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Abstract: 

The synthesis, characterization and capacity studies of co-polymerized Al2O3 

nanocomposites capable of adsorbing with Hg(II) ions are reported. Al2O3 

nanoparticles was fabricated with combustion synthesis using inexpensive mixed 

fuels. Nanocomposite of poly (aniline-CO-O-anthranilic acid) (PANAA/ Al2O3) was 

synthesized by chemical oxidative polymerization of anthranilic acid and aniline co-

monomers at equimolar ratios (1:1) with the Al2O3 nanostructure. The product was 

characterized by FT-IR, XRD, SEM and TEM techniques. The adsorption behaviors 

of the toxic Hg(II) were studied. The equilibrium isotherm, kinetics parameters and 

the thermodynamics investigations of the adsorption process were calculated. 

Thermodynamics investigations also confirmed that the adsorption capacity of 

Hg(II) on each adsorbent was spontaneous and exothermic.  
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1. Introduction: 

The world is facing bitter difficulties due to the increase demands for clean 

water as the available stocks of clean water are decreasing as a result of population 

growth, development of advanced technologies and increasing demands from a 

numerous of users. Clean water is free of hazardous waste streams and chemicals, is 

essential for the life of human. It becomes a critical feed stock in a variety of 

industries including electronics, pharmaceuticals and food. Clean water can be 

obtained   either through typically ground water or by treating water to improve its 

chemical, microbiological, physical and radiological characteristics to remove their 

pollutant load (e.g., fecal bacteria, viruses, heavy metals, organic chemicals and 

biological oxygen demand) prior to being discharged safely into the environment[1-

5] . 

The extraction of hazardous chemicals from wastewater and drinking water is 

one of the most important aims of pollution control. For this reason, different 

chemical, physical and biological treatment methods have been developed to solve 

the problem of water pollution[6]. These methods include nanofiltration, adsorption, 

reverse osmosis, chemical precipitation, anion exchange membrane and oxidation 

with chlorine, ozone or hydrogen peroxide. Among them, adsorption and 

photocatalysis play an important role in the field of water treatment. Adsorption is 

considered a very efficient method as it is a simple method which offers flexibility 

in design and operation. Most adsorption processes are reversible; therefore, the 

adsorbents can be regenerated by suitable desorption processes for multiple use by 

relatively low-cost process and easy to apply[7, 8].  

On the other hand, some metals (e.g., As, Hg, Cd and Pb) are highly toxic at 

very low concentration with no known benefit for human health. They can 



accumulate in the body, growing up in fat cells, bones, glands, and hair, and lead to 

a dizzying array of chronic diseases. Their toxicity can cause reducing in mental and 

central nervous function, lower energy levels, and damage to lungs, kidneys, vital 

organs and liver [9, 10]. In this research work, Mercury(II) was selected as examples 

of heavy metals of concern. Mercury has especially received increasing attention as 

a serious pollutant due to its toxicity and bio-accumulative properties. Mercury does 

not metabolize. That is, it does not break down in the body, and as a result it 

accumulates. When mercury enters the human body, it acts as a neurotoxin, 

interfering with the brain and nervous system and can also harm the gastrointestinal 

tract. Symptoms related to mercury poisoning include loss of fluids and electrolytes, 

edema, lethargy, tremors, hyper-excitability, loosening of the teeth, etc. The 

concentration of mercury in drinking water is up to 300 mg / dm3 and in highly 

industrialized areas it can reach up to 700 mg / dm3. 80% of mercury absorbed by 

the respiratory system is retained in the body. The concentration of mercury vapor 

over 1 mg /m3 damages lung tissue and cause sever pneumonia. The classic 

symptoms of metallic mercury vapor poisoning are manifested by tremor, 

inflammation of the gums and mental disorders[11-20]. 

            The suitable methods for the remediation of heavy toxic metals[21], consists 

of adsorption[22, 23], chemical precipitation[24, 25], ion exchange[26, 27], 

membrane filtration[28-30], coagulation[31, 32] and biosorption processes[33-36]. 

It is notable that most of these methods have one or more drawbacks in wastewater 

treatment; however, on the other hand, adsorption method still has the superiority 

over all methods due to its simplicity, high efficiency, cheapness, and regeneration 

of the adsorbents[37, 38]. Therefore, various adsorbents have been suggested for 

treatment of wastewaters from toxic metals. Recently, a considerable attention has 

been paid to utilizing nanomaterials, including metal oxides, as nano-adsorbents for 



decontamination of wastewaters because of their high surface area, large numbers 

of active sites, and high stability. Among different nano-adsorbents, nano-sized 

aluminum oxide (Al2O3) has received a significant consideration for 

decontamination of wastewater attributable to its lower cost, chemical stability, non-

toxicity, simple production and large surface area[39-41]. many synthetic methods 

have been adopted for the preparation of Al2O3 nanoparticles such as laser 

vaporization, precipitation, hydrothermal, precipitation, sol-gel, combustion, micro-

emulsion, chemical gas phase deposition, and laser vaporization technique[42-46]. 

However, due to the scalability, feasibility, and low-cost of the combustion process, 

this synthesis route has aroused the interests of many research groups[47-51]. 

Moreover, reports on the synthesis of Al2O3 nanoparticles via a combustion or sol-

gel combustion route are still limited.  Here, we have reported the combustion 

synthesis of aluminum oxide nanoparticles using inexpensive fuels such as citric 

acid, oxalic acid, tartaric acid and urea. 

 The integration of nanosized materials into functional organic materials or 

polymers has been a growing field during the last decade. Significant progress in 

this field has been made by integrating the unique properties of the conductive 

polymers with those of various nano particles(NPs)[52-55]. Conductive polymer 

nanocomposites (CPNs) are required for application that includes biosensors[56], 

fire retardants[57, 58], telecom, electronics[59, 60] and for water treatment[61, 62]. 

In this work, we focus on the synthesis of poly(aniline co-anthranilic acid)/Al2O3 

nanocomposite (PANAA/ Al2O3) using the surface initiated polymerization (SIP) 

method[63-66]. Various experimental factors influencing the adsorption process 

along with the isotherm models, kinetics, and thermodynamic investigation have 

been examined. 

 

 

 



 

 

 

 

 

2. Experimental: 

2.1. Materials and reagents 

All reagents were of analytical grade and used as received without further 

purification. Freshly bi-distilled water was used through all experiments. The 

different chemical reagents used are listed in Table 1. The Structure and 

characteristics of aniline and anthranilic acid are given in Table [2, 3].  

Table 1. Chemical reagents 

Name Formula Purity Manufacture 

Aluminum nitrate Al(NO3)3.9H2O A.R Merck 

Urea NH2CONH2 A.R Fluka 

Oxalic acid C2H2O4.2H2O A.R Sigma-Aldrich 

Citric acid C6H8O7 A.R Sigma-Aldrich 

Tartaric acid C4H6O6 A.R Merck 

Aniline C6H5NH2 A.R Sigma-Aldrich 

Anthranilic acid 

(2-Aminobenzoic acid) 

C6H4(NH2) (CO2H) A.R Sigma-Aldrich 

Potassium di- chromate K2Cr2O7 A.R Merck 



Mercuric chloride HgCl2.2H2O A.R Merck 

 

 

            Table 2. structure and characteristics of aniline. 

Compound Aniline 

Structure 

 

Molecular formula C6H5NH2 

IUPAC name Benzene amine 

Density 1.02 g/ml 

Boiling point 184.13 °C 

Solubility in water 3.6 g/100 ml at 20 °C 

Melting point −6.3 °C 

Appearance Colorless to yellow liquid 

  Table 3. structure and characteristics of anthranilic acid. 

Compound Anthranilic acid 

Structure  

 

Molecular formula C6H4(NH2) (CO2H) 

IUPAC name 2-Aminobenzoic acid 

Density 1.412 g/ml 

Boiling point 200 °C 



Solubility in water 0.572 g/100 mL (25 °C) 

Melting point 146:148 °C 

Appearance white or yellow solid 

2.2. Preparation of Al2O3 nanostructures  

An auto-combustion method was developed to synthesize Al2O3 nanoparticles 

utilizing six different mixed fuels: (urea + citric acid), (urea + oxalic acid), (urea + 

tartaric acid), (citric acid + oxalic acid), (citric acid + tartaric acid) and (oxalic acid 

+ tartaric acid). Al2O3 nanoparticles were prepared by using nona-hydrated 

Aluminum nitrate [Al (NO3)3.9H2O] as the oxidant precursor and the mixed fuels 

were used as reductant precursors. The produced Al2O3 samples by using the mixed 

fuels: (urea + citric acid), (urea + oxalic acid), (urea + tartaric acid), (citric acid + 

oxalic acid), (citric acid + tartaric acid) and (oxalic acid + tartaric acid) are referred 

to as A, B, C, D, E and F, respectively. The stoichiometric compositions of the redox 

mixtures for the combustion have been calculated based on the total oxidizing  and 

reducing  valencies of the oxidizer and fuel so that the equivalence ratio, ɸc is unity 

(i.e. ɸc= (O/F) = 1), and consequently the energy released by the combustion is 

maximum for each reaction[67, 68]. In a typical synthesis process:20 ml of 

Al(NO3)3.9H2O  (7.5 g, 0.02 mol) was mixed with an aqueous hot solution 

(50ml), containing [(1.5g, 0.025 mol urea) + (1.74g, 0.0083mol citric acid)] and the 

reaction was heated at 80 °C, and allowed to stir for 1h.  

The produced solution was gelled while heating at 120 °C. The formed gel was 

ignited on a hot plate at 350 °C give a dry and grey mass which was calcined in an 

electric furnace at various temperature like 600 °C and 800°C for 4h giving sample 

A 600 and A800, respectively. The produced Aluminum oxide samples using different 

mixed fuels (B, C, D, E and F) were prepared by applying similar conditions. Hence, 



likewise, the subscripts 600 and 800 (for B600, B800, C600, C800, D600, D800, E600, E800, 

F600 and F800) are referred to the calcination temperature; 600 and 800 °C. 

 

2.3.  Preparation and characterization of PANAA [poly (aniline-CO-O-

anthranilic acid)]: 

The synthesis of PANAA was done by chemical oxidative polymerization of 

anthranilic acid and aniline co-monomers at equimolar ratios (1:1).8 ml conc. HCl 

was added to 0.93 g aniline. 1.37 g anthranilic acid was added to the mixture under 

magnetic stirring with 800 rpm at room temperature. 30 ml distilled water was added 

to the previous solution of co-monomers. Potassium dichromate (initiator, 60 ml, 

1M) was added slowly drop by drop into the co-monomers mixture for 30 mins. Then 

the formed mixture was left for three hours. PANAA was precipitated on the surface 

of nano particles. Finally, the precipitate was filtered using a Buchner funnel and 

washed several timed with distilled water and ethanol to remove monomers, 

oligomers and excess oxidant until the filtrate become almost colorless. At 80° C the 

precipitate was dried for 24h[63-66]. 

2.4. Preparation and characterization of PANAA/Al2O3 nanocomposite: 

 

Al2O3 nanoparticles were coated with different loadings of poly (aniline co-

anthranilic acid “PANAA”) copolymer by using surface-initiated polymerization 

(SIP) method[63-66]. 8 ml conc. HCl was added to 0.93 g aniline. 1.37 g anthranilic 

acid was added to the mixture under magnetic stirring with 800 rpm at room 

temperature. 30 ml distilled water was added to the previous solution of co-

monomers then mixed with 0.5 g of E800 dispersed in 50 ml distilled water. 60 ml of 

1 M K2Cr2O7 was added slowly drop by drop to the PANAA/Al2O3 mixture for 1h 

at room temperature. The formed PANAA/Al2O3 composite was collected by 



filtration using a Buchner funnel and washed several timed with distilled water and 

ethanol to remove monomers, oligomers and excess oxidant until the filtrate become 

almost colorless. At 80° C the precipitate was dried for 24h. 

 
       Scheme 1. Preparation of nanosized oxide-polymer 

 

2.5. Adsorption experiment: 
The adsorption capacity of E800 and (PANAA/E800) nanocomposites   were 

measured in a batch method performed under a continuous magnetic stirring using a 

solution of Hg(II)as an adsorbate model. Different factors affecting the adsorption 

process such as metal solution pH (2.6-9.4), contact time (1-24hr), temperature (25-

50° C), initial concentration of metal solution (10-70 ppm) and the effect of dose 

(0.025-0.1 g). according to batch method, 50 ml of an aqueous metal solution of a 

desired concentration was prepared by diluting a stock solution and the pH was 

adjusted using 0.1M HCl or 0.1M NaOH solutions. 

 

Afterwards, a known mass of the nanoparticle sample was added producing a 

suspension in the conical flask then allowed to stir magnetically (400rpm) for a 

definite time at room temperature. The temperature, concentration and the dose of 

adsorbent were studied. After a definite time of stirring, an aliquot was taken out of 

the flask and by centrifuging at 5000 rpm for 5 min the adsorbent was separated. The 

concentration of the remaining metal concentration in the supernatant solution was 

determined by using a Perkin Elmer flame atomic absorption spectrophotometer, 

model 2380.The obtained data were used to calculate the adsorption capacities (qt, 

mg g-1) and the metal removal efficiencies (%removal) using equation (1) and (2). 



 

qt = [V (C0 - Ct)] / m                                                                             (1) 

%removal = [(C0 - Ct)/ C0] × 100                                                         (2)   

 

Where C0 and Ct are the metal concentrations in mg L-1at time = 0 and t 

respectively in solution, V is the volume of dye solution (L), and m is the mass of 

dry adsorbent (g). Additionally, by utilizing Eq. (3), the equilibrium adsorption 

capacities of the adsorbents, qe (mg/g), can be determined. 

Qe = [V (C0 – Ce)] / m                                                                             (3) 

where, Ce (mg/L) is the dye concentration at equilibrium in the supernatant after 

separation of the adsorbent; and V, m, as well as Co have the aforementioned 

meaning. 

 

3. Results and discussion 

3.1.  Synthesis and characterization of Al2O3 nanostructures 
An auto-combustion method was developed to synthesize Al2O3 nanoparticles 

utilizing six different mixed fuels: (urea + citric acid), (urea + oxalic acid), (urea + 

tartaric acid), (citric acid + oxalic acid), (citric acid + tartaric acid) and (oxalic acid 

+ tartaric acid). Al2O3 nanoparticles were prepared by using nona-hydrated 

Aluminum nitrate [Al (NO3)3.9H2O] as the oxidant precursor and the mixed fuels 

were used as reductant precursors. The produced Al2O3 samples by using the mixed 

fuels: (urea + citric acid), (urea + oxalic acid), (urea + tartaric acid), (citric acid + 

oxalic acid), (citric acid + tartaric acid) and (oxalic acid + tartaric acid) are referred 

to as A, B, C, D, E and F, respectively. The stoichiometric compositions of the redox 

mixtures for the combustion have been calculated based on the total oxidizing [5] 

and reducing [5] valencies of the oxidizer and fuel so that the equivalence ratio, ɸc 

is unity (i.e. ɸc= (O/F) = 1), and consequently the energy released by the combustion 



is maximum for each reaction. The proposed combustion reactions of aluminum 

nitrate and the fuels of interest can be presented by equations 4–9 (Scheme 1). 

 

(a) (urea + citric acid) 

2 Al (NO3)3.9H2O + 2.5 CO(NH2)2 + 0.83 C6H8O7                        Al2O3 + 7.48 CO2 + 5.5 N2 +  

26.32 H2O                                                                                                                                                 (4)  

(b) (urea + oxalic acid) 

2 Al (NO3)3.9H2O + 2.5 CO(NH2)2 + 0.075 C2H2O4.2H2O             Al2O3 + 2.65 CO2 + 5.5 N2 + 23.225 

H2O + 3.7125 O2                                                                                                                                                (5)        

(C) (urea + tartaric acid) 

2 Al (NO3)3.9H2O + 2.5 CO(NH2)2 + 0.015 C4H6O6                          Al2O3 + 2.56 CO2 + 5.5 N2 +            

23.045 H2O+ 3.7125 O2                                                                                                                                                                                                  (6) 

(d) (citric acid + oxalic acid) 

2 Al (NO3)3.9H2O+ 0.83 C6H8O7+0.075 C2H2O4.2H2O                  Al2O3 + 5.13 CO2 + 3 N2 +          21.545 

H2O+ 3.727 O2                                                                                                                                                                                                                       (7) 

(e) (citric acid + tartaric acid) 

2 Al (NO3)3.9H2O+ 0.83 C6H8O7 +0.015 C4H6O6                         Al2O3 + 5.04 CO2 + 3 N2 +                  21.365 

H2O+ 3.727 O2                                                                                                                                                  (8) 

(f) (oxalic acid + tartaric acid) 

2 Al (NO3)3.9H2O+0.075 C2H2O4.2H2O + 0.015 C4H6O6                          Al2O3 + 0.21 CO2 + 3 N2 +                  18.27 

H2O+ 7.425 O2                                                                                                                                      (9) 

 

Scheme 1. The proposed combustion reactions of aluminum nitrate with the different mixed fuels 

3.1.1. XRD analysis of prepared Al2O3 

 

The phase purity and the crystal structure of the prepared nanoparticles were 

identified by measuring the XRD pattern analysis. XRD patterns of the Aluminum 

oxide nanoparticles produced by the combustion of the dried gel at 600 and 800 °C 

are shown in Figs. 14 and 15, respectively. It is obvious that the product formed by 



600 °C was almost amorphous not a crystalline product (Fig. 1). consequently, it was 

necessary to increase the calcination temperature to 800 °C for all samples to obtain 

crystallite forms from the aluminum oxide using the different mixed fuels. 

 

Fig. 1.  XRD patterns of Al2O3 samples (A, B, C, D, E and F) calcined at 600 °C. 

In case of the products (A, B, C, D and F) except (E) formed by 800 °C, the 

sites and intensity of the diffraction peaks are consistent with the standard pattern 

for JCPDS card No. (00-010-0425) Aluminum oxide Fig. 2. XRD patterns of Al2O3 

samples (A, B, C, D and F) except (E) calcined at 800 °C for 4h are almost identical 

showing broad peaks, indicating small crystalline size of the particles and the fine 

nature.The average particle size [D] for all samples was obtained according to the 

Debye-Scherrer formula using the following equation[69]. 

                             

D= 0.9λ/βcosƟ                            (10) 

Where β is the full-width at half-maximum (FWHM) value of XRD diffraction 

lines, the wavelength λ=0.154056 nm and Ɵ is the half diffraction angle of 2Ɵ. The 

lattice constants are equal (a = b = c = 7.9 A°) ensure the formation of a cubic 

structure. The diffraction peaks at 19.451°, 37.604°, 39.492°, 45.863°, 60.899° and 



67.034° are indexed to the following planes (1 1 1), (3 1 1), (2 2 2), (4 0 0), (5 1 1) 

and (4 4 0) of the cubic unit cell. The average particle size was found to be 4.98, 5.5, 

6.74, 4.82 and 5.66 for samples A, B, C, D and F calcined at 800 °C, respectively. 

 

         Fig. 2. XRD patterns of Al2O3 samples (A, B, C, D and F) calcined at 800 °C 

For sample (E) formed by 800 °C, the sites and intensity of the diffraction 

peaks are consistent with the standard pattern for JCPDS card No. (00-042-1468) 

Aluminum oxide Fig. 3. The lattice constants are equal (a = b =4.7588 and c = 

12.9920 A°) ensure the formation of a Rhombohedral structure. The diffraction 

peaks at 25.577°, 35.151°, 37.785°, 43.363°, 52.559°, 61.305°, 66.522°, 68.209°,         

and 76.882° are indexed to the following planes (0 1 2), (1 0 4), (1 1 0), (1 1 3), (0 2 

4), (0 1 8), (2 1 4), (3 0 0) and (1 0 10) of the unit cell. The average particle size was 

found to be 4.68.  



 

Fig. 3. XRD patterns of Al2O3 (E) calcined at 800 °C 

3.1.2. FT-IR study of Al2O3 nanoparticles 

The infrared spectra of the as-prepared Al2O3 nano-powders (A, B, C, D, E 

and F) before calcination and calcined at 800 °C for 4h are shown in Fig. 4 and Fig. 

5, respectively, and it seems that the six spectra are almost identical. In Fig. 4, the 

wide absorption band at 3318 cm-1 represents the –OH stretching vibration and 

reveals the presence of hydroxyl groups. The band at 1620 cm-1 is OH bending 

vibration. The absorption bands   In the IR spectra, the bands from 1405 to 1628.84 

cm-1 indicate the formation of alumina. The peak around 1071.79 cm-1 is attributed 

to Al–O–C bond between the Al3+ and the used fuel. In Fig.5, the Al2O3 samples 

exhibited characteristic frequency in the region of 400−700 cm−1 correspond to the 

existence of Al2O3[70]. The peak which is attributed to Al–O–C bond between the 

Al3+ and the used fuel disappeared in Fig. 18 reveals complete removal of residual 

organic group from the powder calcined at 800 ºC. the calcination caused the Al-OH 

groups and the deformation and O-H stretching vibration of weakly-bound water in 

the sample to disappear.  



 

Fig. 4. FT-IR spectra of Al2O3 samples (A, B, C, D, E and F) before calcination 

 

 

                  Fig. 5. FT-IR spectr of Al2O3 samples (A, B, C, D, E and F) calcined at 800 °C 

3.1.3.  Morphology investigation of Al2O3 nanoparticles 

3.1.3.1 Field emission scanning electron microscopy (FE-SEM) of Al2O3 

nanoparticles 



Morphologies of the as-prepared Al2O3 sample calcined at 800 ºC (E800) was 

investigated by using field emission scanning electron microscopy (FE-SEM) and 

presented in Fig. 6. From SEM micrographs of E800 powders, rough surfaces and 

many visible mesopores are observable in the micrographs with a wide distribution. 

The reaction takes place with no flame which results in amorphous product and 

agglomerated particles in nano and micro scales. The average size of these shapes is 

about 1.8 µm. In order to achieve the reliable result, the secondary particle size 

should be evaluated by TEM images with higher magnification. 

 

 

 

 

 

  
  

 



   

  

Fig. 6. FE-SEM images of Al2O3 product E calcined at 800 °C 

 

 

 

 

 

3.1.3.2. High-resolution transmission electron microscopy (HR-TEM) of Al2O3 

nanoparticles 

 

In order to achieve the reliable result, the secondary particle size should be 

evaluated by high resolution transmission electron microscopy (HR-TEM) images 

with higher magnification. TEM technique has been applied to examine the 

microstructure of the Al2O3 (E800) Fig. 7. As shown in Fig. 7 the product E800 is 

composed of dispersed hexagonal and cubic particles with an average diameter of 

11 nm which is compatible with the crystalline size calculated from the XRD studies. 

  



 

           Fig. 7. HR-TEM images of Al2O3 product (E) calcined at 800 °C 

3.2. Preparation and characterization of PANAA [poly (aniline-CO-O-

anthranilic acid)] 

3.2.1. Preparation of of PANAA [poly (aniline-CO-O-anthranilic acid)] 

The synthesis of PANAA was done by chemical oxidative polymerization of 

anthranilic acid and aniline co-monomers at equimolar ratios (1:1).8 ml conc. HCl 

was added to 0.93 g aniline. 1.37 g anthranilic acid was added to the mixture under 

  
  

  
 

 



magnetic stirring with 800 rpm at room temperature. 30 ml distilled water was added 

to the previous solution of co-monomers. Potassium dichromate (initiator, 60 ml, 

1M) was added slowly drop by drop into the co-monomer’s mixture for 30 mins. 

Then the formed mixture was left for three hours. PANAA was precipitated on the 

surface of nano particles. Finally, the precipitate was filtered using a Buchner funnel 

and washed several timed with distilled water and ethanol to remove monomers, 

oligomers and excess oxidant until the filtrate become almost colorless. At 80° C the 

precipitate was dried for 24h. 

3.2.2. Characterization of PANAA [poly (aniline-CO-O-anthranilic acid)]. 

3.2.2.1. X-ray Diffraction analysis (XRD) of PANAA [poly (aniline-CO-O-

anthranilic acid)] 

The x-ray diffraction patterns of PANAA is shown in Fig. 8. What can is 

noticed is that there is no crystallinity for PANAA. 

 

Fig. 8. XRD patterns of PANAA 

 



3.2.2.2. FT-IR study of PANAA 

The structure of PANAA copolymer was confirmed by using FT-IR 

spectroscopy Fig. 9: the band at 1586.66 cm-1 and 1493.75 were due to the C = C 

vibrations of quinoid and benzenoid ring stretching of the aromatic ring through the 

copolymer backbone[71-73]; the band at 1296.45-1495 cm-1 was due to the C ̶ N 

stretching vibrations of the secondary aromatic amine (quinoid and benzenoid 

sequence) ; The strong band at 1150    cm-1 is a characteristic for emeraldine salt 

(doped with chloride ion). The bands at1140 cm-1 and 829 cm-1 were due to the CH 

out-of-plane and the stretching in the BBB unit, respectively. The spectra of 

copolymer showed similar bands as those reported for poly aniline in absence of 

Anthranilic acid with exception of C = O absorption band at about 1670-1676 cm−1. 

Therefore, the copolymer can be distinguished from the homopolymer by this 

characteristic band. It can be inferred that the o-anthranilic acid has been introduced 

into the polymer chains[74-76]. The carboxylic group in PANAA could be 

confirmed via the absorption band s of stretching vibration of C = C, (C ̶ C), COOH 

groups at about 1722.19 cm-1. 

 

Fig. 9. FT-IR spectra of PANAA 



3.3. Preparation and characterization of PANAA/Al2O3 nanocomposite 

3.3.1. Preparation of PANAA/Al2O3 nanocomposite 

 

 Al2O3 nanoparticles were coated with different loadings of poly (aniline co-

anthranilic acid “PANAA”) copolymer by using surface-initiated polymerization 

(SIP) method. 8 ml conc. HCl was added to 0.93 g aniline. 1.37 g anthranilic acid 

was added to the mixture under magnetic stirring with 800 rpm at room temperature. 

30 ml distilled water was added to the previous solution of co-monomers then mixed 

with 0.5 g of E800 dispersed in 50 ml distilled water. 60 ml of 1 M K2Cr2O7 was 

added slowly drop by drop to the PANAA/Al2O3 mixture for 1h at room temperature. 

The formed PANAA/Al2O3 composite was collected by filtration using a Buchner 

funnel and washed several timed with distilled water and ethanol to remove 

monomers, oligomers and excess oxidant until the filtrate become almost colorless. 

At 80° C the precipitate was dried for 24h. 

3.3.2. Characterization of PANAA/Al2O3 nanocomposite 

3.3.2.1. X-ray Diffraction analysis (XRD) of PANAA/Al2O3 nanocomposite 

The x-ray diffraction patterns of PANAA, E800 and PANAA / E800 

nanocomposites are shown in Fig. 10. What can is noticed is that there is no 

crystallinity for PANAA. There was no change in PANAA/E800 compared to 

standard pattern for JCPDS card No. (00-042-1468) Aluminum oxide. 

Consequently, there is no chemical bonding between E800 and PANAA in the 

prepared nanocomposites. The interaction between them is physically based. 



 

Fig. 10. XRD patterns of E800, PANAA and PANAA/E800 nanocomposites. 

3.3.2.2. FT-IR study of PANAA/Al2O3 nanocomposite 

The FT-IR spectra of the neat PANAA, E800 and PANAA / E800 

nanocomposites are shown in Fig. 11. The vibration bands at 1586.66 cm-1 and 

1493.75 were due to the C = C vibrations of quinoid and benzenoid ring stretching 

of the aromatic ring for PANAA were shifted to 1584.03 cm-1
 and 1495.32 cm -1, 

respectively for PANAA / E. 

 

Fig. 11. FT-IR spectra of E800, PANAA and PANAA/E800 nanocomposites. 



3.3.3. Morphology study of [PANAA/ Al2O3] composite 

3.3.3.1. Field emission scanning electron microscopy (FE-SEM) of [PANAA / 

Al2O3] composite 

The surface morphology and particle size of PANAA/ Al2O3 nanocomposite 

were investigated Fig. 12. The SEM images show that the size of the PANAA/ Al2O3 

nanocomposites finely dispersed nanoscale. The regular shape of the PANAA/ Al2O3 

nanocomposites can be the result of PANAA presence as it minimizes the 

aggregation of Aluminum oxide particles. 

  
  

   

 

  

Fig. 12. FE-SEM images of Al2O3 and PANAA / E products 
 

 

 

 

E E 

PANAA / E PANAA / E 



3.3.3.2. Field emission scanning electron microscopy (FE-TEM) of [PANAA / 

Al2O3] composite 

The transmission electron microscopy (TEM) images of the PANAA / Al2O3 

nanocomposite are shown at different magnifications in Fig. 13. TEM images 

illustrate particle properties such as shape, size and distribution of nanocomposites. 

The TEM images of PANAA / Al2O3 nanocomposite shows a dense morphological 

structure that confirm the coating of PANAA on the surface of Al2O3 particles. we 

found that the nanocomposites have average diameter of 20 nm. 

 

 

  
  

   

 

  

Fig. 13. HR-TEM images of Al2O3 (E) and PANAA / Al2O3. 
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3.4. Adsorption studies  

3.4.1. Characteristic adsorption capacity of prepared samples 

Adsorption is an efficient and economically feasible process for the 

wastewater containing chemically stable pollutants such as heavy metals. We 

investigated the adsorption properties of the different prepared adsorbents by Hg(II) 

ions as a toxic pollutant. Adsorption capacity represents one of the more 

characteristics features to decide which sample is more convenient for heavy metal 

removal processing. The FT-IR spectra can be used as an evidence for the adsorption 

process of heavy metals[49, 77]. Fig. 14(a,b) depicts the FT-IR spectra of the 

prepared adsorbents before and after adsorption of Hg(II). From Fig. 14(a,b), it is 

observed that the spectrum of Hg(II) metal-loaded for each adsorbent differs from 

that adsorbent before the adsorption. A new peak appeared approximately at (1373-

1385, cm-1) in all spectrum is probably due to the adsorbed Hg(II) ions onto the 

adsorbent. 

  

Fig. 14(a,b). The FT-IR spectra before and after adsorption (*) for a) E, b) 

PANAA/E 



 

Many factors affecting the Hg (II) expulsion from water such as pH, dosage 

level of nanoparticles, temperature, contact time and the initial concentration of 

heavy metal were studied. 

3.4.2. Factors affect the adsorption process 

3.4.2.1. Effect of pH 

The adsorption progress by protonation and deprotonation of adsorbent 

surface functional groups are influenced by the pH of the sample. The pH of the 

solution controls the adsorption behavior of Hg(II) ions onto the adsorbent particles. 

It affects the solubility of the metal ions in the solution, replaces some of the positive 

ions found in the active sites and affects the degree of ionization of the adsorbate 

during the reaction[78]. The effect of initial pH on the sorption of Hg(II) ions onto 

utilized nano particles was evaluated within the pH range of 2.6-9.53. The metal 

removal from solution at pH beyond 10 would not give accurate results because 

precipitation of the ions as hydroxides took place, that was the reason the removal 

curve became high as there were not mercury ions to be removed (the solution seems 

to be clear because of the metal precipitation)[79]. The effect of different pH values 

ranged from 2.6 to 9.53 on the adsorption of Hg(II) by Al2O3 (E800) and PANAA / 

(E800) nanocomposites (1 g/L) for 24h contact time was investigated Fig. 15. The 

initial concentration of Hg(II), adsorbent dose, volume of Hg(II) ions and the stirring 

rate were set at 20 ppm, 0.05 g, 50 ml and 400 rpm, respectively at 298 K for 24h.  

The effect of pH on the adsorption behavior of nano alumina for Hg(II) was 

shown in Fig. 15. The initial pH of the solution significantly affected the adsorption 

capacity of the adsorbent; adsorption capacity was highest when pH was 9.43 giving 

53 % removal and decreased by lowering pH under the present range of the 

experimental condition. At lower values, the metal ion uptake was limited in this 

acidic medium, this can be attributed to the presence of H+ ions which compete with 



the Hg(II) ions for the adsorption sites. Contrarily, the metal ion was about to form 

metal hydroxide deposition though hydrolysis at higher values of pH[80]. Similarly, 

the best pH given highest Hg(II) removal was at pH= 9.53 for PANAA / (E800) 

nanocomposite, respectively. 

 

 

Fig. 15. Effect of pH on Hg(II) removal percent using different nano-sized 

adsorbents. 

3.4.2.2. Effect of contact time  

The contact time between adsorbate and adsorbent is one of the most 

important parameters that affects the performance of adsorption processes. Thus, the 

effect of contact time on the performance of Al2O3 (E800) and PANAA / (E800) 

nanocomposites in adsorbing Hg(II) was investigated at pH= 9.43 and 9.53, 

respectively. The dose of adsorbent was 0.05g using different concentration of 

Hg(II) [10-70] mg/L at 298 K. The adsorption capacities (qt, mg/g) of Al2O3 (E800) 

and PANAA / (E800) nanocomposites for the adsorption of different conc. of Hg(II) 

versus the contact time (t, h) were displayed in Fig. 16(a,b) For all adsorbents, 



respectively. It could be observed that the adsorption was fast in the initial stages; 

afterward, it increased slowly with increasing the contact time until it reached the 

equilibrium stat (i.e. the plateau behavior). The change in the rate of Hg(II) 

adsorption at the initial and later stages is probably due to the presence of large 

number of active adsorption sites available for adsorption in the beginning of the 

adsorption process. Then, this number decreased with increasing the contact time by 

an occupation of the adsorption active sites during the adsorption process. Besides, 

the slower adsorption rates at longer contact times can be assigned to the slower pore 

diffusion rate of Hg(II) ions into the nanoparticles. From Fig. 16(a,b), the optimum 

contact time for Al2O3 (E800) and PANAA / (E800) nanocomposites for the adsorption 

of different conc. Hg(II) were at 5h and 4h, respectively. 

 

 

Fig. 16(a,b). Effect of contact time on Hg(II) removal percent using different nano-

sized composites: a) for E  and  b) for PANAA / E. 



3.4.2.3. Effect of initial conc. Of Hg(II)  

 

One of the most important variables that can affect the adsorption process 

initial heavy metal concentration. The effect of initial concentration of Hg(II) 

between (10-70) mg/L was studied on its adsorption onto Al2O3 (E800) and PANAA 

/ (E800) nanocomposites under previously determined optimum conditions and at 

room temperature. The results, in terms of removal efficiency versus initial 

concentration (mg/L), of Hg(II) ions are indicated in Fig. 17.  It can be seen from 

the results that the percentage removal decreases with the increase in initial 

concentration, where it is seen that the adsorption of Hg (II) decreased gradually 

from 79% to 28% and 81.5% to 26.67% for Al2O3 (E800) and PANAA / (E800), 

nanocomposites, respectively. Sufficient adsorption sites are available at lower 

initial concentrations, but at higher concentrations metal ions are greater than 

adsorption sites. Thus, it can be said that removal of mercury is concentration 

dependent using Al2O3 (E800) and PANAA / (E800) nanocomposites particles as 

previously reported[81]. 

 

Fig. 17. Effect of initial concentration of Hg(II) removal percent using different 

nano-sized composites. 



3.4.2.4. Effect of adsorbent dose 

The effect of adsorbent quantity of removal of Hg(II) is presented in Fig. 18. 

The removal of Hg(II) was investigated by adding various amount of adsorbent in 

the range of 0.025-0.1 g powder into a flask containing 50 ml of 20 ppm Hg(II) 

solution at pH= 9.43 and 9.53 for Al2O3 (E800) and  PANAA / (E800) nanocomposites 

particles. , respectively.  Then stirring at rpm for 5h and 4h, in case of Al2O3 (E800) 

and PANAA / (E800) nanocomposites particles, respectively. The results indicate that 

the adsorption of Hg (II) ions increases with increasing Al2O3 (E800) and PANAA / 

(E800) nanocomposites particles mass due to the availability of the exchangeable 

active sites of the adsorbent particles. 

 

 

Fig. 18. Effect of adsorbent dose on Hg(II) removal percent using different nano-

sized composites. 

 

 



3.4.2.5. Effect of temperature 

Temperature degree plays an important role which can affect the rate of 

adsorption process. The adsorption studies were carried out at three different 

temperatures (25, 35, 45 ºC) separately for Hg(II) ions using 0.05 g for each 

adsorbent and Hg(II) concentration of 20 mg/L, at pH= 9.43 and 9.53 for Al2O3 

(E800) and PANAA / (E800) nanocomposites particles. , respectively.  Then stirring at 

rpm for 5h and 4h, in case of Al2O3 (E800) and PANAA / (E800) nanocomposites 

particles, respectively. The experimental results showed that the adsorption capacity 

decreased very slowly with increase in the solution temperature as shown in Fig. 19. 

This indicates that the adsorption of Hg(II) on the prepared adsorbents is an 

exothermic process. The decrease in the rate of adsorption with the increase in 

temperature may be attributed to the tendency of Hg(II) molecules to escape from 

the solid phase to bulk phase[81]. 

 

Fig. 19. Effect of temperature on Hg(II) removal percent using different nano-sized 

composites. 

 



3.5. Adsorption kinetic study for adsorption of Hg(II) onto the surface of   

different adsorbents  

Adsorption kinetics studies are important in the treatment of aqueous effluents 

because they provide valuable information on the mechanism of the adsorption 

process. The metal adsorption mechanism can be explored by applying the pseudo-

first-order and pseudo-second-order kinetic models. The pseudo-first-order kinetic 

model equation assumes that the binding is originated from a physical adsorption as 

follows[82]: 

 log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 − 𝐾12.303 𝑡                                         (11)                

 

where qe and qt are the amount of heavy metal ions adsorbed on the adsorbent in mg 

(metal) /g (adsorbent) at equilibrium and at time t, respectively. K1 is the rate 

constant of first-order kinetics in min-1. While the pseudo-second-order kinetic 

model is based on chemical adsorption (chemisorption) as follows[82]. 

 

         
𝑡qt = 1𝐾2𝑞𝑒2 + 𝑡𝑞𝑒                                                                  (12)                                           

 

where qe and qt are the amount of heavy metal ions adsorbed by the adsorbent in mg 

(metal)/g (adsorbent) at equilibrium and at time t, respectively. K2 is the rate constant 

of second-order kinetics in g / (mg/min). 

The values of K1 and K2 for different adsorbent were experimentally determined 

from Eqs. (11 and 12), respectively.  

 

 



3.5.1. Adsorption kinetic study for adsorption of Hg(II) onto the surface of 

Al2O3 (E800) 

The fitting curves obtained from the linear plots of log (qe-qt) versus time and 

(t/qt) versus time are plotted in Fig. 20 and 21, respectively. The values of K1 and K2 

for different adsorbent were experimentally determined from Eqs. (11 and 12), 

respectively. From Fig. 20 and Fig. 21, it appears that the second order model seems 

to be more favorable for Hg(II) sorption process indicating its chemical adsorption 

by Al2O3 (E800) nanocomposite. The qe values experimental from pseudo-first-

ordered kinetic model were too small compared the calculated value for Hg(II). 

However, the experimental value qe from pseudo-second-order kinetic model were 

close to the calculated value. These results suggested that pseudo second-order 

adsorption mechanism is predominate and that the overall rate of the Hg(II) 

adsorption process appeared to be controlled by the chemisorption process[83]. The 

obtained k1and k2 values for Al2O3 (E800) nanocomposite plus other parameters 

obtained from the linear form of pseudo-first-order and pseudo-second-order are 

listed in Table 3.  

 

Al2O3  

(E800) 

Pseudo-first-ordered 

model 

Pseudo-second-ordered 

model 

qe (cal) 

(mg/g) 

qe (exp) 

(mg/g) 

K1 R2 qe (exp) 

(mg/g) 

K2 R2 

10.6 

 

1.655 

 

0.0018 

 

0.4206 

 

10.74 

 

0.0025 

 

0.9983 

 

Table 3. pseudo-first-order and pseudo-second-order reaction rate models 

parameters for adsorption of Hg(II) on Al2O3 (E800) nanocomposite.  

 

 



 

Fig. 20. Pseudo-first-order plots for adsorption of Hg(II) on Al2O3 (E800) 

nanocomposite.  

 

Fig. 21. Pseudo-second-order plots for adsorption of Hg(II) on Al2O3 (E800) 

nanocomposite.  

 

 

 

 



3.5.2. Adsorption kinetic study for adsorption of Hg(II) onto the surface of 

PANAA /Al2O3 (E800) 

 

The fitting curves obtained from the linear plots of log (qe-qt) versus time and 

(t/qt) versus time are plotted in Fig. 22 and 23, respectively. The values of K1 and K2 

for different adsorbent were experimentally determined from Eqs. (11 and 12), 

respectively. From Fig. 22 and Fig. 23, it appears that the second order model seems 

to be more favorable for Hg(II) sorption process indicating its chemical adsorption 

by PANAA /Al2O3 (E800) nanocomposite. The qe values experimental from pseudo-

first-ordered kinetic model were too small compared the calculated value for Hg(II). 

However, the experimental value qe from pseudo-second-order kinetic model were 

close to the calculated value. These results suggested that pseudo second-order 

adsorption mechanism is predominate and that the overall rate of the Hg(II) 

adsorption process appeared to be controlled by the chemisorption process[83]. The 

obtained k1and k2 values for Al2O3 (E800) nanocomposite plus other parameters 

obtained from the linear form of pseudo-first-order and pseudo-second-order are 

listed in Table 4.  

PANAA 

/ (E800) 

Pseudo-first-ordered 

model 

Pseudo-second-ordered 

model 

qe (cal) 

(mg/g) 

qe (exp) 

(mg/g) 

K1 R2 qe (exp) 

(mg/g) 

K2 R2 

12.85 

 

1.22 

 

0.0039 

 

0.3754 

 

13.19 

 

0.0027 

 

0.9983 

 

Table 4. pseudo-first-order and pseudo-second-order reaction rate models 

parameters for adsorption of Hg(II) on PANAA /Al2O3 (E800) nanocomposite.  

 

 



 

Fig. 22. Pseudo-first-order plots for adsorption of Hg(II) on PANAA /Al2O3 (E800) 

nanocomposite. 

  

Fig. 23. Pseudo-second-order plots for adsorption of Hg(II) on PANAA /Al2O3 

(E800) nanocomposite.  

However, to gain further insight into the rate determining step involved in the 

adsorption of Hg(II) on different adsorbents, intra-particle diffusion model was 

examined by applying the Weber and Morris equation (13): 

         qt = C + Ki t0.5                                                                   (13) 



 

where Ki is the intra-particle diffusion constant (mg g-1 min -0.5), and C represents the 

boundary layer thickness (mg g-1). According to this model, plotting of qt against t0.5 

values should give a straight line which passes through the origin, if the rate 

determining step is the intra-particle diffusion. Otherwise, boundary layer diffusion 

or chemical reaction is the rate determining step. In the current case, the obtained 

plots Fig. 24(a,b) is a multilinear or not passing the origin which indicates that the 

overall adsorption process may be proceed by more than one mechanism such as 

film diffusion, chemical reaction, and intra-particle diffusion[84]. 

 

 

Fig. 24(a,b). Intra-particle diffusion model for adsorption of Hg(II) onto       

a) Al2O3 (E800), b) PANAA /[Al2O3 (E800)]. 

 

 



3.6. Adsorption isotherms (Equilibrium modeling) 

3.6.1. Adsorption isotherm for adsorption of Hg(II) onto the prepared 

nanosized particles 

The equilibrium relationship between the quantity of adsorbate per unit of 

adsorbent (qe) and its equilibrium solution concentration (Ce) at a constant 

temperature is known as the adsorption isotherm. And it is very important to the 

design of adsorption processes[85]. Several isotherm models have been developed 

for evaluating the equilibrium adsorption of compounds from solutions such as 

Langmuir, Freundlich, Dubinin-Radushkevich and Temkin, etc.  since the more 

common models used to investigate the adsorption isotherm are Langmuir, 

Freundlich and Temkin isotherm models, the experimental results of this study were 

fitted with these three models. 

3.6.1.1. Langmuir isotherm model 

The common isotherm models (Langmuir and Freundlich), were used to 

describe the adsorption of Hg (II) ion on the nano-particles. Langmuir model 

supposed that all the adsorption sites of the adsorbent have the same binding energy 

and every site joints to only one adsorbate[86]. This model of isotherm assumes the 

formation of a monolayer adsorbate on the outer surface of the adsorbent, and after 

that no further adsorption takes place. It is valid for monolayer adsorption onto a 

surface containing a finite number of identical sites.it assumes uniform energies of 

adsorption onto the surface and no transmigration of adsorbate in the plane of the 

surface. The linearized Langmuir isotherm is given by Eq. (14): 𝐶𝑒𝑞𝑒 = 𝑏𝑞𝑚 + 1𝑞𝑚 𝐶𝑒                                                                (14) 

 



where qe is the equilibrium adsorption capacity of the adsorbent in 

mg (metal)/g (adsorbent), Ce is the equilibrium concentration of Hg(II) ions in 

(mg/L), qm is the maximum amount of metal adsorbed in mg (metal)/g (adsorbent), 

and b is the Langmuir constant that belongs to the bonding energy of adsorption in 

(L/mg). Linear plot of Ce/qe versus Ce shows Langmuir isotherm Fig. 25(a,b). values 

of qm and b were calculated from the slop and intercept of the linear plots and are 

presented in Table 5. The essential characteristics of Langmuir isotherm can be 

expressed by a dimensionless constant called equilibrium parameters RL, defined as: 𝑅𝐿 = 11+𝑏𝐶ₒ                                                                                   (15) 

Where b is the Langmuir constant and C0 is the primary Hg(II) concentration (mg/L), 

RLvalue indicates the adsorption nature to be either unfavorable if RL > 1, Linear if 

RL =1, favorable if 0 <RL <1 and irreversible if RL=0 [86]. Table 5. Shows RL values 

between zero and one, which indicate favorable adsorption. 

Adsorbent Langmuir isotherm parameters 

R2 Slope Intercept qm 

(mg/g) 

b (L/mg) RL 

Al2O3 0.982 0.048 0.3525 21.01 7.4 0.0133 

PANAA/Al2O3 0.997 0.051 0.1941 19.72 3.826 0.0254 

Table 5. Langmuir isotherm parameters for adsorption of Hg(II) on different 

prepared nanoparticles. 



 

 

 

Fig. 25(a,b). Langmuir isotherm model for Hg(II) adsorption on different nano-sized 

composites: a) for E, and b) for PANAA/ (E). 

3.6.1.2. Freundlich isotherm model 

This model is used to describe the adsorption characteristics for the 

heterogeneous surface[86]. it assumes heterogeneity of binding energies of 

adsorption sites. The linearized Freundlich isotherm is given by Eq. (16): ln 𝑞𝑒 = 𝑙𝑛𝐾𝑓 + (1𝑛) ln 𝐶𝑒                                                    (16) 

where qe is the equilibrium adsorption capacity of the adsorbent in mg (metal)/g 

(adsorbent), Ce is the equilibrium concentration of heavy metal ions in (mg/L), Kf is 



the constant refers to the adsorption capacity of the adsorbent in (mg/L), and n is the 

constant linked to the adsorption intensity. (1/n) is the heterogeneity factor and it is 

a function of the strength of adsorption in the adsorption process . If n=1 (i.e. (1/n) 

=1), the partition between the two phases are independent of the concentration. If 

value of 1/n is below one, it indicates a normal adsorption. On the other hand, 1/n 

being above one indicates cooperative adsorption. In addition to, the linear least 

squares method and the linearly transformed equations have been widely applied to 

correlate sorption data where the smaller 1/n, the greater the expected heterogeneity. 

This expression reduces to a linear adsorption isotherm when 1/n = 1. If n lies 

between one and ten, this indicates a favorable sorption process[87]. When lnqe is 

plotted against ln Ce and the data are treated by linear regression analysis, as shown 

in Fig. 26 (a,b) for Hg(II) adsorption on different nano-sized composites, 1/n, Kf 

constants are determined from the slope and intercept. The data presented in Table 

6, showing the values of 1/n and n which indicates that the sorption of Hg(II) onto 

the prepared nano-sized particles is favorable. 

 

 

 

 

 

 

 



 

 

 

Fig. 26(a,b). Freundlich isotherm model for Hg(II) adsorption on different nano-

sized composites: a) for E, and b) for PANAA/ E. 

 

 

 

 

 

 

 

 



Adsorbent Freundlich isotherm Parameters 

Slope Intercept Kf 1/n n R2 

Al2O3   0.2833 1.7999 6.0490 0.2833 3.5298 0.9815 

PANAA/Al2O3 0.2427 2.0077 7.4460 0.2427 4.1201 0.9805 

Table 6. Freundlich isotherm parameters for adsorption of Hg(II) on different 

prepared nanosized particles. 

Usually, for the valuation of preeminent fit, values of correlation coefficients 

(R2) of linear plots of the three models are compared. Based on the three model 

constants and their correlation coefficients it can be concluded that adsorption of 

Hg(II) on Al2O3(E800) and PANAA / Al2O3(E800) adsorbents is best described by 

Langmuir adsorption isotherm since it has the closest R2 to the unity value, plus 

Langmuir isotherm model generated the nearest calculated maximum adsorption 

capacity to the experimentally obtained one. This, therefore, suggests that adsorption 

occurs as a monolayer adsorbate on the outer surface of the adsorbent. 

3.6.1.3. Temkin isotherm model 

This model of isotherm includes a factor that explicitly taking into the account 

of adsorbent-adsorbate interactions. The model supposes that heat of adsorption 

(function of temperature) of all molecules in the layer would reduce linearly rather 

than logarithmic with coverage[88, 89]. As indicated in the equation (17) its 

linearized form Eq. (18), its derivation is characterized by a uniform distribution of 

binding energies (up to some maximum binding energy).  

qe = 
𝑅𝑇𝑏   ln (KT

.Ce)                                                                           (17) 

This equation can be linearized as following:  

qe = B ln(KT) + B ln (Ce)                                                                  (18) 

 

Where 𝐵 = 𝑅𝑇𝑏  



The adsorption data can be examined according to the previous equation. A 

plot of qe versus ln Ce enables the determination of the isotherm constant KT and B 

as shown in Fig. 27 (a-f), KT is the equilibrium binding constant (L/mg) 

corresponding to the maximum binding energy and constant B is related to the heat 

of adsorption (J.mol-1). R is the universal gas constant (8.314 J/mol.k). B is also a 

Temkin isotherm constant while is the absolute temperature (T) in Kelvin. The 

values of these parameters are presented in Table. 7. Based on the values of 

R2(correlation coefficient), it could be concluded that Temkin isotherm model is 

applicable to some degree for the adsorption of Hg (II) onto the prepared nano-sized 

materials. 

Adsorbent Temkin isotherm Parameters 

Slope Intercept Ln KT 

(L/mg) 

KT 

(L/mg) 

B b 

(J/mol) 

R2 

Al2O3 3.51 4.14 1.18 3.25 3.51 0.71 0.939 

PANAA/Al2O3 3.09 6.50 2.11 8.22 3.09 0.80 0.998 

Table 7. Temkin isotherm parameters for adsorption of Hg(II) on different 

prepared nanosized particles. 

 

 

 

 



 

           

Fig. 27(a,b). Temkin isotherm model for Hg(II) adsorption on different nano-sized 

composites: a) for E, and b) for PANAA/ E. 

 

3.6.2. Thermodynamic studies for adsorption of Hg(II) on different prepared 

nano- particles 

The effect of adsorption media temperatures on the adsorption of Hg(II) on 

the as-prepared adsorbents was explored in the range of 298-318 K under the 

adsorption conditions: 0.05 g adsorbent, 20 mg/L initial concentration of metal ion, 

400 rpm stirring rate and apply other optimum condition for each adsorbent. The 

results exhibited that the adsorption capacity, as shown previously in Fig. 19. 

indicates that the adsorption capacity of Hg(II) on each adsorbent is an exothermic 



nature of the adsorption process. The decrease in the rate of adsorption with the 

increase of the temperature can be attributed to the low tendency of Hg (II) 

molecules to the solid phase at high temperature. The values of thermodynamic 

parameters such as change in enthalpy (∆Hº), change in entropy (∆Sº) and change in 

free energy (∆Gº), were determined by using the following Van's Hoff equation[90]: 

lnKc = ∆Sº/R - ∆Hº/RT                                                           (19) 

where Kc =CAe/Ce 

Kc is the equilibrium constant, CAe is the solid phase concentration at 

equilibrium (mg/L), T is the temperature in Kelvin and R is the gas constant. By 

plotting lnKc against 1/T gives a straight line with a slope and intercept equal to (-

∆Hº/R) and ∆Sº/RT, respectively. The values of ∆Hº and ∆Sº/R were calculated from 

Fig. 28 (a,b) and reported in Table 8. The negative values of ∆Hº indicate the 

exothermic nature of adsorption process for Hg(II) on all prepared adsorbents. The 

positive values of entropy changes ∆Sº corresponds on an increase in degree of 

freedom of the adsorbed species. Gibbs free energy ∆Gº of adsorption was calculated 

from the following relations and the values are given in Table 8. 

(∆Gº) = -RT ln Kc                                                                        (20) 

(∆Gº) = ∆Hº - T∆Sº                                                                      (21) 

The negative values of (∆Gº) indicated that the adsorption of Hg(II) on the 

different adsorbents is a spontaneous process and the decrease in (∆Gº) values with 

increasing the temperature indicates that the adsorption process is more preferable 

at higher temperature for all adsorbents. 

  



∆Sº 
(KJ/mol.k) 

∆Hº 
(KJ/mol) 

∆Gº 
(KJ/mol) 

lnKc Temperature 

(K) 

 

Adsorbent 

 

0.0002 
 

-0.1428 

 

-0.203 0.0820 298  

Al2O3 

 

-0.204 0.0792 308 

-0.207 0.0784 318 

  

 

0.000037 
 

-1.4455 
-1.4524 0.5862 298  

PANAA/Al2O3 
 

-1.4666 0.5727 308 

-1.4725 0.5494 318 

  

 

Table 8. Thermodynamic parameters for the adsorption of Hg(II) on all 

prepared adsorbents. 

 

 

Fig. 28(a,b). Plots of ln Kc against 1/T for Hg(II) adsorption on different nano-sized 

composites: a) for E, and b) for PANAA/ E. 



4. Conclusion 

A facile nanocomposite of poly (aniline-CO-O-anthranilic acid) (PANAA/ Al2O3) 

was synthesized via chemical oxidative polymerization of anthranilic acid and 

aniline co-monomers at equimolar ratios (1:1) with the Al2O3 nanostructure.                 

A proposed mechanism for nanocomposite formation was suggested and the 

structure of the as-prepared adsorbents was characterized by FT-IR, SEM, TEM and  

XRD techniques. The nanocomposite was then utilized as an effective adsorbent for 

the removal of Hg(II) ions. The kinetics and isotherm modelling studies showed that 

the experimental data fitted well with the pseudo-second-order and Langmuir 

isotherm models, respectively. The maximum capacity of the adsorbent was found 

to be 19.72 mg g−1 for Hg(II). All obtained results depict that the modified PANAA/ 

Al2O3 nanocomposite can be used as an effective, easily separable, and reusable 

adsorbent for the removal of toxic Hg(II) from aqueous solutions. 
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