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ABSTRACT
In this study, a simple spectrophotometric method has been applied 
to investigate the adsorption of Hg(II) from aqueous solution on 
glycine functionalised magnetic nanoparticles entrapped calcium 
alginate beads (GFMNPECABs) from aqueous solution. The adsor
bent was characterised by Fourier Transform Infrared (FT-IR) spectro
scopy, Scanning Electron Microscopy (SEM), X-ray Diffraction (XRD) 
and Brunauer-Emmett-Teller (BET) analysis. The influence of pH, 
contact time, temperature, adsorbent dose etc. were studied and 
optimised. The results of batch adsorption experiment showed that 
maximum adsorption capacity of 3.59 mg g‒1 was obtained at pH 5 
and 65 minutes of contact time.The adsorption behaviour of Hg(II) 
was evaluated using Langmuir, Freundlich and Temkin isotherm and 
it was found that the data best fitted with the Freundlich model. The 
kinetic study revealed that the adsorption follows pseudo-second- 
order kinetics with a high correlation coefficient of R2 = 0.9998. The 
thermodynamic investigation verified the endothermic and sponta
neous nature of the adsorption process with an enthalpy change 
(∆H) and entropy change (∆S) of 20.25 kJ mol−1 and 79.88 J mol‒1 K, 
respectively. The adsorption studies were monitored based on the 
reaction of Hg(II) with iodine and leucocrystal violet. This study 
shows that GFMNPECABs is a promising adsorbent for removal of 
Hg(II) from aqueous solution and the above spectrophotometric 
method could be satisfactorily applied for adsorption studies.
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1. Introduction

Mercury(II) (Hg2+) is one of the most dangerous pollutants because of its toxic or carcino
genic properties. It’s occurrence is rare in the Earth’s crust (0.1‒1.0 mg L‒1) [1]. Some 
inorganic and organic mercury compounds are extremely toxic and cause serious threat 
to human beings and to natural environment. The maximum acceptable content of Hg(II) 
for human beings as recommended by World Health Organization (WHO) in drinking water 
is 1 µg L−1 [2]. Hg(II) finds its wide applications in industries, that produce electrical 
equipment, paints, pesticides, pulp and paper, domestic thermometers, and medicines. 
The main sources of Hg(II) emission to land, water, and air are by the process of mining of 
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ore and smelting (in particular Cu and Zn smelting), burning of fossil fuels (mainly coal), 
industrial production processes, and consumption related discharges (including waste 
incineration) [3]. The waste water discharged from electroplating, metal finishing opera
tions, electronic-circuit production, steel and nonferrous processes, chemical, pharmaceu
tical production industries, chlor-alkali, fertiliser, pulp and paper, plastic, battery 
manufacturing, oil refining, paints and electrical components are the major sources of 
Hg(II) in the environment [4–6]. Thus, Hg(II) is very useful indispensable metal for industries 
on one hand and one of the typical environmental pollutants on the other hand. 
Controlling the concentration of heavy metals in waste, before it is discharged, is very 
important. Therefore, it is very important to develop techniques to recover Hg(II) from 
various kinds of waste water containing Hg(II).

Various techniques are available to treat wastewater such as chemical precipitation [7], 
coagulation [8], reverse osmosis [9], precipitation [10], membrane separation [11] and ion- 
exchange [12]. Electro deposition, biological treatment, solid phase extraction and 
adsorption are among the most common methods for the elimination of heavy metals 
[13–16], but most of them suffer from various disadvantages such as high expense, 
prolonged process with less efficiency, production of other waste products, etc. Among 
these techniques, adsorption method is the most simple and effective technique to 
remove Hg(II) from waste water [17,18]. Adsorption is considered as the most promising 
technique due to its simplicity of design, ease of operation, selectivity, high efficiency, low 
cost, and operational convenience [19–24].

Alginate is widely used as an effective adsorbent, which is non-toxic, biodegradable 
and inexpensive [25,26]. Pure magnetic nanoparticles (MNPs) are not applied directly in 
adsorption process due to their strong dipole-dipole attraction that might cause aggre
gation. Therefore, magnetic nanoparticles are entrapped into various types of organic and 
inorganic stabilisers such as activated carbon [27], chitosan [27–31], alginate biopolymer 
[32–34] and β-cyclodextrin [35,36]. Adsorption studies of Hg(II) have been reported using 
UV-Visible spectrophotometer, AAS etc [37,38]. Here the chromogenic system consisting 
of iodine and leucocrystal violet (LCV) has been used for the study of adsorption.

In our present work, adsorption of Hg(II) with glycine functionalised magnetic nano
particle entrapped in calcium alginate beads using a simple spectrophotometric method 
has been proposed. The various parameters like adsorption capacity, separation and 
recovery processes were studied. GFMNPECABs has been reported as an effective adsor
bent for the removal of metals like Cu(II) [39] due to their large surface area and presence 
of amino groups on the surface after functionalization. The performance and efficiency of 
GFMNPECABs as adsorbent for removal of Hg(II) has been evaluated and influence of 
variables like time, temperature, pH was investigated by batch method. Analysis of 
adsorption isotherm models were made and the reusability was checked to explore the 
possibility of removal of Hg(II) ions from effluents using this adsorbent.

2. Materials and methods

2.1. Materials

All chemicals used were of analytical grade and used without further purification. All solutions 
were prepared in double-distilled water. Glycine (C2H5NO2), iodine (I2) and 85% phosphoric 
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acid were purchased from Merck (Mumbai) India. Mercuric chloride (HgCl2), calcium chloride 
(CaCl2), NaOH and HCl were obtained from Loba Chemical Pvt Ltd (Mumbai) India. Sodium 
alginate (C6H9NaO7) was received from Sigma-Aldrich (USA). Ferric chloride hexahydrate 
(FeCl3.6H2O), ferrous chloride dihydrate (FeCl2.2H2O) and NH4OH from CDH, and LCV from 
HiMedia Laboratories (Mumbai) India were purchased.

2.2. Equipment

X-Ray diffraction (XRD) (Expert-Pro PW3064/60) analysis was done at 30° to 80°. Fourier 
transform-infrared (FT-IR) spectrometer (Thermo Nicolet Avtar 370) was used to record the 
infrared spectra in the range of 1000–4000 cm−1 using KBr pellets and the Scanning 
Electron Microscopic (SEM) (Jeol 6390LA/OXFORD XMX N) images of GFMNPECABs before 
and after adsorption were obtained. N2 gas adsorption–desorption studies of 
GFMNPECABs were done by Brunauer-Emmett-Teller (BET) analysis at constant tempera
ture. A Systronics UV-visible spectrophotometer-117 (Carry 50 scan, Varian) with 1 cm 
quartz cell (1.0 ml) was used for the measurement of absorbance. The pH measurement 
was carried out using a digital pH metre (Systronics model-112). The temperature was 
kept constant with the help of the thermostatic water bath.

2.3. Synthesis of glycine functionalised magnetic nanoparticles (GFMNPs)

Under hydrothermal condition, iron nanoparticles (NPs) were synthesised by co- 
precipitation method [40]. Fe(II) salt and Fe(III) salt in the molar ratio 2:1 were mixed 
and dissolved in double-distilled water. To this, 1.5 M NH4OH solution was added drop
wise at 25–30°C under vigorous stirring. It resulted in the formation of a black precipitate 
of iron nanoparticles which were magnetically separated and washed. The black wet 
precipitate was then transferred to a 250 ml Erlenmeyer flask and10 ml of 0.1% glycine in 
double distilled water was added dropwise leading to wet functionalization. The content 
formed was kept at 80°C for 30 minutes. The synthesised glycine functionalised Fe3O4 NPs 
were isolated using external magnetic field, washed several times with double distilled 
water and dried in an oven at 200°C for 2 hours.

2.4. Preparation of glycine functionalised magnetic nanoparticles entrapped 
calcium alginate beads (GFMNPECABs)

GFMNPECABs were prepared following the trends of Verma et al. with few modifica
tions [39]. Here in our work, we had used the wet functionalization with glycine onto 
the wet magnetic nanoparticles and its subsequent entrapment into alginate to get 
potential beads. The beads were then washed several times with double distilled 
water and stored in double-distilled water for later use as an adsorbent. The beads 
turned reddish brown as a result of entrapment of modified magnetic NPs by the 
alginate polymer. A representative photograph of gel beads (GFMNPECABs), is shown 
in Figure 1.
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2.5. Procedure for Hg(II) analysis

After adsorption procedure, the beads and liquid phases were separated by normal filter 
paper and the mercury (II) concentration of the filtrate was determined spectrophotome
trically using iodine (I2) and LCV. To 5 ml of the filtrate, 0.2 ml iodine (0.004 g of solid 
iodine in 0.8 ml of acetic acid and diluting with distilled water to 20 ml) and 2 ml LCV 
(0.025 g in 20 ml double distilled water containing 0.3 ml of phosphoric acid) were added 
which gave violet coloured dye of crystal violet (CV). The absorbance was measured at 
590 nm [41].

2.6. Batch adsorption experiment

The percentage removal (R%) of Hg(II) ions by GFMNPECABs was studied by batch 
adsorption experiment. The experiments were carried out by varying the pH ranging 
from 3.0 to 8.0, contact time, 5–80 min; adsorbent dose, 0.1–1.0 g ml‒1; and concentration 
of Hg(II) solution; 5–30 mg L‒1. An aqueous solution of 0.1 M HCl/0.1 M NaOH was used for 
pH value adjustment. In a typical experiment 10 ml of 10 mg L‒1 Hg(II) was shaken with 
0.8 g of GFMNPECABs with a speed of 150 rpm at a pH of 5.0 and 30°C for 65 min. After 
adsorption, the adsorbents were separated by filter paper and then concentration of the 
Hg2+ solutions was determined using a simple spectrophotometric method as mentioned 
under analysis procedure.The beads were characterised using XRD, FT-IR, SEM and BET 
before and after adsorption. The percentage removal of Hg(II) ions is calculated using 
Equation (1). 

R% ¼
C0 � Ce

C0
� 100 (1) 

The amount of Hg(II) ion adsorbed (qe) was calculated using this equation: 

qe ¼
C0 � Ceð ÞV

m
(2) 

Figure 1. Photograph of GFMNPECABs.

4 S. LILHARE ET AL.



where C0 and Ce are the initial and equilibrium concentrations of Hg(II) ions (mg L‒1), 
respectively, m is the mass of adsorbent (g) and V is the volume of the solution (L) [42].

3. Results and discussion

3.1. Characterisation of adsorbent

3.1.1. X-Ray diffraction (XRD) analysis
The XRD patterns of GFMNPECABs before and after adsorption exhibit six similar char
acteristic peaks as shown in Figure 2. The positions of the peaks correspond to 2θ = 30.30°, 
35.68°, 43.20°, 53.74°, 57.44° and 62.94° with indices of (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) 
and (4 4 0) for the two samples. The intensity of the diffraction peak indicates that 
GFMNPECABs has aspinel structure. The samples show sharp peaks, indicating the ultra- 
fine nature and small crystallite size of the particles and these results matched with the 
planes of cubic cell (face-centred cubic) structure. The average crystal size (D) of 
GFMNPECABs before and after adsorption was determined by Debye-Scherrer’s equation 
[43]: 

D ¼
K:λ

β:cosθ
(3) 

where D is average crystal size in Å, θ is the peak angle, β is FWHM (Full Width at Half 
Maximum) of the peak, λ is the wavelength of X-ray and K is constant (K = 0.9). In this case, 
the calculated average crystal size of GFMNPECABs before and after adsorption were 
2.8875 and 8.011 nm.

Figure 2. XRD patterns of GFMNPECABs before and after adsorption.
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3.1.2. Fourier transform infrared (FT-IR) spectroscopy studies
The various bands of FT-IR spectra for GFMNPECABs before and after adsorption is shown 
in Figure 3, which indicates the presence of several functional groups involved in the 
process. The bands at 568 cm‒1 and 570 cm‒1 is due to Fe‒O stretching vibration before 
and after adsorption. This result is found to be consistent with the literature [44–46]. The 
strong broad absorption band and weak bands around 3300–3600 cm‒1 is associated with 
stretching vibrations of O‒H bond and NH stretching vibrations. Stretching vibration 
bands of C‒H are observed in the region 2800–2950 cm‒1 [47,48]. The vibrational 
modes in the region 1400–1600 cm‒1 may be attributed to the stretching and deforma
tion absorption bands of COO‒ and NH3 groups [49]. The sharp bands at 1412, 1604 cm‒1 

and 1416, 1603 cm‒1 correspond to symmetric and asymmetric stretching vibrations of 
COO‒ group of glycine and alginate [50]. The shift in the band from 3393 cm‒1 and 
3567 cm‒1 to 3422 cm‒1 and 3572 cm‒1 with an additional small peak at 3485 cm‒1 after 
adsorption indicates the electrostatic interaction of OH and NH group with Hg(II) [47,51]. 
The variation in intensity of band ̴ 1400 cm‒1 and ̴ 1600 cm‒1 with a small additional peak at 
1517 cm‒1 after adsorption indicates involvement of COO‒ and NH3 group in the adsorp
tion process.

3.1.3. Scanning electron microscopic (SEM) analysis
The scanning electron microscopic (SEM) analysis images of GFMNPECABs before and 
after adsorption (Figure 4), indicate that the surface of GFMNPECABs was rough with 
a large surface area. The surface morphology of GFMNPECABs before adsorption of Hg(II) 
indicated an irregular structure with large surface area as compared to that of after 
adsorption showing the availability of the free sites on the adsorbent for adsorption.

Figure 3. The FT-IR spectra of GFMNPECABs before (a) and after (b) adsorption of Hg(II).
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3.1.4. Brunauer-Emmett-Teller (BET) analysis
Brunauer-Emmett-Teller (BET) method was applied for the determination of surface 
area of the adsorbent. Figure 5 shows the N2 adsorption and desorption isotherm 
behaviour for GFMNPECABs at 77.35 K. All isotherms exhibit Type IV profile accord
ing to the IUPAC classification [52], with hysteresis loop at lower pressure 0.2. This 
implies that the pores of GFMNPECABs are mostly microporous, mesoporous and 
macroporous. As seen in figure, almost no nitrogen is adsorbed by GFMNPECABs at 
very lower relative pressure (P/P0), indicating that there are micropores in 
GFMNPECABs. Furthermore, the figure in inset, shows BJH desorption pore size 
distributions of GFMNPECABs. It could be noted that the pores between 2 and 85 
nm were dominant; that is, micropores, mesopores and macropores are present in 
GFMNPECABs. The BET analysis gave the following results: BET adsorption/deso
rption surface areas of 15.375 m2 g−1/32.204 m2 g−1, BJH adsorption/desorption 
volumes of pores 0.028 cm3 g−1/0.029 cm3 g−1 and pore diameter of 1.085 nm/ 
1.919 nm.

3.2. Effect of pH

The effect of pH on adsorption is an important factor for determining the optimum 
sorption of Hg(II) ions. The pH was adjusted using different amounts of 0.1 M NaOH or 

(b) (a) 

(d) (c) 

Figure 4. SEM images of GFMNPECABs before (a,b) and after (c,d) adsorption of Hg(II) at different 
magnification.
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0.1 M HCl. The influence of pH on the adsorption of Hg(II) ions was investigated by varying 
the pH ranging from 3 to 8 under the following conditions: 10 mg L‒1 initial Hg(II) 
concentration, 0.8 g dosage and 30°C temperature and the result is shown in Figure 6. 
As pH increases, the adsorption capacity of GFMNPECABs increases till pH 5. At pH 5, 
amino groups are un-protonated, hence, easily donates its lone pair of electron to Hg(II) 
ion to form complexes on the surface of the adsorbent and thus showed highest adsorp
tion [53]. Increase in pH higher than 5, resulted in decrease in efficiency as the metal ions 
gets precipitated as insoluble hydroxides. This reduced the concentration of free metal 
ions and thus decreased the removal capacity. At lower pH, the amino group on the 
GFMNPECABs could be protonated thereby inducing electrostatic repulsion with the 
positively charged Hg(II) ions in solution. In addition, the competition between H+ and 
Hg(II) ions also could cause low adsorption.

The pHpzc (point of zero charge) for GFMNPECABs value was found to be 4.76 
(Figure 7). GFMNPECABs surface was positively charged when pH <pHpzc, and nega
tively charged at pH > pHpzc [54]. Mercury(II) ion at pH 5 gave maximum adsorption 
which is above the point of zero charge (pHpzc). The electrostatic attraction and the 
coordination with the functional groups on GFMNPECABs constitute the primary 
adsorption mechanism.

3.3. Effect of adsorbent dose

The effect of adsorbent dosage on the percentage removal and adsorbed amount (qe) 
was investigated by varying the dose from 0.1 to 1.0 g at pH 5 and the result is shown in 
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Figure 8. An increment in sorbent dosage causes an increase in the ratio of sorbent weight 
per solution volume, so the percentage of removal increases. The percent removal is 
higher due to the increased mass of the solid phase. The percent removal (%) was not 
affected by increasing the adsorbent dosage over 0.8 g. On increasing adsorbent dose the 
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Figure 6. Effect of initial pH on % removal and adsorbed amount of Hg(II) by GFMNPECABs. 
[Hg(II) = 10 mg L‒1, Adsorbent dose = 0.8 g, Time = 65 min and Temperature = 30°C].

Figure 7. pHpzc (point of zero charge) of GFMNPECABs. [Hg(II) = 10 mg L‒1, Adsorbent dose = 0.8 g, 
Time = 65 min and Temperature = 30°C].
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amount of Hg(II) adsorbed per unit mass decreases as the amount of Hg(II) in solution is 
constant.

3.4. Effect of time

The effect of time on the adsorption of Hg(II) ions by GFMNPECABs was studied up to 
80 minutes and the result is shown in Figure 9. A 10 ml solution on of Hg(II) (10 mg L‒1) 
was taken at 5 pH and 0.8 g of adsorbent was added. The content was then shaken at 30°C 
and analysed at different times. Initially, the uptake of Hg(II) ions by the adsorbent was 
high and later slowed down after, around 65 min and successively equilibrium was 
achieved. Adsorption of Hg(II) ions initially increased due to rapid binding at the active 
sites of adsorbent in a random manner. As the active sites got saturated, the rate of 
adsorption gradually decreased till equilibrium was attained. It was observed that max
imum percentage removal of 90.7% was obtained when contact time was 65 min.

3.5. Effect of mercury ion concentration

The effect of initial concentration of Hg(II) ion in the range of 5 to 30 mg L‒1 was 
investigated using the optimum time (65 min), the amount of adsorbent (0.8 g) and pH 
5. It was found that by increasing the initial concentration of mercury ions, amount 
adsorbed decreased as more effective adsorption sites are available for adsorption of 
mercury ions at lower concentration. With the increase in the amount of mercury ions, the 
number of active sites available for adsorption decreases. Hence, it is observed that the 
adsorption depends upon the initial concentration of Hg(II). At higher concentration of 
Hg(II), more active sites get covered and Hg(II) ions need to compete more for the free 
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Figure 8. Effect of adsorbent doses on % removal and adsorbed amount of Hg(II). [Hg(II) = 10 mg L‒1, 
Time = 65 min, Temperature = 30°C and pH = 5].
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sites available on the surface of the adsorbent. The effect of initial Hg(II) concentration on 
% removal of mercury is shown in Figure 10. It is evident that with increase in Hg(II) 
concentration there is a very slight increase in adsorption, especially at lower concentra
tion region implying affinity performance [55].

3.6. Adsorption isotherms

Various adsorption isotherm models were used to determine the correlation between 
adsorbate and adsorbent under optimised condition. The equilibrium data obtained were 
fitted to different models, i.e. Freundlich [56], Langmuir [57], and Temkin isotherm [58]. 
The adsorption capacity of GFMNPECABs for removal of Hg(II) was also determined.

In the Langmuir’s model, adsorption is monolayer in nature and is applicable under the 
conditions of low pressure. The Langmuir isotherm model is represented by Equation (4) 
as follows: 

1
qe
¼

1
qm
þ

1
Km:qe

:
1

Ce
(4) 

where Km is the Langmuir adsorption constant (L mg−1) and qm is the maximum adsorp
tion capacity of the adsorbent (mg g−1). Ce and qe are the equilibrium concentration of 
Hg(II) ion and its equilibrium adsorption capacities (mg L−1). A plot 1/qe versus 1/Ce is 
depicted in Figure 11(a).

The Langmuir isotherm model was explained using a dimensionless constant separa
tion factor or equilibrium parameter RL, which was calculated using Equation (5) 
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Figure 9. Effect of contact time on % removal and adsorbed amount of Hg(II). [Hg(II) = 10 mg L‒1, 
Adsorbent dose = 0.8 g, Temperature = 30°C and pH = 5].
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RL ¼
1

1 � KLC0
(5) 

The value of RL infers that the adsorption is irreversible (RL = 0), favourable (0< RL<1), 
linear (RL = 1) or unfavourable (RL>1). The value of RL was very much less than 1, thereby 
confirming that the adsorption of Hg(II) was a favourable process [59–61].

The Freundlich model was applicable for adsorption on heterogeneous surface. This 
model describes reversible adsorption without any restriction to the formation of mono
layer. The Freundlich model is expressed as Equation (6), 

log qe ¼ log KF þ
1
n

log Ce (6) 

where KF ((mg g‒1) (mg L‒1)n) and n are Freundlich constants representing the adsorption 
capacity and intensity of the system, respectively. Ce and qe were the equilibrium 
concentration of Hg(II) ion and equilibrium adsorption capacity (mg g−1) respectively. 
The value of KF and 1/n are obtained from slope and intercept of linear plot of log qe 

versus log Ce shown in Figure 11(b).
Temkin isotherm model is based on the surface coverage wherein, adsorption energy 

decreases linearly with the amount of coverage. The Temkin isotherm has been expressed 
by Equation (7), 

qe ¼ B1 ln KT þ B1 ln Ce (7) 

where B1 = RT/b, b is the Temkin constant (J mol−1), T is the absolute temperature (K), R is 
the gas constant (8.314 J mol−1 K), constant B1 is related to the heat of adsorption (J 
mol−1), KT is the equilibrium binding constant (L g−1). The determination of KT and B1 can 
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Figure 10. Effect of initial concentration of Hg(II) on % removal and adsorbed amount. Adsorbent 
dose = 0.8 g, Time = 65 min, pH = 5 and Temperature = 30°C.
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be made by plotting qe versus ln Ce, shown in Figure 11(c). The experimental results are 
shown in Table 1. The data shows that it fits best with Freundlich isotherm model 
(R2 = 0.9677) than Langmuir (R2 = 0.9586) and Temkin model (R2 = 0.9314) proving 
heterogeneity of surface. In literature, it was found that some pollutant-adsorbent iso
therm results showed good fit with Freundlich isotherm models [62–65].

3.7. Mercury adsorption kinetics

To investigate the mercury adsorption kinetics, the pseudo-first-order model [65], pseudo- 
second-order model [66], Elovich kinetics model [67], and intra-particle diffusion model 
[68] were used. The effect of variation of contact time on adsorption on GFMNPECABs is 
depicted in Figure 12.

The pseudo-first order kinetics equation, pseudo-second order kinetics equation, 
Elovich kinetics model and intra-particle diffusion have been evaluated by the following 
Equations (8‒11): 

Figure 11. Adsorption isotherms (a) Langmuir, (b) Freundlich and, (c) Temkin for Hg(II) adsorption 
onto GFMNPECABs.

INTERNATIONAL JOURNAL OF ENVIRONMENTAL ANALYTICAL CHEMISTRY 13



log qe � qtð Þ ¼ log qe �
k1t

2:303
(8) 

where qe and qt are the amount of mercury adsorbed (mg g−1) at equilibrium and at given 
time, t (min), respectively, and k1 (min−1) is the rate constant for pseudo-first-order 
equation. The plot log (qe – qt) versus t plot is shown in Figure 12(a). 

t
qt
¼

t
k2q2

e
�

1
qe

(9) 

Table 1. Adsorption isotherm parameters for Hg(II) adsorption on GFMNPECABs.
Isotherm Value of parameters

Langmuir qmax (mg g−1) 
3.59

KL 

3.0576
R2 

0.9586
RL 

0.0314

Freundlich KF (mg g−1) (mg L−1)n 

1.5399
n 

1.1454
R2 

0.9677
Temkin B1 

15.2528
KT (L mg−1) 

0.2434
R2 

0.9314

Figure 12. Plot of various kinetic models: pseudo-first order model (a), pseudo-second order models 
(b) intra-particle diffusion (c) and Elovich model (d).
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where k2 (g mg−1 min−1) is rate constant for pseudo-second order and qe and qt are same 
as above. The plot t/qt versus t is shown in Figure 12(b). The highest correlation was 
coefficient obtained for the pseudo-second order.

According to the intra-particle diffusion model based on the diffusion mechanism, 
proposed by Weber and Morris: 

qt ¼ Kdt1=2 þ C (10) 

where Kd is the diffusion rate constant in the pores (mg g−1 min1/2) and C is the intercept (mg 
g−1). The plot dt versus t1/2 is shown in Figure 12(c).

Elovich equation is used for the general application to chemisorption and this equation 
applies satisfactorily for chemisorption process, which implies formation of multilayer 
adsorption. The equation is expressed as below: 

qt ¼ αþ β ln t (11) 

where constant α (mg g−1 min−1), β (g mg−1) and qt (mg g−1) is the amount of mercury(II) 
adsorbed at time t (min). The values of β and α were obtained from the slope and 
intercept of the linear plot of qt versus ln t as shown in Figure 12(d). The correlation 
coefficients (R2) and other kinetics parameters are shown in Table 2 for the four models.

Result showed that the highest R2 value corresponds to the pseudo-second-order 
model with R2 equal to 0.9998. In literature, similar kinetic results were reported for the 
adsorption kinetic of various water pollutants by different carbon- and clay-based adsor
bents [69–71].

3.8. Thermodynamic parameters

The thermodynamic parameters, such as Gibbs free energy (∆Go, kJ mol‒1), enthalpy 
change (∆Ho, kJ mol‒1) and entropy change (∆So, J mol−1 K‒1) were determined using 
the equilibrium data at different temperatures by Gibbs equation and Van’t Hoff equation 
as follows: 

ΔG
�

¼ � RT ln Kd (12) 

ln Kd ¼
ΔS

�

R
�

ΔH
�

RT
(13) 

Table 2. Kinetic parameters for the adsorption of mercury onto GFMNPECABs.
Models Kinetics Parameters

Pseudo-First-Order   

Pseudo-Second-Order   

Intra-particle 
Diffusion  

Elovich model

k1 (min−1) 
0.048  

k2 (g mg−1 min−1) 
9.9009  

kd (mg g−1 min−1) 
0.0021  

A (mg g−1 min−2) 
0.1035

qe(mg g−1) 
0.0601  

qe (mg g−1) 
0.1231  

C (mg g−1) 
0.1073  

β (g mg−1 min−1) 
0.0046

R2 

0.9848  

R2 

0.9998  

R2 

0.9768  

R2 

0.9932
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where Kd is the equilibrium constant in Langmuir model (L/g), T is the absolute tempera
ture (Kelvin, K), R is the universal gas constant (8.314 kJ mol‒1 K). The values of ∆Ho and ∆So 

was determined from the slope and the intercept of the plot of ln Kd versus 1/T (Figure 13). 
Van’t Hoff equation relates distribution coefficient with ∆Ho and ∆So at constant tem
perature. The ΔHo and ΔSo evaluated as 20.25 kJ mol‒1 and 79.88 J mol‒1 K‒1, respectively. 
The positive value of enthalpy and entropy indicates the endothermic and spontaneous 
nature of adsorption of Hg(II). Similar endothermic adsorption behaviour was reported for 
many adsorbent-pollutant systems in literature [72,73]. The value of ∆G was calculated to 
be ‒ 3.77, ‒ 5.12 and ‒ 6.33 kJ mol−1 at 30°C, 40°C and 50°C, respectively, which indicates 
that the adsorption of Hg(II) on GFMNPECABs was thermodynamically feasible and 
spontaneous at all temperatures.

3.9. Desorption

Desorption experiments were achieved by using 0.05 M HCl solution as a desorption 
agent. For studying desorption of Hg(II) on GFMNPECABs, the optimised condition was as 
follows: initial concentration of Hg(II) ions 10 mg L‒1; amount of adsorbent 0.8 g; pH 5; 
temperature 30°C; contact time 65 min. The adsorbent was then placed in the desorption 
medium and stirred at a rate of 500 rpm for 140 min. The reusability of the adsorbent was 
found, after four cycles of adsorption‒desorption (Figure 14). The results show that the 
desorption of GFMNPECBs sample was 97.53%, by the fourth cycle. The GFMNPECBs 
adsorbent was washed several times with deionised water and had a good adsorption- 
desorption performance and can be used without significant reduction in its adsorption 
capacity. The desorption (%) was calculated by 

D% ¼
Cdes

C0
� 100 (14) 

Figure 13. Van’t Hoff’s plot for adsorption of Hg (II) on GFMNPECABs.
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where Cdes and Co are the desorption equilibrium concentration (mg L‒1) and initial 
concentration (mg L‒1), respectively.

3.10. Adsorption mechanism

The FTIR spectra of GFMNPECABs (Figure 3) show shift of band position and intensity at 
3567, 3395, 2927, 1604 and 1412 cm‒1 after adsorption of Hg(II). These results indicate that 
the N‒H, OH, C‒H and COO‒ groups are involved in the adsorption process. Figure 15 
represents the mechanism for adsorption of Hg(II) ions by GFMNPECABs (a) and reaction 
used for study of adsorption (b). GFMNPECABs and other adsorbents have been reported 
to involve surface complexation by coordination and electrostatic attraction between non- 
protonated amine groups and metal ions [40,47,74]. In addition, the maximum adsorption 
was observed at pH 5 (above pHpzc = 4.76), when the surface is negatively charged which 
may result in the surface complexation of non-protonated amine with mercury.

3.11. Comparison with other adsorption methods

The comparison of adsorption capacity of various adsorbents for Hg(II) are given in Table 
3. It was found from the table that the GFMNPECABs had a good affinity for removal of 
mercury compared with other adsorbents.

4. Conclusion

The current study shows that GFMNPECABs is a promising, cost-effective and eco-friendly 
means for the removal of Hg(II) ions from water samples and the spectrophotometric 
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98.86%

98.07%
97.79% 97.53%

Figure 14. Relationship between reuse cycles and the % removal of Hg(II) ions by GFMNPECABs. 
[Hg(II) = 10 mg L‒1, temperature = 30°C, adsorbent dose = 0.8 g and pH = 5].
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method based on reaction of Hg(II) with iodine and LCV can be used for monitoring the 
adsorption of Hg(II). GFMNPECABs were quite effective for removal of Hg(II) ions from 
aqueous solution due to its microporous structure with high specific surface area. The 
adsorption isotherm followed Freundlich model with maximum adsorption capacity of 
3.59 mg g‒1 in 65 min at pH 5 and the kinetic data indicated that it follows pseudo-second 
-order model. The GFMNPECABs could be easily separated by external magnetic field and 
hence can be used as an effective and safe adsorbent for the removal of Hg(II) from waste 
water following the principles of green chemistry.

Figure 15. Schematic representation of mechanism for adsorption of Hg(II) ions by GFMNPECABs (a) 
and reaction used for study of adsorption (b).
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