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 ABSTRACT 
The aim of this study was to investigate the removal of Ni(II) using synthesized polysiloxane modified with ortho, meta and 
para nitrophenyl.  The scope of the work included  batch equilibrium, adsorption isotherm studies and kinetic studies at varying 
pH (2-12), contact time, sorbent dosages (5-10 mg) and initial metal ion concentration (5-50 mg/L). The development of batch 
kinetic model and determination of order, desorption studies were investigated. The maximum removal of Ni(II) is found to be 
89.6 % at pH 8, The best removal was of 94% at temperature = 10 oC.  The removal of nickel followed Langmuir model 
adsorption and was pseudo second order. The capacity of the first and second regenerated polymer for removal of nickel 
showed 84.3 and 82.9 % for the second and third generation respectively 
 
Keywords:- wastewater, adsorption, polysiloxane, desorption, nickel, kinetics 

1. INTRODUCTION 
The source of nickel pollution is industrial processes such as connecter, lead frame,  electroplating, plastics 
manufacturing, metal finishing, nickel-cadmium batteries, fertilizers, pigments, mining and metallurgical operations 
[1]. Therefore, it is necessary to develop effective and inexpensive methods to remove and/or recover nickel [2]. 
Conventional methods for the removal of Ni(II) from wastewaters include chemical precipitation, activated carbon 
adsorption, ion-exchange, chemical reduction,flocculation, filtration, evaporation, solvent extraction, biosorption, 
reverse osmosis, electrodialysis [3]. The Ni(II) concentration in wastewater has been reported up to 130 mg/ L. It can 
approach 2-900 mg/ L  in plating rinse, which is known to be one of the major toxic pollutants [4].  
 
Humans may be exposed to nickel by drinking water, eating food, breathing air or smoking cigarettes. Skin contact 
with nickel-contaminated water or soil may also result in nickel exposure. The uptake of too large amounts of nickel 
can result in the following adversely health effects: asthma and chronic bronchitis, respiratory failure, heart disorders, 
lung embolism and higher chances for the development of different types of cancers like; nose, larynx, or prostate 
cancer [5-6]. 
 
Most of the nickel compounds that are released to the environment will adsorb to sediment or soil particles and hence 
become immobile. Although in acidic ground, nickel is bound to become more mobile and hence it will often rinse out 
to the groundwater [7]. 
 
Polysiloxanes are one of the most important organosilicon polymers that are used in polymer chemistry. The silanol 
SiO(CH3)2 is the key functional group for the synthesis of these polymers. Silicon (Si) is a semi-metallic element. It 
makes up 27% of the earth's crust by mass, and it is the second in abundance in the world (after oxygen). Silicon plays 
an important role in industry. Such as, solar energy and computers.  
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The high flexibility of polysiloxanes are due to the ability of the atoms to rotate around a chemical bond. Such that, It 
considers that the bond length and angles remain unchanged throughout the process, this is called torsion flexibility. 
Also, flexibility can occur when there is a large hindrance between the non-bonded atoms where there are unfavorable 
torsion angles, called bending flexibility [8-9].  
 
In the present study the adsorption and removal capacity of nickel from water using new synthesized polysiloxane 
combined with nitrophyneyl were studied. The study took place at different parameters like pH, temperature, sorbent 
dosage and different concentrations. The adsorption models of Langmuir and Fruindlich were studied beside the 
kinetics and thermodynamics parameters. Also, we studied the regeneration process for two times and we measured the 
capacity of removal after regeneration. 

2. EXPERIMENTAL PART  
2.1 Chemical Materials 
All of the chemical substances that are employed in this work were of analytical grade and are used without any further 
purification. The required chemicals involve: silica gel (E. Merck) with particle size in the range of (70–230) mesh, 
and a median pore diameter of 60 Å, was activated for 24 hours before use by heating it at 150˚C, 3-
aminopropyltrimethoxysilane that is purchased from Janssen Chimica, ethanol, toluene, SnCl2, dichloromethane, 
acetonitrile, dry diethyl ether, HCl solution, NaOH solution,  and NiCl2.6H2O.  
 
2.2 Instrumentations 

The required instrumentations for this research include the following: shaking water bath (Daihan Labtech, 20 to 250 
rpm Digital Speed Control), pH meter (model: 3510, JENWAY), glassware, thermometer, AAS instrument, UV 
spectrometry, (model: UV-1601, SHIMADZU), IR Spectrometer (Nicolet iS5, iD3 ATR, Thermo Scientific), TGA 
(Q50 V20.10 Build 36 instrument at a heating rate of 10◦C.min-1 and in N2 gaseous atmosphere). 
 
2.3 Preparation of Silica-Immobilized Propylamine (SiNH2) 

All experimental methods for the preparation of polysiloxanes ared described in previous studies we did before [8-9]. 
In brief to prepare the (SiNH2) is to make reaction between the silylating agent (3-aminopropyltrimethoxysilane) and 
the silanol groups on the silica surface. A 25 g of  activated silica gel (SiG) suspended in 150 mL of toluene was 
refluxed and mechanically stirred under nitrogen atmosphere for 3 hours. Then, 10 mL of aminopropyltrimethoxysilane 
was added dropwise. After that, 1 g of SnCl2 was used as catalyst and the mixture was kept under reflux for 48 hours.  
The resulting solid matrix was filtered, washed with toluene and ethanol, then, it was soxhlet extracted with a (1:1) 
mixture of ethanol and dichloromethane for 24 h in order to remove the silylating reagent residue. The obtained 
immobilized silica gel was dried in vacuum at 20°C. Then a mixture of 10 g of 3-aminopropylsilica (SiNH2) with 3 g of 
each of ortho-nitroacetophenone, meta-nitroacetophenone or para- nitroacetophenone respectively in 100 mL of dry 
diethyl ether was stirred at room temperature for 24 hours. This process results in the formation of the three required 
adsorbents including (Si-o-NO2), (Si-m-NO2) and (Si-p-NO2) respectively. After being filtered, the solid products were 
soxhlet and extracted with acetonitrile, methanol and dichloromethane for 15 hours. Then, these products were  dried 
under vacuum at 70˚C over 40 hours.  
 
2.4 Batch Experiments 

A mixture of 1 mg sample of (Si-o-NO2), (Si-m-NO2) or (Si-p-NO2)  adsorbent with 7 mL of groundwater containing 
known concentration of the Ni(II) toxic metals was shaken. 
The effect of solution conditions including; contact time, temperature, pH value, the amount of modified polymer and 
the concentration of toxic metal ion was discussed. 
Atomic absorption measurements were used for the filtrate mixture of each sample in order to determine the remained 
amount of the toxic metal ion and hence investigating the extent of the adsorption efficiency. 
 
2.5 Adsorbent Regeneration 

A mixture of 20 mg sample of (Si-o-NO2), (Si-m-NO2) or (Si-p-NO2) adsorbent with 20 mL of groundwater containing 
10 ppm concentration of Ni(II) toxic metal was shaken for 5 minutes at 20 °C and pH value of 6.  
Then, FAAS measurements for the filtrate were determined, and the adsorbent after each adsorption process was 
washed with 0.1M HCl solution then with distilled water. After that, each regenerated polymer lift to dry for 24 hours 
before second using. The same technique of recovery is then used for each regenerated adsorbent in order to prove that 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org 

Volume 5, Issue 9, September  2016              ISSN 2319 - 4847 
 

Volume 5, Issue 9, September 2016                                                                                     Page 234 

the three modified silica can be used for several times with approximately no effect on the percentage removal of heavy 
metal ions in groundwater. 

3. RESULTS AND DISCUSSION 
3.1 Materials Characterization 
All materials characterization like SEM, IR, UV-Vis, 13CNMR, surface properties and thermal gravimetric analysis 
(TGA) have been done and published before [10]. 
 
3.2 Adsorption Results 
This research aimed to use the synthesized modified silicas for  removing heavy metal ions from groundwater, and 
hence to compare the adsorption efficiency of these polymers. This process is done by studying the adsorption capacities 
for nitrophenyl substituted silicas towards nickel adsorbate. The extracted concentrations of heavy metal ion was 
determined using atomic absorption measurements. 
 
After finding the remaining concentrations, the percentage removal for each adsorption process must be determined. 
This value is defined as the ratio of difference in the adsorbate concentration before and after adsorption (CI – CF), to 
the initial concentration of the metal ion in the aqueous solution (CI), as shown in the following equation : 
 

 
Where; 
CI and CF are the initial and finial concentrations of heavy metal ion in groundwater, respectively (ppm).   
The effect of solution conditions for the adsorption of Ni(II) on (Si-o-NO2), (Si-m-NO2) or (Si-p-NO2) adsorbents is 
determined. As the adsorbent is changed, the adsorption dependence on the polymer nature is investigated.   
 
3.2.1. Effect of Contact Time 
In order to establish an appropriate contact time between nickel ions and each of the adsorbents, adsorption capacities 
of Ni(II) was measured as a function of time (Figure 1).  
  

 
Figure. 1: Effect of contact time on the adsorption of Ni(II) on ortho-, meta- or para-nitrophenyl silicas (CI = 10 ppm, 

adsorbent dose = 1 mg, volume of groundwater = 7 mL, pH = 6, temperature = 20 °C). 
 
As shown in this plot, the highest percent of Ni(II) removal was for (Si-p-NO2) after 10 minutes time of shaking, this 
percentage is 79.99%. While when (Si-o-NO2) is used for removing nickel metal ions , the percent of removal is 
64.98%  and the optimum contact time is after 10 minutes. The removal of Ni(II) from groundwater using (Si-m-NO2) 
has a 76.95% as percent of metal ion removal and a optimum contact time of 20 minutes. For the three synthesized 
adsorbents, the remaining concentration of the nickel ions after each optimum contact time becomes approximately 
constant. 
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3.2.2 Effect of pH Value 
The effect of pH value on the adsorption behavior  was investigated using different pH values ranging from 2 to 12. The 
pH value was adjusted using roughly concentrations of 0.1 M HCl and 0.1 M NaOH solutions.  
A 1 mg of an adsorbent sample was added to 7 mL of the prepared standard solution with a concentration of 10 mg/L. 
The prepared mixtures were placed in shaking water bath at constant temperature (20°C), with considering into 
account the resulting optimum time for each previous adsorption process. 
 

 
Figure. 2: Effect of pH value on the adsorption of Ni(II) on ortho-, meta- or para-nitrophenyl silicas (CI = 10 ppm, 

adsorbent dose = 1 mg, volume of groundwater = 7 mL, temperature = 20 °C). 
 
The effect of pH value on Ni(II) removal efficiency on different adsorbents is shown in (Figure. 2). These studies were 
conducted at the optimum contact times for (Si-o-NO2), (Si-m-NO2) and (Si-p-NO2) with varying the pH value of the 
solution. 
 
For (Si-p-NO2) matrix, the percentage adsorption increases with pH to attain a maximum at pH 8, and thereafter it 
decreases with further increase in the value of pH. This adsorbent has the maximum percent of Ni(II) removal that is 
89.59% compared with that for (Si-o-NO2) that equals 79.71% and (Si-m-NO2) that equals 83.80%. The effect of pH 
value on the adsorption efficiency of (Si-o-NO2) and (Si-m-NO2) polymers increases with pH until reaching a 
maximum at pH 7 and thereafter the percent of nickel removal decreases with further increase in pH value. 
 
3.2.3 Effect of Temperature 
To study the effect of temperature on each adsorption process. A 1 mg of  the adsorbent was added to 7 mL of the 
standard solution of Ni(II) with a concentration of 10 ppm at the optimum value of pH.  
Each mixture was placed in shaking water bath at desired temperature (the range was 5 to 80°C) for optimum contact 
time. At the end of time intervals, each sample is filtered off , and the amount of each adsorbate is determined using 
AAS instrument. 
 
To study the effect of temperature on the adsorption of Ni(II) using ortho-, meta- and para-nitrophenyl silicas. The 
optimum conditions of contact time and pH value must be taken in consideration . In general, the adsorption efficiency 
becomes very low at high temperature values. 
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As shown in (Figure. 3), the adsorption of nickel ions using the three different adsorbents has been found to increase 
with an increase in temperature until reaching a maximum at 25 °C, 10°C and 20 °C respectively, and thereafter the 
percent of Ni(II) removal decreases with increasing temperature. Such that, the percentages removal at the optimum 
temperature value are 87.59% for (Si-o-NO2), 94.83% for (Si-m-NO2) and 89.66% for (Si-p-NO2). The low temperature 
values of enhance the  complexation ability  between nickel ions and each of the matrix polymers and hence increase 
the adsorption efficiency. 
 

 
Figure. 3: Effect of temperature on the adsorption of Ni(II) on ortho-, meta- or para-nitrophenyl silicas (CI = 10 ppm, 

adsorbent dose = 1 mg, volume of groundwater = 7 mL). 
 
3.2.4 Effect of Adsorbent Dose 
In order to find out the optimum amount of adsorbent that is required for the adsorption of Ni(II) on modified silicas, A 
(1, 2, 3, 4 or 5 mg) of the modified silica was added to five vials containing 7 mL of 10 ppm of toxic metal standard 
solution. The mixtures were placed in shaking water bath at the optimum temperature, pH and time. Then, the 
concentration of each toxic ion in the filtrate is measured using AAS instrument. 
The experimental results for adsorptive removal of  nickel ions with respect to each dose of (Si-o-NO2), (Si-m-NO2) 
and (Si-p-NO2) adsorbents are shown in (Figure. 4) over the range of 1 mg to 5 mg at the optimum values of time, pH 
and temperature. 
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Figure. 4: Effect of adsorbent dose on the adsorption of Ni(II) on ortho-, meta- or para-nitrophenyl silicas (CI = 10 

ppm, volume of groundwater = 7 mL). 
 
The maximum percent of Ni(II) removal was 98.29% with using 5 mg  of (Si-m-NO2), such that, this polymer showed 
an increase in percentage removal with increasing the adsorbent dose. This result is due to that large amount of meta-
nitrophenyl silica increases availability of the exchangeable sites on the adsorbent surface area.   
For (Si-p-NO2) and (Si-o-NO2), they showed a different effect of adsorbent dose compared with (Si-m-NO2). Such that, 
the maximum observed percent of Ni(II) removal was 89.89% for para-nitrophenyl silica with only 1 mg adsorbent 
dose and 93.45% for ortho-nitrophenyl silica with 2 mg dose. 
 
3.2.5 Effect of Adsorbate Concentration 
To find the optimum concentration of cadmium, nickel and lead metal ions. The resulting optimum mass of each 
adsorbent was added to a number of vials, each contains 7 mL of different standard concentrations of Ni(II). Such that, 
all optimum condition of pH, contact time, temperature and the amount  of adsorbent must be taken in consideration. 
After that, the concentration of these toxic ions in each filtrate is measured using AAS apparatus. 
The effect of the initial concentration of Ni(II) on the percentage removal of heavy metals using the three prepared 
adsorbents  is shown in (Figure. 5). 
 

 
Figure. 5: Effect of adsorbate concentration on the adsorption of Ni(II) on ortho-, meta- or para-nitrophenyl silicas 

(volume of groundwater = 7 mL). 
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As shown in this plot, the adsorptive removal decreases with the increase in the initial heavy metal concentration. The 
maximum percent of Ni(II) removal was 98.99% for (Si-m-NO2) by using 15 ppm concentration of Ni(II). While the 
observed initial concentrations for having maximum adsorption efficiency for (Si-o-NO2) and (Si-p-NO2) polymers are 
10 ppm and 20 ppm respectively, with percents of removal of 93.64% for ortho-nitrophenyl silica and 96.28% for para-
nitrophenyl silica. Such that, lower initial nickel ion concentrations results in sufficient adsorption sites to be available 
for adsorption process. 
 
3.3. Equilibrium Isotherm Models 
This isotherm is called the ideal localized monolayer model, it was developed to represent chemisorption. Langmuir  
isotherm is based on monolayer coverage, such that; the adsorbed molecule cannot migrate across the surface or 
interact with neighboring molecules. Also, the surface of the adsorbent is uniform. This means that all the adsorption 
sites are equivalent in energy [11]. 
The Langmuir equation (Eq. 2) relates the coverage of molecules on a solid surface to the concentration of a medium 
above the solid surface at a fixed temperature. This equation can be written as[12]: 
  

 
 
Where;  
Ce is the equilibrium concentration of the adsorbate (mg/L). 
b is the Langmuir affinity constant (L/mg). 
Qo is the adsorption capacity at equilibrium (mg/g). 
qe is the amount of adsorbate per unit mass of adsorbent (mg/g), and it can be calculated using Eq. 3: 
 

 
Where;  
Co is the initial concentration of the adsorbate (mg/L). 
V is the volume of the solution (L). 
m is the mass of the adsorbent (g). 
(Co – Ce) represents the adsorbed amount. 
A graph of (Ce/qe) values versus Ce is used in order to find the Langmuir parameters and shown in Fig. 6 and table 1 
[13]. 

 

(a) 
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Figure. 6: Langmuir plot for the adsorption of Ni(II) on a) (Si-o-NO2), b) (Si-m-NO2) and c) (Si-p-NO2) ; (time = 50 

minute, pH = 5, temperature = 25 °C, adsorbent dose = 4 mg, volume = 7 mL). 
 

 
Table 1: The parameters of Langmuir and Freundlich isotherms for the adsorption of Ni(II) on (Si-o-NO2), (Si-m-NO2) 

and (Si-p-NO2). 
 

Adsorbents 

Adsorption of Ni(II) 
Equilibrium Isotherm Models 

Langmuir Isotherm Freundlich  Isotherm 
Qo (mg/g) b (L/mg) KF (mg/g) n (g/L) 

Si-o-NO2 46.948 -3.944 62.345 -5.618 
Si-m-NO2 53.476 -12.466 60.912 -13.459 
Si-p-NO2 54.054 -8.409 61.987 -9.452 

 

 

This isotherm was interpreted as adsorption to surfaces supporting sites of varied affinities or to heterogeneous 
surfaces. Freundlich isotherm assumed that stronger binding sites are occupied first, such that; the binding 
strength decreases with increasing degree of site occupation. 

(b
) 

(c) 
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Figure. 7: Freundlich plot for the adsorption of Ni(II) on a) (Si-o-NO2), b) (Si-m-NO2) and c) (Si-p-NO2).  (time = 50 

minute, pH = 5, temperature = 25 °C, adsorbent dose = 4 mg, volume = 7 mL). 

 

The adsorbed mass per mass of adsorbent can be expressed using Eq.4 [14]. 

 

 

(a) 

(b) 

(c ) 
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Where;  

KF is the Freundlich constant related to adsorption capacity (mg/g). 

n is the heterogeneity coefficient that gives an indication of how favorable the adsorption process (g/L). 

A plot of logqe values versus logCe is used to find Freundlich parameters (Fig. 7) and Table 1. [15]. 

In order to determine the best adsorption isotherm for the adsorption of nickel ions onto ortho-, meta-, or para-
nitrophenyl silica, the observed data were fitted to Langmuir and Freundlich isotherms which describe the 
relationship between the amounts of Ni(II) adsorbed and its equilibrium concentration in solution. 

As shown from the previous figures, the values of R2 using Langmuir adsorption isotherm are approximately one. This 
means that the adsorption of Ni(II) on ortho-, meta, or para-nitrophenyl silicas is chemical adsorption and follows 
Langmuir equation. 
 
3.4 Adsorption Kinetic Models 
This kinetic model is considered as the earliest model developed for describing adsorption kinetics. Equation 5, 
represents the pseudo first - order for this model. 

 
Where; 
qe and qt are the masses of adsorbate per unit mass of adsorbent at equilibrium, and at time t respectively (mg/g). 
k1 is the rate constant of pseudo first-order adsorption model (mg.g-1.min-1). 
A plot of log(qe−qt) versus t is shown in (Fig. 8) and Table 2[16]. 

 

 

(a) 

(b
) 
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Figure. 8: Pseudo first-order kinetic model for the adsorption of Ni(II) on (Si-o-NO2). (CI = 10 ppm, pH = 6, 

temperature = 20 °C, adsorbent dose = 1 mg, volume = 7 mL). 
 
Pseudo second – order model of kinetics depends on the assumption that the rate-determining step may be chemical 
adsorption involving valence forces through sharing or exchange of electrons between the adsorbate and the adsorbent.  
The rate equation for pseudo second-order kinetic model is shown in Eq. 6: 
 

 
Where; k2 is the equilibrium rate constant of  pseudo second-order adsorption  (g.mg-1.min-1).  
The plot of t/qt versus t  is shown in (Fig. 9) and Table 2[17]. 
 
Table 2. The parameters of pseudo first-order, pseudo second-order and intra-particle diffusion kinetic models for the 

adsorption of Ni(II) on (Si-o-NO2), (Si-m-NO2) and (Si-p-NO2). 
 

Adsorbents 

Adsorption of Ni(II) 
Adsorption Kinetic Models 

Pseudo First-Order Kinetics Pseudo Second-Order Kinetics 
Intra-Particle Diffusion  

Kinetics 
qe 

(mg/g) 
K1 

(mg.g-1.min-1) 
qe 

(mg/g) 

K2 

(g.mg-1.min-1) 
C 

(mg/g) 
Kp 

(mg.g-1.min-0.5) 
Si-o-NO2 24.339 -2.303*10-4 45.454 -0.538 45.809 -0.0643 
Si-m-NO2 19.738 4.836*10-3 54.645 0.0307 48.501 0.8432 
Si-p-NO2 14.581 9.212*10-4 55.866 0.641 55.040 0.1475 

 

 

(c ) 

(a) 
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Figure. 9: Pseudo second-order kinetic model for the adsorption of Ni(II) on (Si-o-NO2). (CI = 10 ppm, pH = 6, 

temperature = 20 °C, adsorbent dose = 1 mg, volume = 7 mL). 
 
The intra particle diffusion kinetics model is based on the theory proposed by Weber and Morris. The final  equation of 
this  adsorption kinetic model is (Eq. 7): 

 
Where;  
Kp is the diffusion rate constant (mg/g.min1/2), C is a constant that gives an indication of the thickness of the boundary 
layer (mg/g) [18]. 
A plot of qt versus t0.5 is shown in (Fig. 10). 

 

(c) 

(a) 

(b) 
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Figure. 10: Intra-particle diffusion kinetic model for the adsorption of Ni(II) on (Si-p-NO2). (CI = 10 ppm, pH = 6, 

temperature = 20 °C, adsorbent dose = 1 mg, volume = 7 mL). 
 

The experimental kinetic data for Ni(II) adsorption on the prepared polymers are fitted with pseudo first-order, 
pseudo second-order and intra-particle diffusion kinetic models in order to investigate the  mechanism of each 
adsorption process. 

According to the values for the correlation coefficient using the previous kinetic models. It is showed the adsorption of 
Ni(II) on (Si-o-NO2), (Si-m-NO2) or (Si-p-NO2) followed the mechanism of pseudo second-order kinetic model. Such 
that,  the values of R2 in this kinetic model are approximately one. 
Table. 2 shows the kinetic parameters of pseudo first-order, pseudo second-order and intra-particle diffusion kinetic 
models for the adsorption of Ni(II) on (Si-o-NO2), (Si-m-NO2) and (Si-p-NO2). 
Comparing the value of qe (experimentally) for all adsorption processes that equal 70, with the values of qe (calculated) 
in pseudo first-order and pseudo second-order kinetic adsorption models, we conclude that the experimental values for 
all adsorptions are closer to the values of qe (calculated) in pseudo second-order adsorption model. This indicates that 
this model represents the mechanism of the adsorption. 
 
3.5 Adsorption Thermodynamics 
Thermodynamic considerations of an adsorption process are necessary to determine whether this process is favorable 
or not.  

This adsorption behavior can be expressed using the thermodynamic parameters including the change in Gibbs free 
energy (∆G), enthalpy change (∆H) and the change in entropy (∆S).  

(b) 

(c ) 
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Where; ∆G and ∆H are in (J) and the unit of ∆S is (J/K). 

Eq. 8 is the general equation that can be used to relate between the adsorption parameters [19]. 

∆G = ∆H – T∆S                     (8) 

Where; T is the absolute temperature (K). 

The change in Gibbs free energy can be also calculated from Eq. 9: 

∆G = - RT InKd               (9) 

Where;   

R is the universal gas constant that equals 8.314 J.mol-1.K-1. 

Kd  is the thermodynamic equilibrium constant  that equals (qe/Ce) with a unit equals (mol) or (L/g). 

 

 

(a) 

(b) 



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org 

Volume 5, Issue 9, September  2016              ISSN 2319 - 4847 
 

Volume 5, Issue 9, September 2016                                                                                     Page 246 

 
Figure. 11: Van’t Hoff plot for the adsorption of Ni(II) on (Si-o-NO2). (time = 10 minute, CI = 10 ppm,  pH = 7,  

adsorbent dose = 1 mg, volume = 7 mL). 
 

The combination of the last two equations will result in Eq. 10: 

 
The plot of InKd versus (1/T) will give a straight line with (-∆H/R) as slope and (∆S/R) as y-intercept. The resulting 
graph is known as Van’t Hoff plot and shown in Fig. 11. 
Table 3 represents the values of the thermodynamic parameters (∆S and ∆H) for the adsorption of Ni(II) on ortho-, 
meta-, or para-nitrophenyl silicas. 
 

Table. 3: The thermodynamic parameters for the adsorption of Ni(II) on (Si-o-NO2), (Si-m-NO2) and (Si-p-NO2). 

Adsorbents 
Adsorption of Ni(II) 

Adsorption Thermodynamics 
∆H (kJ) ∆S (J/K) 

Si-o-NO2 10.961 -10.964 
Si-m-NO2 31.453 -76.525 
Si-p-NO2 21.328 -43.505 

 
 
As shown from this table, the adsorption of Ni(II) on (Si-o-NO2), (Si-m-NO2) or (Si-p-NO2) adsorbents is endothermic 
process (∆H > 0) and non spontaneous (∆S < 0). 
 
3.4.  Adsorbent Regeneration 
(Figure. 12) shows the effect of adsorbent recovery on the adsorption of nickel ions on ortho-, meta-, or para-
nitrophenyl silicas. As shown in this plot, the difference between the percentages of heavy metal ion removal after the 
first and second regeneration of each modified polymer is very low. This is a strong evidence that the three synthesized 
adsorbents can be recycled, and hence be used for several times. 

(c ) 
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Figure. 12: Effect of adsorbent recovery on the adsorption of Ni(II) on ortho-, meta-, or para-nitrophenyl silicas 
(contact time = 5 minute, CI = 10 ppm, adsorbent dose = 20 mg, volume of groundwater = 20 mL, pH = 6, temperature 

= 20 °C). 
4.Conclusion 
The synthesis and characterization of the new polysiloxane modified surfaces including (Si-o-NO2), (Si-m-NO2) and 
(Si-p-NO2) showed that these polymers have very good thermal and chemical stabilities, and hence they can be used as 
perfect adsorbents to uptake  Ni(II) from groundwater. The maximum extent of adsorption was for (Si-p-NO2) polymer 
in the presence of lead ions. The results showed that all adsorptions followed Langmuir adsorption isotherm depending 
on the value of R2and followed pseudo second-order kinetic adsorption model with correlation coefficient of 
approximately one. The thermodynamic parameters of all the adsorptions proved that these processes are endothermic 
(∆H > 0) and non spontaneous (∆S < 0). The regenerated polymers showed good percentage removal for Ni(II). Finally, 
the synthesized adsorbents have high adsorption efficiency and showed a perfect strong complexation properties with 
heavy metal ions.  
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