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 PEI (polyethylenimine) functionalized magnetic amorphous carbon thin film nano 

composite (Fe3O4-PEI-ACTF NC), was successfully synthesized and characterized by 

High Resolution Transmission Electron Microscope (HR-TEM), X-ray diffraction 
(XRD), Fourier-transform infrared spectrometer (FTIR), and Thermo gravimetric 

analysis (TGA). The synthesized nano composite Fe3O4-PEI-ACTF was developed as 

a highly efficient adsorbent for Hg(II) from aqueous samples. Effect of pH, contact 
time, adsorbent dose, initial concentration and temperature were investigated and 

optimized through batch adsorption technique. Besides, good magnetic performance of 

Fe3O4-PEI-ACTF NC makes it easily recovered from water with magnetic separation 
at low magnetic field. The adsorption kinetic data described well with the pseudo-

second-order model and the equilibrium data fitted well to Langmuir isotherm model. 

The maximum adsorption capacity was 714 µgg-1 for Hg(II). Thermodynamic studies 
(∆Go < 0, ∆Ho > 0, ∆So > 0) implied an endothermic and spontaneous adsorption 

process in nature. Furthermore, the excellent reproducibility indicated that Fe3O4-PEI- 

ACTF NC has a promising application for removing heavy metals from aqueous 
environments due to high adsorption capacity and easily and quick separation.  

 

INTRODUCTION 

 

Heavy metal ions such as Pb2+, Cd2+, Hg2+, Ni2+, and Cu2+ are very harmful environmental pollutants 

because they are highly toxic at low concentrations and can accumulate in living organisms, causing several 

disorders and diseases (Zhou et al. 2009; Wang et al. 2010). Mercury (Hg) is a bioaccumulative and 

exceptionally destructive significant metal that causes genuine human medical impacts even at low 

concentrations. Extreme harm has been reported to the sensory system, kidneys, and different organs after Hg 

exposure. Agency for Toxic Substances and Disease Registry (ATSDR) considered Hg is one of the “priority 

hazardous substances” which is released into the environment by both natural processes and human activities 

(Harris et al. 2003; Xiaofang et al. 2014). Different industries including electrical and electronics 

manufacturing plants, chloro-soluble base plants, and sulfide ore roasting operations cause Hg water 

contaminated (Wang et al. 2010; Parham et al. 2012). An economic and simple effective method was required 

for treatment of the wastewater containing Hg(II).  

The main techniques that have been used on metal content reduction from industrial waste are chemical 

precipitation, ion exchange, membrane filtration, electrolytic methods, reverse osmosis, solvent extraction, and 

adsorption. However, these methods are limited by high operational cost and/or may be also be inefficient in the 

removal of some toxic metal ions, mainly at trace level concentrations (Nasirimoghaddam et al. 2015). 

Adsorption is perceived as an efficient and economic technique (Wang et al. 2013; Hajipour et al. 2010), its 

efficiency significantly depends on the adsorbent properties and hence, developing an efficient adsorbent is of 
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imperative significance. Numerous novel adsorbents, for example nanomaterials, ion imprinted material, 

mesoporous materials, carbon nanotubes and magnetic nanoparticles have been utilized. Nanometer-sized 

materials have gained much attention, because of their distinct chemical, physical and biological properties and 

because of their high surface area, they can adsorb metal ions with high adsorption capacity (Cheng et al. 2012; 

Jianga et al. 2012). In recent years, application of magnetic nanoparticles (MNPs) to adsorb contaminants from 

aqueous or gaseous effluents has received considerable attention, due to their excellent physical and chemical 

properties, high surface area, simple separation using external magnetic fields (Panneerselvam et al. 2011; 

Yong-Meia et al. 2010). Magnetic iron oxide nanoparticles (Fe3O4) have demonstrated broad applications as 

solid phase adsorbent for removal of different types of pollutants, for example, dyes and heavy metals since no 

centrifugation or filtration of the sample was needed after treatment (in comparison with non-magnetic 

adsorbents) (Parham et al. 2012). Magnetic iron oxide nanoparticles (Fe3O4) are tend to shape totals because of 

their magnetic attractive forces and the Vander Waals attractive forces, which cause extreme difficulty in 

stabilizing the magnetic colloidal dispersion in solutions (Bagheri et al. 2012). Several methods have been 

developed to improve the stability, biocompatibility, and manipulation of the nanoparticles and to minimize 

their co-aggregation, such as supporting of magnetite nanoparticles on polymers or inorganic matter, like porous 

silica, amorphous carbon, and zeolites (Larraza et al. 2012). 

Amorphous activated carbon thin film (ACTF) is a carbonaceous material prepared from agriculture wastes 

in the form of multiple accumulated sheets, having winding surface. Due to its excellent surface properties, 

ACTF has been used as support for hybrid nanomaterials (El-Sayed et al. 2016).  

Polyethylenimine (PEI), which is composed of a large number of primary and secondary amine groups in a 

molecule, exhibits good adsorption ability for heavy metals (Ghoul et al. 2003; Deng and Ting 2005). 

Furthermore, it is charged over a wide pH range. Therefore, PEI can bind with heavy metal ions through 

complexation or electrostatic interaction (Pang 2011a; 2011b). The presence of NH2 groups in PEI molecules 

will enable the PEI-capped magnetic particles to have good biocompatibility and good solubility in aqueous 

solutions. The NH2 groups demonstrated excellent ability to remove heavy metal ions such as Cu(II), Co(II), 

Ni(II), Zn(II), Pb(II), Cr(VI), and Cd(II) from aqueous solutions (Larraza et al. 2012; Ghoul et al. 2003; Deng 

and Ting, 2005; Pang et al. 2011b; Xitong et al. 2015; Lu et al. 2015) due to the strong metal complexing 

ability of amino groups  to the surface of adsorbent.  

In the present work, magnetite nanoparticles (Fe3O4) were incorporated and dispersed among the ACTF 

sheets, modified by polyethylenimine (PEI) with functional groups that later affords the growth and 

stabilization of the magnetic particles. The nono composite Fe3O4-PEI-ACTF prepared, was characterized using 

different techniques such as transmission electron microscopy (TEM), X-Ray diffraction (XRD), Fourier 

transform infrared (FTIR), and TGA analysis. The ability of the prepared nano composite (Fe3O4-PEI-ACTF) to 

remove Hg(II) from water was investigated, and the adsorption experiments were carried out through batch 

technique. The synthesized nano composite has full advantage of the characteristics of specific physical, 

chemical and surface properties of ACTF, selective attachment of amino group and the magnetic separation 

performance of Fe3O4.  

 

2. Experimental: 

2.1. Chemicals and materials: 

All chemical reagents used were analytical reagent grade, purchased from Sigma–Aldrich Co. Standard 

Stock solutions of Hg(II) containing 1000 mgL−1 were prepared from mercuric nitrate (Hg(NO3)2 salt and 

diluted further with deionized water  to obtain the lower concentration solutions. 

 

2.2. Preparation of Magnetite–Polyethylenimine–Amorphous Carbon Thin Film Nano Composite (Fe3O4–

PEI–ACTF NC): 

Amorphous carbon thin film (ACTF) was prepared according to El-Sayed et al. 2016. Briefly, 50 g of oil 

palm leaves was washed with deionized water, dried, crushed, and sieved to 0.1- 0.07mm. The crushed OPL 

was impregnated by 50 ml concentrated sulphuric acid and vigorously stirred for 30 minutes in the presence of 

1 g active silica; the resulting residue was subjected for semi-carbonization step using a microwave oven at 450 

watts for 20 minutes. Later, the semi-carbonized OPL was subjected to react with cobalt silicate nanoparticle as 

a catalyst under the addition of concentrated sulfuric acid and heated up to 323 K for 30 minutes. The resultant 

product as amorphous carbon thin film (ACTF) was washed and vacuum dried at 333 K for 24 h. The final 

ACTF product was stored until used. 

Magnetite nanoparticles (Fe3O4 NPs) were prepared by co-precipitation of the Fe3+and Fe2+ions by 

ammonia solution and treating under hydrothermal conditions. Chemical precipitation was achieved at 298 K 

under vigorous stirring by adding NH4OH solution. The precipitates were heated at 353 K for 30 min, washed 

several times with water and ethanol, and then finally dried in a vacuum oven at 343 K (Mohapatra et al. 2007). 

The Fe3O4–PEI–ACTF composite material was prepared according to Ying et al. 2014, equal amount of 

ACTF and Fe3O4 nano particles suspension solutions in 50 ml methanol were sonicated for 1 h in a water bath 
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(Elmar 50 Hz) at room temperature. Then, they added to 100 ml 10% (w/v) PEI/ methanol solution, agitated at 

180 rpm at 298 K for 2 h. Later, the mixture was immediately transferred to 200 ml 1% (w/v) 

glutaraldehyde/methanol solution as cross-linker, sonicated for 2h and further left shaking using a roller (orbital 

shaker) overnight at room temperature. The solvent was evaporated at room temperature, and the composite 

formed was called Fe3O4–PEI–ACTF, washed with deionized water three times. It was grinding and sieving to 

constant size. 

  

2.3. Characterization:  

Microstructure and surface morphology of the prepared ACTF, Fe3O4 NPs, and Fe3O4–PEI–ACTF NC was 

analyzed by using High Resolution Transmission Electron Microscope (HR-TEM model JEOL JEM 2200 FS 

TEM with a field- emission gun operating at 200 kV), A drop of an aqueous dispersion was placed on a Form 

var-coated copper TEM grid (300 mesh size) and allowed to air-dry. Furthermore, the structural study of the 

prepared ACTF, Fe3O4 NPs, and Fe3O4–PEI–ACTF NC was examined by the wide-angle X-ray diffraction 

(XRD), using a diffractometer, P analytical X PERT PRO MPD by Cu Kα radiation with (λ= 1.5418 A°) was 

used at a rating of 40 kV, 40 mA. Functional groups of the synthesized samples ACTF, Fe3O4 NPs, and Fe3O4–

PEI–ACTF NC were identified using a Fourier transform infrared spectrometer (FT-IR) model spectrum one 

(Perkin Elmer, USA). The samples were prepared as KBr discs and scanned over the range of 400–4000 cm-1. 

The thermal stability of as prepared ACTF, Fe3O4 NPs, and Fe3O4–PEI–ACTF NC has been investigated by 

thermo-gravimetric analysis (TGA, Q600 SDT) from room temperature to 1000oC with a heating rate of  

10oC/min under steady nitrogen flow. 

 

2.4. Batch adsorption experiments: 

The adsorption capacity of Fe3O4–PEI–ACTF NC for Hg(II) metal ions was studied and performed by 

batch adsorption techniques. The effect of solution pH, initial metal concentration, the adsorbent dose, time and 

temperature on the adsorption of Hg(II) onto Fe3O4–PEI–ACTF NC were investigated.  To determine the 

adsorption isotherm, working Hg(II) solutions ranging from 500 µgL−1 to 2000 µgL−1 were shaken with a fixed 

dose of Fe3O4–PEI–ACTF NC adsorbent for a specified contact time in a thermo-stated shaking assembly in 50-

mL stopper tubes at desired pH  at room temperature. At equilibrium, the adsorbent was separated by using 

external permanent magnet and the supernatant was analyzed for concentration measurements. The adsorption 

thermodynamics of Hg(II) was carried out at temperatures ranging from 298 K to 343 K. The concentration of 

Hg(II) was determined according to ASTM D 3223 – 02 standard test method (ASTM). Total mercury in water 

was analyzed using cold vapor atomic absorption spectrometer (Hitachi model ZEEnit 700P, Germany), 

attached to hydride system. The system was used for quantitative determination of mercury in liquid samples 

due to its high sensitivity and selectivity as well as its extremely low detection limits (1 μg/L). Briefly, Hg(II) 

was reduced to the elemental state using Na B H4 in presence of argon as a carrier gas, moved through a gas 

liquid separator. The mercury vapor was enriched on a gold collector, then heated to release elemental mercury 

which was re-carried out to a quartz cell inside the atomic measurement unit and the concentration of elemental 

mercury was measured as a function of absorbance. All experiments were carried out in triplicate and average 

values were calculated.                                          

The adsorption capacity (qe, µgg-1), and the removal efficiency percentages were calculated according to 

the following equations: 

 

qe= (C0− Ce)V/ m                                                                    (1) 

 

Removal efficiency (%) = [(C0− Ce) /(C0)]×100                                       (2) 

 

C0 and Ce (µg L−1) are the initial and equilibrium concentrations of Hg(II) metal ions, respectively, V is the 

volume of solution (L) and m is the mass of the adsorbent (g). 

 

3. RESULTS AND DISCUSSION 

3.1. Characterization:  

The surface morphologies of ACTF, Fe3O4 NPs, and Fe3O4–PEI–ACTF NC prepared was characterized by 

HR-TEM images and represented in Fig.1 on different grid areas and different magnifications. The HR-TEM 

images show that ACTF displayed a platelet-like morphology in the form of thin films with a two-dimensional 

sheet (Fig.1 a, b), reveals that it consists of multiple accumulated sheets. TEM images of the prepared Fe3O4 

NPS (Fig.1c, d), reveal that the synthesized nanoparticles are nearly spherical shaped structures, well dispersed 

in methanol with particle sizes ranged from 10 to 18 nm. The corresponding TEM images of Fe3O4–PEI–ACTF 

NC (Fig.1e, f, g) shows that it has lamellar structure; small groups as well as individual magnetite nanoparticles 

were found to be dispersed among the ACTF platelets and on their surfaces. Polyethylenimine (PEI) on 

magnetite surface penetrated into the ACTF platelets producing intercalation, and their penetrating through its 
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sheets. Since sorption sites are predominantly on the surface, Fe3O4–PEI–ACTF NC was expected to offer more 

active sorption sites on its surface. The Selected Area Electron Diffraction (SAED) Fig.1 h, shows the 

diffraction rings of polycrystalline nature of Fe3O4–PEI–ACTF NC prepared, confirmed the crystallinity and 

preferential orientation. 
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Fig. 1: HR-TEM images of ACTF (a, b), Fe3O4 NPs (c, d), Fe3O4 -PEI-ACTF N C (e, f, g) on different grid 

areas and different magnifications, and SAED (h) of composite. 

 

The XRD patterns of the synthesized ACTF, Fe3O4NPs, and Fe3O4–PEI–ACTF NC were shown in Fig.2. 

The pattern of ACTF shows that the fabricated activated carbon was amorphous with a broad peak at 2ϴ = 

21.47◦. While the pattern of Fe3O4 NPs shows the characteristic diffraction peaks of Fe3O4 at angles (2ϴ) = 

30.21o, 35.65o, 43.35o, 53.67o, 57.59o, and 63.13o represent the corresponding indices (2 2 0) (3 1 1) (4 0 0)(4 2 

2) (5 1 1) and (4 4 0), respectively (Nata et al. 2010, Zhang et al. 2011), which match with the pattern of the 

standard Fe3O4 according to ICDD PDF card (03-0863).  The pattern of the Fe3O4–PEI–ACTF NC, shows the 

characterized peaks of ACTF and PEI which can be observed in the area of 2ϴ = 19o - 21.5o.. Moreover, all the 

characterized diffraction peaks of Fe3O4 NPs were sharply detected due to its high crystalline nature. The results 

indicate that Fe3O4–PEI–ACTF NC was successfully prepared, and confirmed its structure (Xiaoyao et al. 

2014).  

 

 
Fig. 2: XRD pattern of ACTF, Fe3O4 NPs, and Fe3O4-PEI-ACTF NC prepared 

 

The FT-IR spectra of PEI, ACTF, Fe3O4 NPs, and Fe3O4–PEI–ACTF NC are shown in Fig 3.The spectra 

revealed the presence of N-H, O-H, C=O, C-C, and  C-O bands at 3440 cm−1, 3416 cm−1, 1703 cm−1, 1614 cm−1 

and 1174 cm−1, respectively. The bands around 2919 and 2850 cm-1 are attributed to stretching vibration of the 
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aliphatic C–H bands. In the spectrum of Fe3O4NPs, the strong absorption band at 583 cm−1 corresponded to Fe-

O bond vibration of Fe3O4 (Ai et al. 2011; Limei et al. 2015). The spectrum of Fe3O4–PEI–ACTF NC shows 

that Fe-O bond vibration of Fe3O4 shifted to 620 cm−1, the broad and strong band ranging from 3000 to 3800 

cm−1 which may be due to the overlapping of OH and NH stretching, while the presence of two absorption 

bands at 2926 cm−1, and 2850 cm−1 corresponds to the CH3 asymmetric as well as symmetric stretching 

frequencies of the methyl groups in PEI chains (Xitong et al. 2014). In addition, the new characteristic peak 

appeared at 1636 cm−1 corresponding to the bending vibration of (–C(=O) –N(–H)–) (Xitong et al. 2014), which 

implied that the PEI was successfully grafted on the surface of the ACTF and Fe3O4 NPs.   Fe–O bond vibrating 

of shifted to about 620 for Fe3O4–PEI–ACTF NC. As can be seen in spectrum of Fe3O4–PEI–ACTF NC 

contains all the special peaks of its constituents; ACTF, PEI, and Fe3O4. Hence, the FTIR spectrum confirmed 

that Fe3O4–PEI–ACTF NC was successfully prepared and it contained plentiful oxygen and nitrogen functional 

groups, which act as available adsorption sites, played an important role in the heavy metal ions removing 

process.  
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Fig. 3: FTIR spectra of PEI (A), and ACTF (B), Fe3O4 NPs (C), and Fe3O4-PEI-ACTF NC (D) prepared  

 

Thermal stability is an important factor that affects the application of an adsorbent. The thermal stability of 

ACTF, PEI, Fe3O4NPs, and Fe3O4- PEI- ACTF NC was investigated by thermal gravimetric analysis (TGA) in 

dry nitrogen and in the temperature range from 15 to 1000 oC.  Fig. 4 shows TGA curves of ACTF, PEI, 

Fe3O4NPs, and Fe3O4–PEI- ACTF NC, it was clear that Fe3O4NPs prepared showed high thermal stability and a 

little weight loss of 5% was observed within the experimental temperature between 15 oC to 1000 oC. For the 

Fe3O4–PEI-ACTF NC the weight losses occurred at three different temperature ranges, the first stage of weight 

loss ranging from 15 to 125 oC of about (10%) corresponded to the removal of surface hydroxyl groups and/or 

adsorbed and bounded water on its surface (Kumar et al. 2010; Inbaraj et al. 2011; Burks et al. 2014), 

indicating the low content of adsorbed water. The second stage of weight loss of about 38%, beginning at 

around 125 oC and completing at about 500 oC, might be attributed to the thermal degradation of organic 

components materials including decomposition of functional groups of ACTF and PEI and carbonization of 

main chains. Since the decomposition of pure PEI occurs at the same temperature range and with the same 

behavior from 200 oC to 390 oC (Inigo et al. 2012), the contents of PEI polymer was calculated to be ≈ 24%.  At 

the third stage, from 500 to 700 oC, there was a small weight loss of about 9% till equilibrium occurs. The 

Fe3O4 NPs content was estimated to be ≈ 28%, indicated that Fe3O4–PEI-ACTF NC had magnetic content. 

200 400 600 800 1000

-10

0

10

20

30

40

50

60

70

80

90

100

110

 

 

W
e

ig
h

t 
(%

)

Temperture ( C
O
)

PEI

Fe
3
O

4
-PEI-ACTF NC

ACTF

Fe
3
O 

4
NPs

 
 

Fig. 4: GTA curves for Fe3O4 NPs, ACTF, and Fe3O4-PEI-ACTF NC materials prepared, and PEI 
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3.2. Effect of pH on adsorption: 

The pH of solution is an important parameter for assessing the adsorption efficiency of an adsorbent. 

Dependence of metal sorption on pH is related to both the metal chemistry in the solution and functional groups 

of sorbent surface which affects the availability of binding sites (Ho, Y.-S. 2005; Heidari et al. 2009). Batch 

adsorption experiments were performed in a wide range of pH (3–10). The pH was adjusted to the desired pH 

value by adding negligible amounts of 0.01 M HNO3 or NaOH. As shown in Fig. 5, the adsorption efficiency % 

increases with increasing solution pH. In acidic condition, large number of H+ protonated the amino groups on 

the surface of Fe3O4–PEI–ACTF NC adsorbent and so, repulsion occurs between H+ protons and Hg2+ on the 

adsorption sites, although competition adsorption of H+ exists, the affinity of Fe3O4–PEI–ACTF NC adsorbent 

towards Hg2+ was higher and still exhibited adsorption efficiency % (over 80 %) at pH about 3. So Fe3O4–PEI–

ACTF NC adsorbent was suitable for removal mercury not only from neutral solution, but also in low pH 

solutions. As pH increased, the protonation of –NH2 group decreased and so more –NH2 groups can coordinate 

with Hg2+, With the further increase of pH, OH– concentration increased on the adsorbent surface, resulting in a 

high surface charge density, consequently, an increase in the adsorption efficiency % of Hg(II). At a pH > 9, the 

colloidal precipitate of Hg(OH)2 was formed, which also decreased the adsorption efficiency %. Therefore, no 

adsorption experiment was performed at pH > 10. The optimized pH of 5 was selected for Hg(II) in subsequent 

tests. 
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Fig. 5: Effect of pH on the adsorption behavior of Hg(II) on Fe3O4–PEI–ACTF NC adsorbent,  m= 0.04 g, V= 

0.05 L, Co = 500 µg L-1 and T = 298.15 K 

 

3.3. Effect of adsorbent dose: 

The effect of Fe3O4–PEI–ACTF NC adsorbent dose on the adsorption capacity of Hg(II) (  (µg g-1), as 

well as the removal efficiency %, were investigated at different dose (0.4 – 1.2 gL-1) and represented in Fig. 6. 

The dosage of adsorbent determines the contact areas between the adsorbent surface and adsorbate As shown 

(Fig. 6), the removal efficiency % of Hg(II) increased from 78.2 % to 95.4 % with the increase of adsorbent 

dosage from 0.4 g to 1.2 g. The increase of removal efficiency % may be attributed to increases in the adsorbent 

surface area and consequently the number of adsorption sites available for the adsorption and the number of 

functional groups at Fe3O4–PEI–ACTF NC adsorbent surface increases. The adsorption capacity of Hg(II) on 

Fe3O4–PEI–ACTF composite adsorbent decreases gradually with the increase of solid content (Donglin et al. 

2011). This may be attributed to the increase ratio of net adsorption quantity of  Hg(II) on Fe3O4–PEI–ACTF 

NC surface is lower than that of the solid content, correspondingly, decreasing the adsorption capacity of Hg(II) 

on Fe3O4–PEI–ACTF NC.  
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Fig. 6: Adsorbent capacity and removal efficiency % of Hg(II)  on Fe3O4–PEI–ACTF NC adsorbent as a 

function of adsorbent dose, V= 0.05 L, Co = 500 µgL-1 and T =298.15 K 

 



330                                                                        Mona El-Sayed Eid, 2016 

Australian Journal of Basic and Applied Sciences, 10(18) December 2016, Pages: 323-335 

3.4. Effect of initial metal ion concentration and adsorption isotherms: 

The effect of initial mercury ion concentration on the Hg(II) removal efficiency %, adsorption experiments 

were performed with initial Hg(II) concentrations that ranged from 500 µgL−1 to 2000 µgL−1. An amount of 

0.04 g of Fe3O4–PEI–ACTF NC adsorbent was added to 0.05 L, under conditions of  pH = 5, a stirring speed of 

180 rpm, 2 h of contact time and at room temperature was used for each adsorption experiment.   The removal 

efficiency % was presented in Fig. 7, which shows that the removal efficiency % decreased from 91.4% to 

28.3%, with increased initial Hg (II) concentration from 500 to 2000 µg L-1. These results indicate that the 

adsorption is dependent on the Hg(II) concentration as it provides the main driving force to overcome mass 

transfer limitations between the solid and the aqueous phase. At lower concentration, a greater number of active 

sites are available for adsorption, and consequently the adsorption is independent on the initial metal ion 

concentration. At a high metal ion concentration, the number of available adsorption sites on adsorbent surface 

deceased, get saturated, and further mass transfer from liquid phase comes down for a fixed number of active 

sites on adsorbent versus to increase metal ions concentration and the extent of adsorption decreased (Ali et al. 

2015).  

The relationship between the metal ions adsorbed on the surface of adsorbent and those remaining in the 

aqueous phase was studied and the adsorption isotherm data were analyzing by Langmuir and Freundlich 

isotherm models 

The Langmuir isotherm model assumes a monolayer adsorption of metals and all adsorption sites are 

identical and energetically equivalent. Its linear form is expressed by the following equation: 

                                                   (3) 

Where, Ce is the equilibrium metal ions concentration in the solution (µg L-1); qe is the equilibrium metal 

ions concentration per unit mass of adsorbent (µg g-1); qmax, the maximum adsorption capacity, is the amount of 

metal ions at complete monolayer coverage (µg g−1); and b (Lµg−1) is the Langmuir constant related to energy 

of adsorption. Langmuir parameters, qmax and b are determined from the slope and intercept of the linear 

relationship plotting between Ce/qe versus Ce (Fig. 8) and listed in Table. 1 

        The favorability of Hg(II) metal ions adsorption onto Fe3O4–PEI–ACTF composite was evaluated by 

dimensionless constant RL called the separation factor or equilibrium parameter, derived from Langmuir model. 

Values of RL indicate the shapes of isotherms to be either unfavorable (RL> 1), linear (RL = 1), favorable (0 < 

RL<1) or irreversible (RL = 0) (Weber and Chakkravorti 1974). 

                                                                                                                                                           (4) 
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Fig. 7: Removal efficiency % of Hg(II)  on Fe3O4–PEI–ACTF NC adsorbent as a function of initial metal 

concentration, V= 0.05 L, m = 0.4 g and T =298.15 K 

 

The Freundlich isotherm model is considered for describing both multilayer sorption and sorption on 

heterogeneous surfaces suggesting that binding sites are not equivalent and/or independent. The logarithmic 

form of Freundlich isotherm is described by the following equation: 

                                                          (5) 

Where, Kf represented the adsorption capacity when metal ion equilibrium concentration equals to 1, and n 

the empirical constant depicting the intensity of adsorption which varies with the heterogeneity of the adsorbent. 

The greater is the value of n the better its adsorption capacity. Freundlich constants Kf and n are calculated from 

the plot of log qe versus log Ce (Fig. 8) and listed in Table 1. 

The best-fit of the experimental data to both models was determined on the basis of regression correlation 

coefficients R2, listed in Table 1. The correlation coefficients analysis shows that adsorption of Hg (II) on 

Fe3O4–PEI–ACTF NC adsorbent well fitted with the Langmuir model as compared to the Freundlich model, 

indicating that the binding energy on the whole surface of adsorbent is uniform and the whole surface has  
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Table 1: Langmuir, and Freundilch isotherm parameters and correlation coefficients for adsorption of Hg(II) onto Fe3O4–PEI–ACTF NC 

adsorbent 

 

 

identical adsorption activity. The adsorbed Hg(II) metal ions forming an almost complete monolayer coverage 

of Fe3O4–PEI–ACTF NC adsorbent, and the maximum adsorption capacity (qmax) was 714 µg g-1. 

As listed in Table 1, all RL values are in the range of 0.0083 to 0.0325, over all initial concentration (500 – 

2000 µg/L), implies that the adsorption of Hg(II) metal ions onto Fe3O4–PEI–ACTF NC adsorbent was 

favorable under the operating conditions being studied.  

 

0 200 400 600 800 1000 1200 1400 1600

0.0

0.5

1.0

1.5

2.0

 

 

y = 0.0014x + 0.0235

R² = 0.9995

C
e

/q
e

Ce(g/L)

(a) Langmuir isotherm

  

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

2.74

2.76

2.78

2.80

2.82

2.84

2.86

 

 

LogCe

y = 0.0610x + 2.661

R² = 0.9506

L
o

g
 q

e

(b) Freundlish isotherm

 
Fig. 8: Langmuir adsorption isotherm model (a), and Freundlich adsorption isotherm model (b) fitting Hg(II)  

adsorption onto Fe3O4–PEI–ACTF NC adsorbent, m = 0.04g, V= 0.05 L, Co  = 500 – 2000 µg L-1 and 

T= 298.15 K. 

 

3.5. Effect of contact time and adsorption kinetics: 

The effect of contact time on the adsorption of Hg(II)  was investigated at 500 µg L-1 initial concentration 

at optimum adsorbent dose (0.04 g/0.05L) at pH 5.0. As shown in Fig. 9, the adsorption rate was initially very 

high and 83 % of maximum uptake of Hg(II) removed takes place at 30 min, then slowed down as the 

equilibrium approached and maximum uptake of 575 µg Hg(II)/g was obtained after 90 min. In order to 

investigate the kinetics of the adsorption process, the pseudo-first-order and pseudo-second-order kinetic 

models were applied to describe the rate of Hg(II) uptake on the Fe3O4–PEI–ACTF NC adsorbent (Fig. 10). 
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Fig. 9: Effect of time on adsorbtion of Hg(II)  onto Fe3O4–PEI–ACTF NC adsorbent, m = 0.04g, V= 0.05 L, 

Co  = 500 µg L-1 and T= 298.15 K . 

 

1. The pseudo-first-order Lagergren’smodel (Ho, Y.-S., 2004): 

 

                                              (6) 

2. The pseudo-second order model (Ho, Y.-S., 2006): 

                                                    (7) 

Langmuir isotherm Freundilch isotherm 

qmax(µg/g) b RL R2 KF n R2 

714 0.0596 0.0083-0.0325 0.9995 458.1 16.39 0.951 
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qe and qt are the capacity of metal ions adsorbed (mg g−1) at equilibrium and time t (h), respectively,  k1 is 

the pseudo-first- order rate constant (h−1),  and K2 (g mg-1h-1) is the pseudo-second order rate constant. 

The kinetic rate constants for the adsorption of Hg (II) on Fe3O4–PEI–ACTF NC composite were 

determined by the linear regression analysis and the results are summarized in Table 2. According to the R2 

values, the experimental data fit the pseudo-second-order kinetic model better than the pseudo-first-order 

kinetic model. The R2 values obtained from the pseudo-second-order model are > 0.999 and the calculated 

equilibrium adsorption capacities (qe, 606 µg/g) were consistent with the experimental (qe, 575 µg/g). The 

second-order kinetics suggests that the adsorption is a chemisorption process, indicating that electrostatic 

attraction are the main driving force for the adsorption and coordination occurred between the metal ions and 

PEI-functionalizing magnetic amorphous carbon (Lu et al. 2015). This result can be attributed to the active 

oxygen and nitrogen functional groups, which act as available adsorption sites and played an important role in 

the heavy metal ions removing process. 

 
Table 2: The kinetic parameters and correlation coefficients for adsorption of Hg(II) onto Fe3O4–PEI–ACTF NC adsorbent 

qe, exp.(µg/g) Pseudo-first-order kinetic model Pseudo-second-order kinetic model 

575 
qe, calc.(µg/g) K1(min-1) R2 qe, calc.(µg/g) K2(g/ µg min) R2 

442.588 0.0499 0.993 606.06 0.00023 0.9996 
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Fig. 10: Pseudo-first order (a) and Pseudo-second order (b) kinetic plots of Hg(II) adsorption onto Fe3O4–PEI–

ACTF NC adsorbent, m = 0.04g, V= 0.05 L, Co  = 500 µg L-1 and T= 298.15 K 

 

3.5. Effect of temperature and thermodynamic parameters: 

Temperature is an important factor that affects the adsorption process. In this work, the effect of the 

temperature on the adsorption performance of mercury onto Fe3O4–PEI–ACTF NC adsorbent was evaluated 

over the temperature range of 288–308 K at initial Hg(II) concentration of 500 µg /L. The thermodynamic 

parameters, namely (kJ mol-1) is the Gibbs free energy change, (J mol-1 K-1) is the entropy change, 

 (kJ mol-1) is the enthalpy change were obtained from van’t Hoff equations (Eq. 8 -11) and the results 

are listed in Table.3 

 
Table 3: Thermodynamic data for adsorption of Hg(II) onto Fe3O4–PEI–ACTF NC adsorbent 

(KJ mol-1) at different temperature T (K) 
-1) (  mol-1 K-1) 

288 298 308 

- 4.2784 -6.4060 - 8.1591 51.763 0.1948 

 

K d = qe / Ce                                                        (8) 

                                       (9) 

           (10) 

                                                (11) 

 R (8.314 J mol-1 K-1) is the gas constant, T (K) is temperature Kelvin, K d  is the distribution coefficient,  qe 

is the amount of metal ion adsorbed at equilibrium (µg/g) and Ce is the equilibrium concentration of metal ions 

in the solution (µg/L).  The values of  is calculated from Eq. 9 and the values of   are obtained 

(Eq. 10) from the intercept and slope of van’t Hoff plot (Fig. 11) of  versus 1/T, respectively. Positive 

values of  confirm the endothermic nature of adsorption process of mercury (II) onto Fe3O4–PEI–ACTF NC 

adsorbent and the adsorption efficiency increase with temperature. The more negative values of  indicates 

the more spontaneous nature of adsorption of mercury(II). The positive value of  suggests that the adsorbed 

mercury (II) ions remain more randomly over the adsorbent surface. The adsorbed water molecules, which were 
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displaced by the metal ions, gained more translational entropy than were lost by the metal ions, thus allowing 

the increase of randomness in the system (Fan et al. 2012). Improving the adsorption capacity with temperature 

suggests that active centers on the surface available for adsorption increase with the temperature. This could 

also be attributed to the pore size variation and enhancing rate of intraparticle diffusion of solute since diffusion 

is an endothermic process. Also, Giles et al. 1974, believed that high temperatures increase the mobility of the 

mercuric ion and widen the pore on the adsorbent surface leading to enhanced intra-particle diffusion rate, 

which reveals a physical nature of the adsorption process (Pejman et al. 2015). 
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Fig. 11: Effect of temperature on the adsorption of Hg(II) adsorption onto Fe3O4–PEI–ACTF NC adsorbent,  

   m = 0.04g, V= 0.05 L, Co  = 500 µg L-1 

 

Conclusions: 
In this study, polyethylenimine (PEI) functionalized magnetic amorphous carbon nano composite (Fe3O4-

PEI-AC NC), has been synthesized in a simple method, and characterized by High Resolution Transmission 

Electron Microscope (HR-TEM), Fourier-transform infrared spectrometer (FTIR), X-ray diffraction (XRD), and  

TGA. Results confirmed that Fe3O4–PEI–ACTF NC was successfully prepared, and it contained plentiful 

oxygen and nitrogen functional groups, which act as available adsorption sites. The efficiency of Fe3O4-PEI-

ACTF NC to remove Hg (II) from aqueous solution was investigated in a batch system. Adsorption experiments 

demonstrated that Fe3O4-PEI-ACTF NC exhibited excellent adsorption performance for Hg(II),  which may be 

attributed to the coordination property of PEI and the electrostatic interaction between Hg(II) and oxygen and 

nitrogen functional groups on its surface. Results showed that the adsorption efficiency increased by an increase 

in the temperature and the adsorbent dosage as well as a decrease in the initial Hg (II) metal concentration. The 

adsorption kinetic follows the pseudo-second-order model and the adsorption isotherm could be fitted well with 

Langmuir model which suggests that the adsorption is a chemisorption process and electron transfer, exchange 

or sharing was generated and chemical bond was formed in the process. The calculated thermodynamic 

parameters revealed that the adsorption of Hg(II) onto Fe3O4-PEI-ACTF NC is endothermic and spontaneous in 

nature. The results of this study indicated that Fe3O4-PEI-ACTF NC could be satisfactorily used in practical 

application for removing heavy metals from aqueous environments due to high adsorption capacity and easily 

and quick separation.  
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