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ABSTRACT 
 

In this work, graphene oxide (GO) was firstly prepared using a modified Hummers method from 
natural graphite powder. Samples of graphene oxide crosslinked chitosan nanocomposites with different 
molar ratios of graphene oxide (GOCH) were prepared. The morphology, crystalline structure and molecular 
structure of the prepared nanocomposites were investigated using different analytical methods. SEM 
micrographs revealed that the addition of GO to chitosan increases folding and roughness of the composites 
surfaces which in turn leads to an increase in the surface area. The FTIR spectrum of GO proved that there is a 
chemical interaction between GO and the chitosan chains talk place via hydrogen bonding. The batch 
experiments were carried out for adsorption of Pb

+2
 onto the prepared nanocomposites. The adsorption 

results showed that the optimum pH value was 5. While the optimum initial dose of adsorbent material was 
0.2 gram. It was concluded that the addition of GO can obviously enhances the adsorption features of 
chitosan. Also, the adsorption kinetics of the nanocopmosites were discussed.  
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INTRODUCTION 
 

Because of the toxic effect to the human beings and other animals and plants in the environment, 
contamination with heavy metal of various water resources is of great concern.  Although heavy metals are 
natural components of the Earth's crust, their concentrations in an aquatic environments have increased due 
to mining and industrial activities and geochemical processes. Heavy metals are common in industrial 
applications such as the manufacture of pesticides, batteries, mining operations, alloys, metal plating facilities, 
textile dyes, tanneries, etc [1]. 

 
Different treatment techniques for wastewater laden with heavy metals have been developed in recent 

years to decrease the amount of wastewater produced and to improve the quality of the treated effluent. 
Although various treatments such as chemical precipitation, coagulation–flocculation, reverse osmosis, ultra-
filtration, electro-dialysis flotation and ion exchange can be employed to remove heavy metals from 
contaminated wastewater, they have their inherent advantages and limitations in application [2-11]. Among all 
of the methods, the adsorption seems to be a more suitable method for the adsorption of heavy metals due to 
low cost, simply operating, no or little use of organic solvents, and high efficiency [12-15]. 

 
Ideal graphene is a 2D crystal composed of monolayers of carbon atoms arranged in a honeycombed 

network with six-membered rings. Graphene has become a sparkling rising star on the horizon of materials 
science due to its extraordinary electrical, thermal, and mechanical properties. Graphene oxide (GO) has 
gained an explosion of interest and opened up a new research area for material science. Recent researches 
have indicated that GO proved to be a promising material to adsorb metal ions due to their extraordinary 
mechanical strength and relatively large specific area [16-18]. 

  
    Chitosan, the linear cationic aminopolysaccharide, among biosorbents is the most abundant biopolymer in 
nature after cellulose. Owing to the outstanding properties of chitosan, such as nontoxic, biocompatibility, 
hydrophilic, antibacterial activity, it has been extensively used in various fields, such as biomaterials, textile, 
drug delivery, environmental protection, and metallurgy [19-22].  
 

Chitosan, composed mainly of poly(b-1-4)-2-amino-2-deoxy- D-glucopyranose, is obtained from 
deacytylation process of chitin. The amine and two hydroxyl groups on each glucosamine monomer act as 
adsorption sites, especially the amine groups which are strongly reactive with metal ions. Therefore, chitosan 
has high adsorption capacity but due to its low porosity, weak mechanical property and easily soluble in 
slightly acidic medium; its fullest capacities are not met. Many modifications such as physical and chemical 
modifications can be carried out to chitosan in order to increase its adsorption capacity. Physical and chemical 
modifications can prevent dissolution of chitosan in acidic medium and improve the mechanical strength. One 
of the most spread chemical modifications is crosslinking process, grafting of a new functional group and 
acetylation [23-25].  

 
Based on favorable adsorption properties of graphene oxide (GO), and inherent properties of chitosan 

some researchers have explored the possibility of graphene oxide / chitosan composite as biosorbents [26-31]. 
 

Therefore, in our laboratory, effort has been made to fabricate adsorptive graphene oxide crosslinked 
chitosan beads and investigate its molecular structural. Also the factors controls the efficiency of the prepared 
nanocomposites will be studied; these factors included the molar ratios between GO and chitosan, initial pH 
value of the adsorbate solution, initial absorber dose and contact time. In addition the adsorption kinetics will 
be study in order to found the suitable kinetic model able to describe the adsorption process. 
 

EXPERIMENTAL 
 

Materials 
 

Graphite powder with a size less than 20µm was purchased from Sigma-Aldrich. Chitosan (low 
molecular weight 150000) and hydrogen peroxide were bought from ROTH, Germany. Sodium tripolyphoshate 
(Na5O10P3) were purchased from Sigma-Aldrich, USA. Sulphuric acid (98%) was obtained from Fisher. Sodium 
nitrate (99%) was purchased from ACROS, Belgium. All the reagents were of analytical grade or highest purity 
available, and used without further purification. Doubly distilled water was used throughout the experiments.  
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Synthesis of graphene oxide (GO) 
       

Purified graphite was used to prepare GO according to the well-known Hummer’s method with some 
modification [32]. Firstly, 5.0 g of graphite powder and 115 mL 98% H2SO4 were put into a 5 L flask. The 
mixture was kept at an ice-water bath in order to keep the temperature around 0°C with continuous stirring 
until the graphite full dissolved. Then 2.5 g of NaNO3 was added, after 10 min 15 g of KMnO4 was added by 
batch addition while stirring. Then the flask was kept at 35°C for 3 h. After 3h, 230 ml of distilled water was 
slowly added, and the temperature of the mixture was kept at 98 °C for 20 min. Then, the reaction was 
stopped by adding distilled water (700 mL) and H2O2 (50 mL, 30 %) The solution's color transformed to brilliant 
yellow. The obtained powder was washed, filtered, and dried at 60 °C for 24 h. 
 
Preparation of graphene oxide crosslinked chitosan beads (GOCH) 
 

Certain amount of the prepared GO powder was dispersed into 200 ml 1% (v/v) acetic acid solution 
and treated by ultrasound for 15 min at room temperature. 4.0 g of chitosan powder was added into the 
suspension under stirring until it was completely dissolved and mix with GO uniformly.  

 
After rested for 1 h, the well-distributed suspension was dropped into 0.05 M of TPP aqueous solution 

using a 0.8 mm diameter injector and the injection rate was about 150 ml/h the beads were formed 
immediately in the TPP solution and kept overnight to solidified then collect the prepared beads and washed 
several times by ultrapure water until the pH value of the water was nearly neutral. Finally, the beads were 
isolated by filtration and were left to air-dry in Petri dish for two days then collected and saved in closed vile.  
 

A series of graphene oxide / chitosan composites beads coded as H5, H10, H15, and H20 were 
prepared by varied the weight of GO into the composite as 5 wt%, 10 wt%, 15wt % and 20 wt% respectively. In 
addition, cross-linked chitosan, coded as H0, was also prepared according to the same method without adding 
GO. 
 
Batch experiments 
 

In the pH studies, 0.05 g of the prepared beads and 100mL lead solution (20 ppm) with a range of pH 
values from 3.0 to 6.0, which was adjusted with 0.1M HCl or 0.1M NaOH solution, Adsorbent dosage 
experiments were conducted by shaking 100 mL Pb

2+
 solutions (20 ppm) with different masses of the prepared 

beads (0.05- 0.2 g) at room temperature for 2 h. In kinetic experiments and to study the effects of contact 
time, 0.2 g of the adsorbent was added to a 100 mL solution of Pb

2+
 (20 ppm) and shaken at room 

temperature. Samples of 1 mL were taken at predetermined time intervals for the analysis of the lead ions in 
the solution. All the batch experiments were performed in pent replicate and the average data were used in 
data analysis. 
 
The adsorption capacity of the adsorbent beads was calculated using equation (1): 
 

 
 

Where Co is the initial concentration of Cd (II) (mg/L), Ce is the final concentration of Cd (II) (mg/L), V 
is the volume of the heavy metal ions solution (L) and W is the weight of dry beads (g). The percentage of 
removal for Pb (II) was calculated using equation (2): 
 

 
 
Characterizations 
     

Jasco FT/IR-430 Fourier Transform Infrared Spectrometer was used for recording the IR spectra. 
Spectra were recorded in a spectral range of 4000–400 cm

-1
, resolution 2 cm

-1
 and scan speed 2mm/sec. The 

structure of GO nanocomposites were investigated by Broker D8 Advance, Germany X-ray diffraction (XRD) 
with CuKα 40kV/40mA and an incidence angle of 0.5° with wavelength equal to 1.5418 A°. The diffraction 
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patterns were recorded automatically with a scanning rate of 2θ=2 (deg/min). The samples were observed 
using a ((JEM-1230FX, JEOL Co., Tokyo, Japan) operated at 120 kV. High magnification (20Kx, 150Kx) bright field 
(BF) images and selected area diffraction (SAD) patterns were recorded) transmission electron microscope. 
SEM characterization was carried out using a Quanta FEG 250 type instruments in vacuum environment. The 
solutions obtained in the adsorption process were analyzed using flame AAS. The instrument applied was a 
Thermo Elemental SOLAAR M6 Series atomic absorption spectrometer. Element content of aqueous solutions 
was determined with hallow cathode lamps. 
 

RESULTS AND DISCUSSION 
 

 Morphological structure of graphene oxide crosslinked chitosan nanocomposites (GOCH) 
 
The morphological structure of GO nanosheets was investigated through HR-SEM and HR-TEM 

observations. Figure 1 displays that raw graphite consists of randomly aggregated, thin, crumpled sheets 
closely associated with each other, while, GO nanosheet as it shown in figure 2, appears flat and transparent 
with some wrinkles and folding on the surface, which may be attributed to deformation upon the exfoliation 
and restacking processes of graphite.  

 
Independent GO nanosheets were observed through HR-TEM micrographs (fig 3). The individual 

nanosheets have sizes extending from tens to several hundreds of square nanometers. 
 

 
 

Figure 2: HR-SEM micrograph of GO powder 

 
 

Figure 1: HR-SEM micrograph of 
graphite powder 

 

 
 

Figure 3: TEM micrograph of GO 

 
SEM micrograph of crosslinked chitosan, sample H0, reveals that the surface of the sample is very 

smooth and shows no cracks as it is shown in figure (4). Carful investigation of TEM figure (9) reveals that the 
cross linked chitosan has average particle size about 50 nm. It could be concluded that the process of 
crosslinking reduced the particle size of chitosan to nano-scale particle size.  
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Figures 5-8 represent the HR-SEM micrographs for GOCH samples H5, H10, H15 and H20 respectively. 
The presence of GO in crosslinked chitosan composite obviously changed the surface morphology by a great 
deal. There are dramatically increasing in the roughness as well as a clear large folding and deep groves as the 
GO increases. The HR-TEM micrographs of GOCH samples H10 and H20 are shown in figures 10 and 11 
respectively. The images show that GO well exfoliated within chitosan matrix with nanoscale size.     

 

 
 

Figure 4: SEM micrograph of crosslinked chitosan(H0) 

 
 

Figure 5: SEM micrograph of GO chitosan composite 
(H5) 

 

 
 

Figure 6: SEM micrograph of GO chitosan composite 
(H10) 

 
 

 
 

Figure 7: SEM micrograph of GO chitosan composite 
(H15) 

 

 
 

 

 
 

Figure 8: SEM micrograph of GO chitosan 

composite (H 0) 
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Figure 9: TEM micrograph of 
crosslinked chitosan(H0) 

 
 

Figure 10: TEM micrograph of GO 
chitosan composite (H10) 

 

 
 

Figure 11: TEM micrograph of GO chitosan composite (H20) 

 
Infrared spectrum of GOCH  

 
Figure 12 displays the FTIR spectra of GO, Chitosan Powder (CH) and GOCH. The FTIR spectrum of GO 

shows a high broad band at 3400 cm
−1

 related to the stretching vibration of the hydroxyl group O–H. The 
absorption band at 1710 cm

−1
 was ascribed to C=O while the peak found at 1620 cm

-1
 can be assigned to the 

C–C stretching and absorbed hydroxyl groups in the GO. The small absorption band at 1520 cm
−1

 is related to 
the vibration of C–C stretching vibration in graphitic domains found in S

-1
.  C–OH (1392 cm

−1
) and C ̶ O ̶ C (1036 

cm
−1

) are also clearly observed. These main characteristic peaks of GO are similar to those reported in the 
literature [33-35]. The FTIR spectrum of GO reveals the presence of the oxygen-containing functional groups, 
which include bands at 3400 cm

−1
 (stretching vibration of the hydroxyl group O–H) 1036 cm

-1
 (C–O stretching 

vibration of epoxide) and 1710 cm
-1

 (C=O stretching of carbonyl and carboxyl groups at edge s of the GO 
networks). 

4000 3500 3000 1500 1000 500

Wave number [cm
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Figure 12: FT-IR spectra of GO, Chitosan Powder (CH) and GOCH.  
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The infrared spectrum of chitosan powder is shown in figure (12).  Careful examination of chitosan 
spectrum reveals that the major peak located at 3440 cm

-1
 is due to the overlapping of O–H and N–H 

stretching vibrations bands, the peak at 2921 cm
−1

 is assigned to aliphatic C–H stretching vibrations, the peaks 
at 1650 and 1590 cm

-1
 are attributed to the secondary amide C=O bond of the remaining acetamido groups 

(Amide I) and the –NH bending vibration of NH2 groups (Amide II), respectively. The peak at 1420 cm
-1

 can be 
assigned to C–H bending vibration, while the peaks at 1255 and 1152 cm

-1
 are due to the C-N stretching 

vibrations. The remaining peaks at 1093 and 1043 cm
-1

 are attributed to the C-O stretching vibrations in C–OH. 
These assignments are in good agreement with those reported in the literature [36-37] 

 
Figure (12) displays the major absorption peaks of the ordinary spectrum of cross linked chitosan 

appear at 3432 cm
-1

 which is attributed to overlapping of  O-H and N-H stretching vibrations.  
 
The band at about 1640 cm

-1
 is attributed to P=O of the –POH groups found in the tripolyphosphate 

molecule. NH3
+
 in C-TPP beads is expressed by the peak at 1549 cm

-1
. Besides the characteristic peaks of 

chitosan powder the crosslinked chitosan spectrum exhibits a new peak at 1253 cm
-1

 which is assigned as P=O 
stretching. The peak at 1324 cm

-1
 is a characteristic peak for the N- acetyl glucosamine while the peak at 888 

cm
-1

 corresponds to the characteristic absorption of β-d-glucose unit. These results are in good agreement 
with the assignments reported in the literature [26]. 

 
The previous discussion confirmed that the crosslinking of chitosan produces the following changes in 

the spectral features of chitosan. The presence of a new peak at 1253 cm
-1

 indicates the presence of P=O 
molecules. The peak at 1590 cm

-1
 corresponding to N-H vibration in chitosan spectrum shifted to 1549 cm

-1
. 

The last frequency is attributed to NH3
+
. This peak supports the idea that crosslinking process is formed by 

attaching two chitosan molecules to each other through NH3
+
 group and through TPP molecule as is shown in 

figure (12). It is clear from the spectrum of chitosan powder that all peaks related to N- atoms are affected by 
crosslinking process which supports the previous mentioned idea. 

 

2000 1800 1600 1400 1200 1000 800 600
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Figure 13: Deconvoluted FT-IR spectra of GO and graphene oxide crosslinked chitosan beads. 

 
The FT-IR spectra of graphene oxide crosslinked Chitosan beads show a combination of characteristics 

similar to that of the pristine chitosan and graphene oxide which include the broad absorption band located at 
3400cm

−1
 assigned to the mixture of the amine stretch from the chitosan and to the OH groups in graphene 

oxide. The deconvoluted spectra show that the peak at 1620cm
−1

, which is assigned to the COOH groups of 
graphene oxide, is downshifted compared to pristine graphene oxide due to hydrogen bonding between the 
graphene oxide and hexatomic ring of the chitosan. The peak in the region about 1060cm

−1
 is indicative of C–

O–C stretching from the graphene oxide layers. The FT-IR results indicate the existence of a chemical 
interaction between chitosan and graphene oxide via hydrogen bonding. 

 
X-ray diffraction of composite GOCH 

 
Figure (14) presents XRD patterns of the pure graphite powder, GO and GOCH. Careful analysis of the 

figure reveals that the XRD pattern of the pure graphite exhibits a high intensity peak around 26.7° 
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corresponding to the graphitic structure (002). After the oxidation and exfoliation process, this peak 

disappears in the XRD pattern of the GO and a new peak is observed at 2θ = 11.4◦ , corresponding to the (0 0 1) 

plane reflection of GO, which indicates that graphite was converted into GO. The calculated interlayer spacing 
of GO is 0.798 nm, which is much larger than that of graphite (0.336 nm). The larger interlayer distance of GO 
could be attributed to the oxide induced oxygen containing functional groups such as hydroxyl, epoxy and 
carboxyl These assignments are in good agreement with those reported in literature [38-42].  
 

 
 

Figure 14: XRD pattern of graphite, graphene oxide and GOCH.  
 

All of GOCH composites samples display a broad peak at 2θ = 20.5° due to the amorphous state of the 
chitosan and the diffraction peak of GO is not seen in the XRD patterns of GOCH composites. This indicates 
that the amorphous structure of chitosan dominated the GO and GO was well exfoliated with chitosan in 
GOCH composites. The XRD results therefore showed the good compatibility and mixability between GO and 
chitosan in the composites, because, if GO and Chitosan had low compatibility in the composite, each 
component would show its own Crystal region in the composite and the X-ray diffraction patterns should show 
a simply mixed pattern of GO and Chitosan. These results are in good agreement with the results reported by 
D Han et al [35]. 
 
Study of the factors affecting the efficiency of the Adsorption capacity of GO-Chitosan beads (GOCH):  

 
Effect of pH value 
 
 

 
 

Figure 15: effect of pH value on the adsorption capacity GOCH. 
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As it shown in fig 15, the pH profile shows that the removal of Pb(II) ions increases as the solution pH 
increases and it reaches the maximum value at a pH of 5. An appreciable decrease in the adsorption capacity is 
observed after pH 5. At low pH values, the negative sites of the adsorbent was occupied by the H

+
 and H3O

+
 

ions which leads to a reduction of vacancies for Pb(II) ions and consequently causes a decrease in Pb(II) ions 
adsorption. As the solution pH was increased, the ability of Pb(II) ions for competition with protons was also 
increased. Although the adsorption of metal ions was found to be raised by increasing solution pH, further 
increment of pH caused declining in adsorption due to the formation of metal hydroxides. However, a pH value 
of 5.0 was chosen as optimum for further experiments to avoid the formation of metal hydroxides.  
       
Influence of initial adsorbent doses 
 

 
 
 

Figure 16: effect of the initial adsorbent dose in (mg) on 
 

Adsorption capacity (mg/gw) of GOCH 
 

It can be seen from the figure (16) that the removal of Pb(II) ions increases with increasing GOCH dose 
due to the availability of more binding sites on the beads surface and reaches almost a constant value which 
may be due to the reduction in concentration gradient and also due to overlapping or aggregation of 
adsorption sites resulting in a decrease in total adsorbent surface area. Further adsorption equilibrium study 
will be conducted using 0.2 g beads for which the adsorption capacity was the highest. 
 
Influence of contact time 
 

 
 

Figure 17: The relation between contact time and the adsorption capacity (mg/gw) of GOCH. 

 
Generally, as it shown in figure (17), the removal of Pb(II) ions is initially rapid, but it gradually 

decreases with time until equilibrium is reached. The removal of Pb(II) ions is higher at the beginning due to 
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the availability of more active sites for the adsorption of the lead(II) ions. As the active sites become 
exhausted, the rate of uptake of Pb(II) ions is controlled by the rate of transport of Pb(II) ions from the exterior 
to the interior sites of the adsorbent.       
 

Also it can be seen from the figure that the adsorption capacity is influenced by the composites molar 
ratios, the maximum adsorption capacity was recorded for the samples H10 (removal percentage 90%). This 
means that concentration of 10% of the GO in the composite can enhancing the adsorption capacity of Pd(II) 
compared with the chitosan.  
 
    EDX Analysis       
 

  
 

 

 
 
 

 

 
Figure 18: EDX analysis of GO chitosan composite (H10). 

 
Figure 18 displays the EDX mapping for element distribution of GOCH sample H10 after Pb ions 

adsorption, which indicates the homogeneous distribution of (Pb) adsorbed on the polymer matrix and within 
the pores sites of the beads. It could be clearly seen that the Pb percentage in the sample showed 
homogeneous distribution and represented about 4.93 % from the total weight of the nanocomposite GOCH, 
sample H10. 
 
Adsorption kinetic Mechanisms 
 

The typical results from the kinetic adsorption study with the beads showed that high adsorption 
rates for lead ions (i.e., rapid change of concentrations with time) occurred in the initial stage of the 
adsorption process and the adsorption process finally reached the adsorption equilibrium in about 180min. 
Metal sorption kinetics are influenced by sorption reactions and the mass transfer steps that govern the 
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transfer of metal ions from the bulk of the solution to the sorption sites on the surface and inside adsorbent 
particles, i.e. external and intra-particle diffusion.   

 
For this purpose, simplified models can be used to test experimental batch data and identify the rate-

controlling mechanisms for the adsorption process. Of these models, the pseudo first-order model, the pseudo 
second-order model, and the intra-particle diffusion model are the most widely used to describe the sorption 
of metal ions. The goodness of the fit was estimated in terms of the coefficient of determination, R

2
 and 

compatibility between the calculated equilibrium adsorption capacities qe with the experimental values.  
 
Pseudo-First-Order kinetic model  

 
The Lagergren rate equation was the first rate equation for sorption in a liquid/solid system based on 

solid capacity. This equation can be linearized for use in the kinetic analysis of experimental results. The linear 
pseudo-first order kinetic model of Lagergren is given as [43]: 

 

        (3) 

 
Where qe and qt are the amounts of Pb(II) ions adsorbed onto beads (mg/g) at equilibrium and at 

time t, respectively, and k1 is the rate constant of pseudo-first order kinetic model (min
-1

). The straight-line 
plots of log (qe - qt) against t were used to determine the k1 and correlation coefficient, R

2
. Table (1) shows 

the calculated values of K1, qe (theo.), qexp (experimental) and R
2
 (correlation factor). 

 
 

 
 

Figure 19: the relation between time t (min) and Log(qe-qt) for 
crosslinked chitosan (H0) 

 

 

 
 

Figure 20: the relation between time t (min) and Log(qe-qt) for 
crosslinked GO/chitosan (H5) 

 
 

 
 

Figure 21: the relation between time t (min) and Log(qe-qt) for 
crosslinked GO/chitosan (H10) 

 

 
 

Figure 22: the relation between time t (min) and Log(qe-qt) for 
crosslinked GO/chitosan (H15) 
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Figure 23: the relation between time t (min) and Log(qe-qt)  
for crosslinked GO/chitosan (H20) 

 
Table 1: The calculated values of K1, qe (theo.), qexp (experimental) and R

2
(correlation factor). 

 

Pseudo first-order kinetic model: log (qe - qt ) = log qe – k1 . t/2.303 

 

K1 Qe qexp R
2
 

H0 0.0230 1.914 7.14 0.961 

H5 0.0161 1.462 6.115 0.946 

H10 0.0207 2.654 7.865 0.969 

H15 0.0138 1.161 6.52 0.863 

H20 0.0184 1.315 5.49 0.871 

 
Pseudo-second order kinetic model:  

 
The linear form of the pseudo-second-order equation is given by: 
 

 
 
Where qe and qt are the amounts of Pb(II) ions adsorbed onto beads (mg/g) at equilibrium and at 

time t, and k2 is the rate constant of pseudo-second order kinetic model (g/mg.min). The straight-line plots of 
t/qt against t were used to determine the correlation coefficient, R

2
. The pseudo-second order kinetic model 

was used to determine whether the rate limiting step during the adsorption process was chemisorption. This 
model was more likely to predict the behavior over whole range of contact time. Table (2) shows pseudo-
second order kinetic model calculated values of K2, qe (theo.), qexp (experimental) and R

2
 (correlation factor). 
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Figure 24: the relation between t/qt versus time t (min) 
for crosslinked chitosan (AH0) 

 

 
 

Figure 25: the relation between t/qt versus time t (min) 
for crosslinked GO/chitosan composite (H5) 

 

 
 

Figure 26: the relation between t/qt versus time t (min) 
for crosslinked GO/chitosan composite(H10) 

 

 
 

Figure 27: the relation between t/qt versus time t (min) 
for crosslinked GO/chitosan composite (H15) 

 

 
 

Figure 28: the relation between t/qt versus time t (min) 
 for crosslinked GO/chitosan composite (H20) 
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Table 2: The calculated values of K2, qe (theo.), qexp (experimental) and R
2
 (correlation factor). 

 

Pseudo second-order kinetic model: t/qt = 1/k2.qe2 + 1/qe . T 

 
K2 qe qexp R

2
 

H0 0.1303 7.512 7.14 0.999 

H5 0.1029 6.46 6.115 0.996 

H10 0.0671 8.703 7.865 0.996 

H15 0.0738 6.954 6.52 0.995 

H20 0.135 5.764 5.49 0.998 

 

Interaparticle diffusion model 
   

The adsorbate can be transferred from the solution phase to the surface of the adsorbent in several 
steps. The steps may include film or external diffusion, pore diffusion, surface diffusion and adsorption on the 
pore surface. The overall adsorption can occur through one or more steps. To investigate the internal diffusion 
mechanism during the adsorption of metal ions onto beads, the intra-particle diffusion equation has been 
used. 

 
Intraparticle diffusion is characterized by the relationship between specific sorption (qt) and the 

square root of time according to Equation (5). 
       

 …….. (5) 
 
Where qt is the amount of Pb ions adsorbed onto adsorbent material (mg/g) at time t, and kint is the 

intraparticle diffusion rate constant (mg/g min
1/2

). According to Weber and Morris [44], if the intra-particle 
diffusion is the rate-limiting step in the adsorption process, the graph of qt vs. t

0.5 
should yield a straight line 

passing through the origin. McKay and Allen [45] suggested three linear sections on the plot qt vs. t
0.5 

can be 
identified. That means that two or three steps can occur 

.  
 

 
 

Figure 29: the relation between qt (mg/g) versus square root 
of contact time t

1/2
 (min

1/2
) of crosslinked chitosan (H0) 

 

 
 

Figure 30: the relation between qt (mg/g) versus square 
root of contact time t

1/2
 (min

1/2
) of crosslinked 

GO/chitosan (H5) 
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Figure 31: the relation between qt (mg/g) versus square root 
of contact time t

1/2
 (min

1/2
) of crosslinked GO/chitosan (H10) 

 

 
 

Figure 32: the relation between qt (mg/g) versus square 
root of contact time t

1/2
 (min

1/2
) of crosslinked 

GO/chitosan (H15) 
 

 
  

Figure 33: the relation between qt (mg/g) versus square root of contact  
time t

1/2
 (min

1/2
) of crosslinked GO/chitosan (H20) 

     
The results reveal that Pb(II)  adsorption by the chitosan and the GO crosslinked chitosan beads best can 

be described by pseudo-second-order equation (R
2
 values ~ 0.996 and was very high and close to unit). The 

calculated equilibrium adsorption capacities qe were very compatible with the experimental values. Therefore, 
the Pseudo-second-order kinetic model is predominant for GOCH and the rate-limiting step was 
chemisorption. The intraparticle diffusion was not the only rate-controlling step and the adsorption of Pd(II) 
onto GOCH was a complex process [44,45].     
 

CONCLUSION 
 

Due to its large specific surface area, abundant functional groups, good dispersibility in water, relatively 
easy preparation methods and better biocompatibility, GO demonstrates the possibility of applying it as an 
excellent waste water treatment agent. From the view of environment and economy, biopolymers attract a 
strong interest as a more environmental and cost effective alternative. From the obtained data it was 
concluded that the obtained GO appeared as individual nanosheets and these nanosheets have sizes extending 
from tens to several hundreds of square nanometers. Also it was concluded that the addition of GO to chitosan 
increases folding, and roughness of composites surface that in turn lead to an increase the surface area and 
consequently enhancing the adsorption capacities of the composites. The GO showed well exfoliated within 
chitosan matrix. These applicable crosslinked beads with high porosity and spherical forms are easily swellable 
in water and demonstrated as a good adsorbent due to its high surface area.  

 
The infra red spectra showed that crosslinking of chitosan with Na-tripolyphosphate (TPP) resulted in 

the appearance of a new peak at 1253 cm
-1

 which corresponds to the attachment of TPP molecule to the 
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nitrogen atom in chitosan. In addition FT-IR spectra of GOCH composites with different molar ratios showed 
that there is a chemical interaction between GO and the chitosan chains via hydrogen bonding. 

 
The XRD pattern of graphite and GO revealed that the original graphite powders had almost been 

completely oxidized and GO has been exfoliated successfully also the XRD results reflected the good 
compatibility and mixability between GO and the chitosan. 

 
The factors affecting the adsorption capacity of the prepared composites such as pH value, initial 

adsorbent dose and contact time were investigated. The experimentally obtained results showed that the 
adsorption capacity depends strongly on pH and the optimum pH value is 5. While the optimum initial dose of 
adsorbent material is 0.2 gram. The sorption experiment study showed that GO can obviously enhance the 
adsorption property of chitosan, graphene oxide 10 wt% with chitosan composite had the largest adsorption 
removal for Pd(II) compared with the other prepared GOCH composites . The maximum adsorption removals 
were 90% for GOCH (H10) after 240 minutes. 
 

Faster adsorption rates are always desirable in all adsorption separation processes. The typical results 
from the kinetic adsorption study with the beads showed that high adsorption rates for lead ions (i.e., rapid 
change of concentrations with time) occurred in the initial stage of the adsorption process and the adsorption 
process finally reached the adsorption equilibrium in about 180min.  

 
Metal sorption kinetics are influenced by sorption reactions and the mass transfer steps that govern 

the transfer of metal ions from the bulk of the solution to the sorption sites on the surface and inside 
adsorbent particles, i.e. external and intra-particle diffusion.  In turn, these mechanisms depend on the 
physical form of the adsorbents, the intrinsic structure, the nature of the metal and the solution, as well as, 
process conditions (temperature and pH).    

 
For this purpose, Simplified models can be used to test experimental batch data and identify the rate-

controlling mechanisms for the adsorption process. Of these models, the pseudo first-order model, the pseudo 
second-order model, and the intra-particle diffusion model are the most widely used to describe the sorption 
of metal ions. The goodness of the fit was estimated in terms of the coefficient of determination, R

2
 and 

compatibility between the calculated equilibrium adsorption capacities qe with the experimental values. 
 
The Pseudo-second-order kinetic model is predominant for GOCH and the rate-limiting step was 

chemisorption.  The intraparticle diffusion was not the only rate-controlling step and the adsorption of Pd(II) 
onto GOCH was a complex process. 

 
The applicable form of GO-nanocomposites beads prepared as spherical carriers with high porosity 

structure is easily swellable in water and demonstrates a great potential in the efficient removal of lead ions 
from wastewater. In addition, from the view of environment and economy, biosorbents attract a strong 
interest as a more environmental and cost effective alternative, this method of preparation is simple, 
economical and environmental friendly.
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