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Abstract: The modern instrumental analysis methods do not always allow direct 

determination of trace amounts of elements due to influence of the matrix 

composition of the sample. A novel polystyrene (4-azo-1')-2'-hydroxy-5'-

sulfobenzene abbreviated as PSAHSB adsorbent synthesized based on amino 

polystyrene functionalized with chelating azo phenolic groups was applied for 

removal of trace Ni (II) ions from aqueous solutions under batch conditions. The 

parameters including pH, temperature and contact time on removal of nickel ions 

were studied extensively. The ionization constants of an adsorbent were 

investigated. The adsorption isotherm, thermodynamics and kinetics parameters 

were also investigated. To gain insight into the adsorption kinetics, both the 

pseudo-kinetics were examined. The adsorption of trace nickel ions increased 

smoothly in the pH range of 1–3, then remained at a higher level for the pH range 

of 3–7.5, but decreased sharply at pH large than 8, which demonstrated that the 

adsorption was affected strongly by pH. On the other hand, the adsorption 

capacity was increased sharply with the temperature rising. The adsorption 

equilibrium time could be reached in 25min. The equilibrium data could fit the 

Langmuir isothermal model very well, and the thermodynamic analysis suggested 

that the adsorption of nickel ions on the adsorbent is a spontaneous and 

endothermic process. The results indicated the pseudo-second-order kinetic 

model fitted the experimental data better. The adsorbent have three ionization 

constants and exhibits excellent stability and high regeneration. The absorbent 

can be used efficiently for treatment of Ni+2ions from naturally- occurring and 

industrial materials. 

Keywords: Polystyrene Azo Phenoliccomplex, Preconcentration, Adsorption and 

Desorption, Kinetics and Thermodynamics, Dissociation Constants. 

INTRODUCTION 

The detection of toxic metal ions in aquatic ecosystems is an important global issue because these 
contaminants may have harmful effects on plants, animals, humans and ecosystem [1].Among the most 
toxic metallic water pollutants in aquatic environments is nickel[2].Nickel (Ni) is the most common 
metals causing skin contact allergy, affecting about 10–20% of the general population[3]. According to the 
WHO guidelines, the maximum permissible concentration of nickel in industrial wastewaters is 4.1 mg/L, 
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while that in drinking water should be less than 0.1 mg/l [4].Therefore, it is essential to reduce or remove 
Ni(II) from industrial wastewaters before discharging them into the environment. 

The detection of heavy metals in low concentrations is a difficult task; however, it can be achieved 
with existing advanced analytical methods, such as high-performance liquid chromatography (HPLC), 
inductively coupled plasma mass spectroscopy (ICP-MS), atomic emission or atomic absorption 
spectroscopies (AES, AAS), cold vapor atomic fluorescence spectroscopy (CVAFS), electro-deposition, 
chemical precipitation and ion exchange process [5-8]. These methods are extremely sensitive but very 
expensive, most of them require multi-step processing, sometimes ineffective particularly when the metal 
concentration is less than 100 µg/ml, and require specialized laboratory conditions and highly trained 
personnel [9][9]. As a result, both the time and cost of the analysis are very high. An alternative approach 
uses chelating polymer adsorbents, which can be respected as the most common methods for the removal 
of hazard heavy metals from the aqueous solutions by cause of their lower costs, high removal efficiency, 

robustness and biodegradability, especially for metal ions at levels %[7, 9, 10].Using of 
chelating polymer adsorbents for removal of metal ions from aqueous solution has been widely 
studied[[11-18].The important characteristic of these adsorbents depends on the active chelating 
positions, which have ability of chelating about metallic ions during complication processes[14-16, 18]. 

A new class of chelating polymer adsorbents have been synthesized based on amino-polystyrene 
functionalized with chelating azo-2'-hdroxy groups which are insoluble in water, acids, alkalis, and 
organic solvents and undergo regeneration 9-11 working chemisorption cycles [17]. 

The main goal of this work is to investigate the removal of Ni(II) ions from simulated aqueous 
solutions by using new chelating adsorbent Polystyrene (4-azo-1')-2'-hydroxy-5'-sulfobenzene PSAHSB 
powder, which belongs to derivatives of polystyrene azo phenoliccomplexes. The parameters affecting on 
the adsorption efficiency such as pH, initial nickel ion concentration, contact time and temperature were 
extensively investigated. Moreover, the ionization constants of acidic groups of adsorbent were 
invigilated. The Langmuir and Freundlichmodels were employed for analysis of the adsorption 
equilibrium. The adsorption kinetics of Ni (II) on PSAHSB also were evaluated.  

EXPERIMENT 

Preparation of Adsorbent 

We applied PSAHSB adsorbent to adsorb trace amount of nickel ions from the simulated aqueous 
solutions. The structure of this adsorbent presented in Fig.1. The adsorbent was purchased from of IGEM 
Laboratories, Russia. The adsorbent was synthesized according to procedures in [19-21].The synthesis 
included four successive stages i)nitration of a polystyrene to polynitrostyrene; ii) reduction of this 
product to polyaminopolystyrene; iii) diazotization of the produced amino group; iiii) azo-coupling of the 
diazotized amino with monomeric 4-hydroxybenzenesulfonic acid ligand. The adsorbent is insoluble in 
water, acids, alkalis, and organic solvents and do not swell. The absorbent was ground in an agate mortar 
and bolted through a sieve of convert 200 meshes (74µm) [[22]. 

 
Fig.1: Chemical structure of the PSAHB-SO3H adsorbents 

Structure Characterization 

The PSAHSB adsorbent is characterized by i) Atomic force microscopy (AFM) (Multimode NS3a,No. 
3327, America ) ; ii) Fourier transform infrared (FTIR) (Perkin Elmer SpectrumBX FT-IR, Japan ) in 
pressed KBr pellets (spectral resolution: 1 cm−1);iii) potentiometric determination of content of chelating 
groups and the dissociation constants of the adsorbent.  

Adsorption Experiments 

The adsorption of Ni (II) ions on PSAHSB adsorbent was performed by batch methods under ambient 
conditions. 25mg of adsorbent was added into 25 mL of Ni (II) solutions in different initial concentrations 
with stirred at 300 rpm. An adsorbate onto adsorbent were separated from mixture by filtration using 
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0.45 μm filter paper. The effect of pH and time on Ni (II) adsorption was screened in detail. The pH was 
adjusted up to the desired value with either 0.1M HCl or 0.1MNaOH solutions by using pH meter (781 
pH/Ion meter). The adsorption isotherms, which indicate the Ni (II) ions adsorption behavior, were 
investigated at 293.15, 313.15 and 333.15 K, respectively. The residual concentration of nickel ions in the 
filtrate Cewas determined by using a UV–vis spectrophotometer (LI-295 UV-VIS) with H2Dm reagent [[23] 
at λ=445 and by using the earlier constructed calibration curves. The equilibrium adsorption capacity qe 
(mg.g-1) and degree of adsorption (R,%) were calculated according to the Eq.1,2[24]. 

 

 

Where and  are initial and equilibrium concentrations of Ni(II) in the solution (mg.L-1) 
respectively. Vis the solution volume (L), w is the adsorbent mass (g).Experiments were carried out in 
triplicate, and average value was taken. 

Adsorption Kinetics  

In order to investigate the kinetic mechanism of theadsorption process, two kinds of kinetic models 
were applied to describe the experimental data ofthe adsorption kinetics. The pseudo-first-order kinetics 
model is one of the most broadly used to describe the adsorption of metal ions from aqueous solutions 
[25-27]. The linear form of pseudo-first-order equation was expressed by Eq.3. 

 

Where qe and qt (mg/g) are the adsorption capacity at equilibrium and time t respectively, and k1(tim.-
1) is the rate constant of the pseudo-first-order model.  

 The other one is the pseudo-second order model. The linearity of this model given by Eq.4 [28]. 

 

whereK2 ( ) is rate constant of the pseudo-second order model. 

Desorption and Recycle Test 

 Study of desorption for regeneration of the adsorbent is necessary to make the adsorption process 
more economical. Therefore, desorption of adsorbate from the adsorbent was carried out by washing it to 
a beaker with 10 mL of 1 to 4 M concentrations of HCl and HNO3 desorbing agents. Then, the system 
mixed using a magnetic stirrer for 1hour. Degree of desorption (D,%) of ions from the adsorbent was 
determined by Eq.5. 

 

Where Ci is concentration of adsorbed Ni(II)was predetermined and Cd is concentration of adsorbed 
Ni(II) in acidic solution. 

RESULTS AND DISCUSSIONS 

Characterization of adsorbent 

1) FTIR Analysis before and After Ni Complexation  

 The FTIR spectrum of PSAHSB adsorbent was shown in Fig. 2(a).The FTIR spectrum of this adsorbent 
confirmed the presence of functional groups characteristic of adsorbent. Hydroxyl group was identified 
by the broad band attributed to stretching vibrations of O–H bonds in the range 3600–3100 cm-1, the 
signals at 2925, 1600, 1450,1110, 854, 700, cm-1 associated with 2-phthol-4-sulfonic acid moiety 
(phenyl). The peak at 1519 cm-1 is because of the stretching vibrations of (⎯N=N–) onds and the peak at 
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3060 cm-1 attributed to Ar–H, signal at 1350 cm-1 associated with the stretching vibrations of C–OH 
groups in the structure of adsorbent[29]. The presence of aliphatic structure is attributed to the 
stretching vibrations of C-H bonds in the range 2940–2850 cm-1. The signal 710– 680 cm-1 associated with 
deformation vibrations of C–C groups in the benzene ring. Thus, the IR spectrum confirms the structure of 
the adsorbent in Fig. 1. 

 The IR spectrum of the PSAHSB adsorbent and its complex with Ni (II) is shown in Fig. 2(b). In this 
study a processes is proposed based on ion exchange by the following active chlating groups: negativelly 
charged of phenolic oxygen atom with positively charged of Ni(II) ions.The groups are capable of bonding 

Ni(II) ions during the dissociation of a cations[12, 30]. Based on the FT-IR spectra obtained, it can be 
deduced that after the adsorption, the intensity of the relevant bands is reduced (hypsochromic shift). 
This is visible in the stretching vibrations of -OH groups in the range 3560–3350 cm-1 and the vibrations 
of –N=N- groups shifeted to the 1508 cm-1. The obtained signles in IR spectra show visibly that Ni(II) ions 

form bonds with oxygen groups, at the same time causing separation of a cation. Verification of this 
are slightly shifts in the wave numbers of the signals following the interactions of Ni(II) ions with active 
chelating groups on adsorbent surface. For example, maximal wave number for the signal -OH groups, is 
around 3420 cm-1, and after adsorption of nickel ions is shifted to the 3385 cm-1. Similar, the maximal 
wave number for signal N=N groups is around 1519 cm-1 before adsotption and after wes shifted to the 
1508 cm-1[12, 30]. 

 
Fig.2: FT-IR spectra before (a) and after (b) the adsorption of nickel (II) onto PSAHSB adsorbent 

2) Surface Morphology 

Fig. 3(a) shows scanning force microscopy SFM image of the initial surface of the adsorbent under 
study[31]. There is occasional horizontal interference that indicates the presence of a small number of 
particles with low adhesion on the surface that are displaced by the probe at scanning. We can clearly see 
the globular structure of the surface of adsorbent Fig.1 (b). The adsorbent was grains with a grain size in 
the range of 50 - 160 nm, and a pore size in the range of 10 to100 nm. This essentially led to the formation 
of mixed meso/ macro-pores[32]. 

 
Fig. 3: SFM image of a adsorbent surface in 2D (a) 725 × 725pixels (b) 1200 × 1200 pixels 
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3) Acidic Properties of the Adsorbent 

 The determination of acidic dissociation constants is an essential step in the examination of the 
physic-chemical properties of chelating polymer adsorbents. The  of adsorbents play a fundamental role 
in many analytical procedures such as acid-base titration, solvent extraction, stability, complex formation, 
determine the pH range in which these groups are ionized and capable of participating in reactions of ion 
exchange[33]. 

 The direct potentiometric titration of adsorbent was carried out according to[34-36]. From Fig. 4, it 
can be noticed that the differential titration curve of ΔpH/ΔQ – Q for adsorbent exhibit three jumping 
positions (inflection points), which can be attributed to the ionization of the betainic protons of the N=N- 
(1), -SO3H (2) and –OH (3) groups during the titration of adsorbent. These results unambiguously 
confirmed the chemical structure of adsorbent in (Fig.1).  

 
Fig. 4: (a) Integral and (b) differential curves of potentiometric titration for adsorbent [µ = 1 M KCl; 0.02 

M of NaOH; t=24 h; T=298K; Q is degree of neutralization of functional groups ] 
 Dissociation constants of the chelating groups were determined by data of potentiometric titration 

and using the Henderson-Hasselbach equation in (Eq.6)[37]. 

 
The pKion values of ionized groups were shown in Fig.5, and reported in table 1. It clear that the pKion 

values were relatively medium, which enhanced the affinity between the element ions and the 
adsorbents, that made the adsorption faster and form more stable complexes. 

 
Fig.5: Determination of dissociation constants for PSAHSBby the graphical method 

Table 1: Ionization constants (pKion)of chelating groups of PSAHSB adsorbent 

Ionization stages (IS) pKion 
(graphical) 

pKion(calculated ), n=3¶ 
 Sr ±δ 

pKi1 of 1st IS of –N=N- 4.27 4.11 0.01 4.13±0.05 
pKi2 of 2nd IS of –SO3H 6.36 6.31 0.007 6.13±0.03 
pKi3 of 3th IS –OH 7.96 8.03 0.006 8.03±0.04 

¶the mathematical results were expressed as ±st/n1/2 where is the mean of n observations, s is the standard 
deviation, t is distribution value chosen for 95% confidence level and Sr is the relative standard deviation. 
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Effect of pH and Initial Ni (II) Concentration 

 The pH of the nickel solution plays a majorrole in all adsorption process, especially on the adsorption 
capacity. The degree of adsorption is significantly affected by surface charge of the adsorbent, which is 
highly dependent on the pH of the solution [38]. The optimal pH for the ideal adsorption was determined 
experimentally from the plot of adsorption degree (R %) versus pH in range from 1 to 10. Fig. 6 shows the 
effects of pH on the adsorption of Ni (II) ions onto PSAHSB adsorbent. The degree of adsorption (R, %) 
was calculated to be 96.2% in the pH range of 3 to 7. At low pH, the R% was low also, due to the increase 
in the positive charges on the surface of polymer (i.e. active chelating sites of N=NH+, C-OH2

+ in acidic 
form), leading up to electrostatic repulsion between the Ni 2+ ions and these active sites on the adsorbent 
surface. The increase in pH leads to decrease in electrostatic repulsion because of reduction in the 
positively charged surface, thus resulting in higher adsorption[39]. In the basic solution at pH large than 
7, the adsorbent surface becomes negatively charges, and the degree of adsorption decreased rapidly 
where Ni 2+ ions precipitated as nickel hydroxide.  

 As shown in Fig. 6, it is clear that the adsorption of Ni ions increased with increase in initial 
Niconcentration. Increasing concentration gradient, acts as increasing the driving force, and in turn leads 
to an increase in equilibrium adsorption until adsorbent saturation is reached. 

 
Fig. 6: Effect of pH on the adsorption of Ni(II) on 20 mg PSAHSB adsorbent, 300 rpm, 90 min &298.5 K. 

Effect of Contact Time 

 The adsorption of Ni (II) on the adsorbent was achieved in less than 20 min at 298.15K as shown in 
Fig.7. The removal amounts of Ni ions by PSAHSB adsorbent was maintained in the same rate even 
extending the contact time. Noteworthy, the degree of adsorption was calculated to be 96.2 % at 

concentration 0.96 /mL of nickel ions. Based on these results, PSAHSB adsorbent was proved to be 
an efficient adsorbent possessing relatively large adsorption capacity. An increase in the temperature to 
60°С shortened the time of adsorption but led to the partial degradation of formed complex and a 
decrease in the value of Ras the result shown in Fig. 7.  

 
Fig. 7: Effect of contact time on the adsorption equilibrium at different temperatures, PH =5.5 
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Adsorption Kinetic 

 The liner plot of  vs.t for the pseudo-first-order model, and  vs. t for the pseudo 
second-order model were shown in Fig.8 (a,b).The parameters of the two models were shown in Table. 2. 
The results suggested that the experimental data were fitted to the pseudo second-order kinetic model. 
By comparison of experimental and calculated qe values, the qe of this model is more approximate to the 
experimental data and the correlation coefficients is 0.999 which is very close to 1. In Table. 2, the rate 
constant of the pseudo second-order model (k2) is very small (0.02/min) indicating that the adsorption 
equilibrium can occur in a short time. 

 

 
Fig. 8: Kinetic model for Ni (II) adsorption.( a) Pseudo-first-order, (b) pseudo-second order models [initial 

Ni(II) conc. = 25 mg/L; contact time = 5–90 min; T=298K; V=25ml; pH=6] 

Table 2: The obtained parameters of pseudo-first – order and pseudo-second–order models 

Kinetic models Pseudo-first-order 
kinetic model 

 

 
Pseudo-second-order 

kinetic model 

Parameters qe (exp.) qe (cal.) mg/g) k1 

(1/min) R2  
qe(cal.) 
(mg/g) 

k2 
(1/min) R2 

         
Values 24.05 7.8 -0.073 0.875  25.4 0.02 0.999 

Adsorption Isotherm 

 The fitting of adsorption data to a isotherm is important to both theoretical and practical applications. 
In order to optimize the adsorption system, it is essential to establish the most appropriate correlations of 
the equilibrium data of each system [40] Equilibrium isotherm equations are used to describe the 
experimental adsorption data. The adsorption isotherms are important data to understand the adsorption 

mechanism[41]. In this work, three different temperatures at initial pH = 6 0.02 for each isotherm were 
used to describe the adsorption isotherms presented in Fig.9. 
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 The Langmuir and Freundlich models were applied to correlate the experimental data [42, 43].The 
Langmuir model is based on the assumption that the maximum adsorption occurs when saturated 
monolayer of solute molecules is present on the adsorbent surface, the energy of adsorption is constant 
and here is no migration of adsorbate molecules in the surface plane. The equation of Langmuir 
adsorption model was expressed in linear form by (Eq.7). 

 

Where qm (mg/g), and KL are the Langmuir constants related to affinity towards to the adsorbent and 
to heat of adsorption (L/mg), respectively.  

 The results indicated that higher temperature did favor to the adsorption of Ni (II) ions on PSAHSB 
where as this behavior was diminished at lower temperature. 

 The Freundlich model assumes that different sites with several adsorption energies are involved. The 
equation of Freundlich adsorption model was expressed in linear form as Eq.8[41]. 

 

where 1/nF and KF are the Freundlich constants, KF and nF are the indicators of the adsorption capacity 
and heterogeneity of the process, respectively. According to the Freundlich model assumptions, if nF less 
than 1, the adsorption process is unfavorable, while if 1 <nF> 10, the adsorption process is favorable [44]. 
The experimental data of Ni (II) ions adsorption (Fig. 9) were regressively analyzed with the Langmuir 
and Freundlich adsorption model (Fig. 10 a & b) with the relative values calculated from the two models 
in Table 3. It can be concluded that Langmuir adsorption model coincides with the experimental data 
better than Freundlich adsorption model, which indicates that the Langmuir isotherm with complete 
monolayer coverage of the adsorbent particles can fit the experimental data very well[45]. 

 
Fig. 9: Adsorption isotherms of Ni(II) ions on PSAHSB adsorbent at three different temperatures, [initial 

Ni(II) conc. = 0.01 – 1.5 mg/L; pH = 0; Adsorbent dose = 25 mg ;t = 20 min] 
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Fig. 10: Langmuir (a) and Freundlich (b) isotherms for Ni(II) ions adsorption on PSAHSBat different 

temperatures. 
Table 3: Summary of the isotherm constants and the correlation coefficients for different isotherms 

T(k) 
Langmuir isotherm  Freundlich isotherm 

qm (mg/g) KL (L/mg ) R2  KF(mg/g) nF (g /L) R2 
293.15 25.9 0.056 0.986  12.39 1.74 0.959 
313.15 25.9 0.084 0.992  14.91 1.73 0.931 
333.15 26.0 0.154 0.997  19.90 1.77 0.862 

3.6. Adsorption Thermodynamics 

 The thermodynamic parameters such as free energy ( ), enthalpy ( ) and entropy ( ) 
for nickel ions adsorption on our adsorbent can be calculated from the temperature dependent 
adsorption. The values of ΔH0 and ΔS0 can be calculated from Eq.9&10. 

 

 

where R (8.3145 J.mlo-1.K-1) is the ideal gas constant. ΔH0 and ΔS0 were calculated from the slope and 
intercept of Von’t Hoff plots of ln Kd vs. 1/T (Fig.11).  

The Gibbs free energy (ΔG0, J) of specific adsorption was obtained from Eq.11[46]. 

 

The thermodynamic parameters ( ,  and ) calculated from temperature dependence 
were presented in Table 4.The positive value of ΔH0 confirms the endothermic nature of the adsorption 
process[47].  

The endothermic nature was also demonstrated by the adsorption isotherms at three different 
temperatures. One possible interpretation for this adsorption enthalpy was that Ni (II) ions were solvated 
in water. When these ions get adsorbed, they are to some extent denuded of their hydration sheath. This 
dehydration process of ions requires energy[42]. The ΔG0 was negative as expected for a spontaneous 
process under the conditions applied. The decreases in free energy with the increase of T indicated more 
efficient adsorption at high temperature. The positive value of ΔS0 reflects the affinity of PSAHSB toward 
Ni (II) ions in aqueous solutions and may suggest some structural changes in adsorbate and adsorbent. 
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Similar results have been previously published [41, 48, 49]. The result of Ni (II) ions adsorption on 
PSAHSB was a spontaneous and endothermic process. 

Table 4: Thermodynamic parameters for the adsorption of Ni+2 onto PSAHSB with different Ni(II) initial 
concentrations, t =20 min

C0(mg/L) ΔH0(KJ/ml) ΔS0(J/mol.K)
ΔG0(KJ/mol)

293.15K 313.15K 333.15K

10 23.31 110 -32.20 -34.40 -36.6

15 22.19 108 -31.60 -33.70 -35.9

20 21.04 103 -30.03 -32.08 -34.1

Fig. 11: Effect of temperature on the distribution coefficients of Ni onto PSAHSB adsorbent at different 
initial Ni solution concentrations. 

Desorption and Regeneration Studies 

 As shown in Fig.12 (b), thatHNO3 is a weak desorbing agent. This is evidence of a strong bond 
between the adsorbate and adsorbent. Only when hydrochloric acid was used; a significant increase in the 
degree of desorption was realized. It was found that as the concentration of the hydrochloric acid 
increased, there was an improvement in the effectiveness of the adsorbent regeneration process. The 

mechanism of desorption is based on the exchange of hydrogen ions  with the adsorbed Ni (II) ions. 

The cyclic adsorption–desorption tests are also carried out to evaluate the regeneration ability with 
results shown in Fig. 12( a). The degree of adsorption was basically maintained at a level higher than 90% 
for each cycle after desorption with 12 cycles, which proved the high regeneration ability of thePSAHSB 
adsorbent. 

Fig. 12: (a)Adsorption of Ni on PSAHSB in 12 cycles of adsorption–desorption.(b)Desorption studies of 
adsorbent at 298K (metal ion concentration=25 mg/L, adsorbent dose=205mg, and pH=6 ).
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 CONCLUSION 

A +new low-cost polystyrene (4-azo-1')-2'-hydroxy-5'-sulfobenzene adsorbent was applied to 
investigate the removal of Ni 2+from aqueous solutions. Optimum pH of adsorption was located in the 
range of 3- 7.The adsorption capacities of Ni ions on adsorbent are enhanced with the increasing of the 
pH value, nickel content and temperature of the solution. The adsorption equilibrium could be reached 
within 20 min. Moreover, the Langmuir isotherm model fitted the experimental data very well, and the 
high stability and remarkable regeneration ability indicated that the PSAHSB adsorbent is a promising 
adsorbent for the removal of Ni2+ from aqueous solutions. 
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