [46]

(PEHA) with 1,3,5-tris(6-isocyanatohexyl)-1,3,5-triazinane-2,4,6-trione
poly[N-(4-[4-(aminophenyl)methylphenylmethacrylamide])] 2.25 6 [47]
2-Acrylamido-2-methyl-1-propanesulfonic acid 20.30 7 [48]
Lignocellulose/montmorillonite nanocomposite 94.86 6.8 [49]
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Comparison with previous studies

To emphasize the efficiency of the prepared adsorbents, the
obtained maximum adsorption capacities of Ni(I) ions were
compared with previous studies. Table 5 shows that gSt/
Fe304/ GO exhibited high adsorption capacity of Ni(Il) ions
compared with natural and synthetic polymer nanocompos-
ites from previous studies. Accordingly, the prepared gSt/
Fe;0,/ GO nanocomposite could successfully be used for
the removal of Ni(II).

Conclusions

The utilization of starch as a low-cost biodegradable adsor-
bent for the removal of heavy metals from industrial waste-
water is a promising approach. Incorporation of magnetite
nanoparticles and GO nanosheets into the polymeric matrix
enhances the removal efficiency of heavy metals. In this
study, starch-g-polyacrylamide and its nanocomposites with
Fe;O, nanoparticles and GO have been successfully synthe-
sized and used as adsorbents for Ni (II) ions. The adsorption
kinetics fitted the pseudo-second-order model. The equilib-
rium adsorption results were well described by Freundlich
model and Dubinin — Radushkevich isotherms indicating a
multilayer coverage of Ni (II) ions on the adsorbent surface
through a physisorption mechanism. The adsorption occurs
in three steps that starts with surface adsorption followed by
intra-particle diffusion and finally equilibrium. The thermo-
dynamic analysis showed that the adsorption is endothermic,
spontaneous and leads to more disorder. The synthesized
samples showed removal (%) of Ni(II) ions from aqueous
solutions up to 90 and 95% on gSt and gSt/ Fe;0,/ GO
respectively. These results suggested that gSt/ Fe;O,/ GO is
a powerful adsorbent for Ni (II) ions from aqueous solutions.
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