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a b s t r a c t
This study aimed to assess the performance of dried Scrophularia striata stems (DSSS) in the removal 
of mercury(II) from aqueous solutions. Detailed experimental investigations were carried out to 
determine the effects of initial pH, adsorbent dose, initial concentration of mercury(II), and adsorp-
tion time on the adsorption capabilities of DSSS. The prepared adsorbent was characterized by 
Brunauer–Emmett–Teller, scanning electron microscopy, Fourier transform infrared, and energy 
dispersive X-ray analyses. Moreover, mercury(II) adsorption was theoretically interpreted using 
kinetics, isotherms, and thermodynamics models. The extent of mercury(II) adsorption was found 
to depend on the initial pH, adsorbent dose, initial concentration of mercury(II), and adsorption 
time. It was also found that the pseudo-first-order kinetic model fitted very well for mercury(II) 
adsorption. The Langmuir isotherm provided the best correlation for the adsorption of mercury(II). 
The desorption of mercury(II) by a batch process using different DSSS concentrations ranged from 
96.2% to 98.7%. The results showed that DSSS could be an appropriate adsorbent for adsorption 
of mercury(II) from aqueous solutions.

Keywords: Adsorption; Desorption; Kinetic; Isotherm; Mercury(II); Scrophularia striata

1. Introduction

Mercury(II) may enter the environment and water 
resources through natural phenomena, such as volca-
nic activity and erosion of mineral deposits, or through 
human activities, such as mining, metallurgy, coal produc-
tion, coal-fired power plants, residential heating systems, 
paper pulp production, incinerators, and chemical synthe-
sis [1]. Mercury compounds turn into methylmercury in 

the environment, which is consumed by fish and finally 
by humans. Methylmercury is then distributed to human 
beings’ central nervous system and kidneys from the gastro-
intestinal tract and causes cerebral palsy, seizure, hemato-
logical disorders, and cardiovascular diseases [2,3].

Various methods have been used to remove mercu-
ry(II), including biological [4], coagulation–flocculation 
[5], membrane technology [6], and adsorption [7,8] pro-
cesses. Adsorption processes are attractive due to their 
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environmental compatibility, simple design, low cost, high 
removal rate, ease of operation, relatively small sludge pro-
duction, and adsorbent regeneration capacity [9–12].

Scrophulariaceae is a large angiosperm family, which 
is widely distributed in deciduous and coniferous forests 
of Central Europe, Central Asia, North America, and the 
Mediterranean area [13]. It also grows in many areas of 
Iran, including the Zagros Mountains in Ilam province. 
Given that different plants are known to be good adsor-
bents for the removal of heavy metals [14,15], it was hypoth-
esized that dried Scrophularia striata stems (DSSS) may be a 
good adsorbent for this purpose. Up to now, many studies 
have been conducted on the removal of heavy metals via 
adsorption. However, no study has explored the removal 
of mercury(II) from aqueous solutions through adsorption 
using DSSS. Hence, the present study aimed to assess the 
removal of mercury(II) from aqueous solutions using DSSS 
as the adsorbent. The influence of experimental parameters, 
such as the initial pH, adsorbent dose, initial mercury(II) 
concentration, and contact time, on the adsorption process 
was also examined. In addition, three adsorption isotherm 
models, namely Langmuir, Freundlich, and Temkin, were 
used to determine the best-fitting model for the experimen-
tal data. The kinetic and thermodynamic parameters for 
the adsorption of mercury(II) using DSSS were calculated, 
as well.

2. Materials and methods

2.1. Adsorbent preparation

S. striata was collected from the Zagros Mountains early 
in the summer of 2016. Stems of the plant were separated, 
chopped, and washed with distilled water. Subsequently, 
they were placed in an oven (Model DHG-9000, Zhengzhou 
Protech Technology Co., Ltd., China) at 88°C for 2 h to com-
pletely dry. As a modification method, the dried stems were 
powdered. Then, they were washed with hydrochloric acid 
(10% solution) for natural dyes to be removed from the 
powdered stems and were rinsed with distilled water for 
the residual acid to be removed. Finally, the material was 
passed through a 60–100 mesh sieve to maintain the homo-
geneity of the adsorbent and reduce the variability of the 
adsorption data.

2.2. Adsorbate preparation

The stock solution was prepared by adding 1.35 g of 
HgCl2 and two drops of concentrated HNO3 (to increase 
acidity and prevent precipitate formation) to 200 mL 
distilled water. After dissolution, it was diluted to 1,000 mL 
with distilled water. All experiments were carried out by 
proper dilution of the stock solution and were conducted 
at ambient temperature (22°C ± 2°C) in the batch mode.

All chemicals used in this study were of analytical grade 
and were purchased from Merck Company (Darmstadt, 
Germany). The effects of contact time (20–180 min), adsor-
bent dosage (0.1–2 g/100 mL), initial pH (2–10), and initial 
concentration (2–10 mg/L) on the efficiency of mercury(II) 
adsorption were investigated. The adsorption equilib-
rium experiment for mercury(II) solution was carried out 

at the mercury(II) solution concentrations of 2, 3, 5, 6, 8, 9, 
and 10 mg/L in 250 mL Erlenmeyer flasks. The Erlenmeyer 
flasks were then transferred to a shaker (Model E5650 
Digital Benchtop Reciprocal Shaker, Eberbach, Germany) 
and vibrated at 125 rpm for 24 h to ensure the equilibrium 
adsorption. After 24 h, the solution attained equilibrium and 
the amount of mercury(II) adsorbed (mg/g) on the surface 
of the adsorbent was determined by the difference between 
the two concentrations. Triplicate experiments were carried 
out for all variables under investigation and only the aver-
age values were taken into consideration. The contents of 
the flasks were filtered and analyzed for residual mercu-
ry(II) concentration. Distilled water was used as the control 
sample. Control samples were prepared in the same man-
ner without using DSSS as the adsorbent. Before analysis, 
the samples were centrifuged at 4,500 rpm to separate the 
adsorbent. The residual metal concentrations were ana-
lyzed by a UV/visible spectrophotometer via 3500–HgC 
methods [16] using diphenylthiourea at the wavelength of 
492 nm. The amount of mercury(II) adsorbed in milligram 
per gram was determined using the following mass balance 
equation [17,18]:
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Where qe represented the amount of mercury(II) adsorbed 
per gram of the adsorbent (mg/g), Ci and Ce were mercury(II) 
concentrations (mg/L) before and after adsorption, respec-
tively, V was the volume of adsorbate in liter, and m was the 
weight of the adsorbent in grams. The removal percentage 
of mercury(II) was calculated using the following equation:
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2.3. Analysis

The textural characteristics of DSSS, including specific 
surface area, total pore volume, and pore size distribution, 
were obtained from N2 adsorption/desorption data at 77 K 
using a surface area analyzer with BEL sorp-mini II, Japan 
model. The surface area of the adsorbent was estimated 
by the Brunauer–Emmett–Teller (BET) equation. The total 
pore volume was calculated at relative pressure and p/p0 
of 0.99, and micropore volume was determined using the 
t-plot method. Mesopore volume was calculated by deduct-
ing the micropore volume from the total pore volume [19]. 
The porous properties of the DSSS have been presented 
in Table 1 and the accuracy of the values was based on the 
apparatus accuracy. The surface morphology of the DSSS 
was visualized by using scanning electron microscopy 
(SEM) using a Vega II Tescan, Czech model. The qualitative 
elemental composition of the DSSS was also determined by 
energy dispersive X-ray (EDX) spectroscopy using a Vega II 
Tescan, Czech model. The Fourier transform infrared (FTIR) 
spectra of the DSSS were recorded before and after mercu-
ry(II) ion adsorption in the frequency range of 400–4,000 cm–1 
using Shimadzu, FTIR1650 spectrophotometer, Japan.
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2.4. Adsorption kinetics

To analyze the adsorption kinetics of mercury(II) using 
DSSS, pseudo-first-order, pseudo-second-order, and Elovich 
models were tested [12,20]. The kinetic parameters for the 
adsorption process were studied in a batch adsorption of 
2–10 mg/L of mercury(II) at pH = 8. The adsorption time 
varied from 20 to 180 min and the adsorption efficiency of 
mercury(II) was monitored during the investigation.

2.4.1. Pseudo-first-order model

For the batch-adsorption time process where the rate 
of mercury(II) adsorption onto the DSSS surface was 
proportional to the amount of mercury(II) adsorbed from 
the solution phase, the pseudo-first-order kinetic equation 
was expressed as follows [12,20]:

ln q tq q ke t e−( ) = −ln 1
 (3)

where qe and qt represented the adsorption efficiency (mg/g) 
of mercury(II) at equilibrium and time t, respectively and 
k1was the rate of the constant for pseudo-first-order adsorp-
tion (1/min).

2.4.2. Pseudo-second-order model

To describe the adsorption rate of mercury(II), the 
pseudo-second-order equation was expressed as follows 
[12,20]:
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where k2 was the constant rate for pseudo-second-order 
adsorption (mg/g.min).

2.4.3. Elovich model

The Elovich or Roginsky–Zeldovich equation was 
expressed as follows [12,20]:

q tt = ( ) +β αβ βln ln  (5)

where α was the initial mercury(II) adsorption rate 
(mg/g.min) and β was the desorption constant (g/mg) during 
any experiment.

2.5. Adsorption isotherms

Freundlich, Temkin, and Langmuir models were 
examined to analyze the results of adsorption [12,20]. 
The correlation coefficient (R2) was used to compare the 
best-fitted isotherm models. Adsorption isotherm stud-
ies were carried out with seven different initial concentra-
tions of mercury(II) from 2 to 10 mg/L at pH = 8. In addi-
tion, the adsorption time varied from 20 to 180 min and the 
adsorbent dosage was 2 g/100 mL.

2.5.1. Langmuir isotherm

The Langmuir isotherm model has limited adsorp-
tion sites because of forming monolayer adsorption on the 
adsorbent surface. This isotherm has been presented in 
Eq. (6) [12,20]:
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where qe was the amount of the adsorbate by the mass of the 
adsorbent (mg/g), qm represented the adsorption efficiency, 
Ce was equilibrium concentration of the adsorbate (mg/L), 
and KL was the Langmuir constant.

2.5.2. Freundlich isotherm

Freundlich isotherm was based on monolayer adsorp-
tion on heterogeneous adsorption sites with unequal ener-
gies. Freundlich adsorption isotherm has been described in 
Eq. (7) [12,20]:

ln ln lnq k
n

Ce f e= +
1   (7)

where Kf (g/mg.min) and n were Freundlich constants.

2.5.3. Temkin isotherm

Temkin adsorption isotherm was calculated using 
Eq. (8) [12,20]:

q B B CAe e= +ln ln  (8)

where A and B represented the Temkin isotherm constant 
(L/g) and adsorption heat (J/mol), respectively.

2.6. Thermodynamic studies

The parameters of thermodynamic change in Gibb’s 
free energy (ΔG°), change in entropy (ΔS°), and change in 
enthalpy (ΔH°) for the adsorption process were determined 
using the following equations [21]:

∆ ∆ ∆G H T S° = ° − °  (9)
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Table 1
Characteristic of DSSS

ValueParameter

125.14BET surface area (m2/g)
0.2123Total pore volume (cm3/g)
0.1206Micropore volume (cm3/g)
48Mesoporosity (%)
6.5931Average pore diameter (nm)
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Combining Eqs. (9) and (10), Eq. (11) was obtained as 
follows:
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where m was the adsorbent dose (g/L), qe was the amount 
of mercury(II) adsorbed per unit mass of the adsorbent 
(mg/g), Ce was the equilibrium concentration (mg/L), T was 
temperature in kelvin, and qe/Ce was the adsorption affinity.

The (ΔG°) value was calculated by knowing the 
enthalpy of adsorption (ΔH°) and the entropy of the adsorp-
tion (ΔS°). The values of (ΔH°) and (ΔS°) were obtained by 
a plot of ln(qe

m/Ce) vs. 1/T using Eq. (11). When these two 
parameters were gained, (ΔG°) was calculated by Eq. (9).

2.7. Desorption of studies

The desorption studies were carried out by a batch 
process. In doing so, 50 mL of the sample containing 
2 mg/L mercury(II) was treated with 2 g of the adsorbent. 
The pH of the solution was adjusted to 7 using 2 M HCl or 
2 M NaOH. Then, it was left in contact with the adsorbent 

for 24 h. The solution was then filtered and the filtrate 
was analyzed for mercury(II). Afterwards, the adsorbent 
was transferred to another conical flask and treated with 
50 mL of 0.05 M HCl solution. It was again filtered and 
the desorbed mercury(II) in the filtrate was determined. 
The above procedure was repeated six times.

3. Results and discussion

3.1. Surface characterization

The morphology of DSSS was studied by SEM [22] and 
EDX. SEM image (a1 and b1) and EDX spectrum (a2 and b2) 
of DSSS before (a) and after (b) mercury(II) ions adsorp-
tion have been depicted in Fig. 1. As shown in Fig. 1(a1), 
DSSS had an irregular surface containing pores with dif-
ferent sizes and shapes. Based on Fig. 1(b1), the surface of 
DSSS was in form of pores where mercury was adsorbed. 
By comparing the EDX spectrum of mercury(II) unloaded 
(a2) and loaded (b2) adsorbent, it could be concluded that 
mercury(II) was adsorbed onto the DSSS. In this work, the 
FTIR spectra were obtained in order to analyze the mech-
anism of mercury(II) adsorption and to identify the func-
tional groups on the surface of DSSS. The FTIR spectra 

Fig. 1. SEM and EDX images of DSSS (a) before and (b) after adsorption of mercury(II).
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of the adsorbent before and after mercury(II) adsorption 
have been presented in Fig. 2. The FTIR spectra bands indi-
cated three major absorption bands, including carboxyl, 
hydroxyl, and amino groups. The differences in band 
intensity could be attributed to the interaction between 
mercury(II) ions and the functional groups on the adsor-
bent surface [23]. The broad absorption band at about 
3,456 cm–1 was attributed to the complexation between –OH 
groups, which was shifted to 3,476 cm–1 after mercury(II) 
adsorption [18]. The next shift observed at 1,618–1,612 cm–1 
might be due to the complexation between mercury(II) 
ions and carboxylic group (–C=O) [24]. According to the 
FTIR analysis reported in the literature [25,26], the shift 
observed from 1,004 to 1,031 cm–1 was probably due to the 
interaction between the nitrogen from the amino group 
and mercury(II). Dehghani et al. [27] used treated waste 
newspaper as a low-cost adsorbent. They revealed that the 
most abundant functional groups found on the prepared 
activated carbon included aromatic (C–H), carboxylic acid 
(C–O, C=O, and O–H), carbonyl (C=O), alkane (C–H), and 
amine (N–H, C–N).

3.2. Effects of the operating parameters

The solution pH affects the surface charge of the adsor-
bent, the degree of ionization, and the specification of the 
adsorbate [28,29]. The minimum and maximum adsorption 
efficiencies of mercury(II) were observed at pH = 2 and 8, 
respectively (Fig. 3a). The adsorption efficiency increased 
from 70% to 91% by increasing the pH from 2 to 8 and 
then decreased from pH = 8 to 10 (72%). The speciation 
models used to investigate the predominant species in the 
aqueous phase showed that at pH = 10, the dominant inor-
ganic species were Hg(OH)2 and OH–. At the acidic pH, the 
dominant species were Hg2+, H+, and HgOH+. The DSSS 
surface had a high positive net charge. Therefore, adsorp-
tion was not favorable for Hg2+, H+, and HgOH+ cationic 

species. An increase in pH caused a decrease in the posi-
tive surface charge and the DSSS surface became less repul-
sive to cationic species, thus increasing the adsorption. At 
pH > 8, a decrease was detected in the adsorption of the 
mercury(II) species as Hg(OH)2 was the predominant metal 
species (Fig. 4). In conclusion, at high pH levels, the dis-
solution of DSSS organic matter and its complexation with 
mercury(II) in the bulk solution seemed to be the principal 
factor causing the decrease in mercury(II) adsorption by 
DSSS. The lower adsorption efficiency in the acidic medium 
might be attributed to the partial protonation of the active 
groups and the competition of H+ with metal ions for the 
adsorption sites on the DSSS. Overall, the optimal pH 
value of the solution for mercury(II) adsorption was 8.0. 
Monier [30] showed that the adsorption efficiency of mer-
cury(II) increased by increasing the pH and that the opti-
mum adsorption was achieved at pH = 5. Monier et al. [31] 
also found that a higher uptake capacity was achieved at 
higher pH values. In the same line, Shukla et al. [29] dis-
closed that the removal rate of heavy metals by the sawdust 
of deciduous trees could be increased by increasing the pH.

According to Fig. 3b, the adsorption efficiency of 
mercury(II) increased significantly by increasing the adsor-
bent dose up to 1 g per 100 mL, but increased slowly after-
wards. The adsorption efficiency of mercury(II) for an absor-
bent dose of 0.1 to 2 g per 100 mL ranged from 89.2% to 
93.6%. The results indicated that mercury(II) adsorption 
efficiency increased with an increase in the adsorbent dose. 
The increase in mercury(II) adsorption efficiency could be 
attributed to the fact that increase in the adsorbent dose 
caused an increase in the number of active adsorption sites 
and the contact surface between the adsorbent and the pol-
lutant. In fact, by increasing the amount of the adsorbent, 
a large number of eligible adsorption sites would remain 
free. It can also be noted that considering the constant con-
centration of the pollutant, as the adsorbent dose increased, 
the ratio of active sites on the adsorbent surface area to the 

Fig. 2. FTIR spectra of the DSSS (a) without mercury(II) and (b) with mercury(II) adsorption.
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Fig. 3. (a) Adsorption efficiency of mercury(II) at different pH (the initial concentration of mercury(II):10 mg/L; adsorbent dose: 
2 g/100; reaction time: 60 min), (b) adsorption efficiency of mercury(II) at different adsorbent dosage (pH = 8, the initial concentra-
tion of mercury(II): 10 mg/L, and reaction time: 60 min), (c) adsorption efficiency of mercury(II) at different initial concentrations 
(pH = 8, adsorbent dose: 2 g/100 mL, and reaction time: 60 min), and (d) adsorption efficiency of mercury(II) at different reaction 
times (pH = 8, adsorbent dose: 2 g/100 mL, and the initial concentration of mercury(II): 2 mg/L).

Fig. 4. Mercury(II) speciation in aqueous solution as a function of pH.
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adsorbate molecules was high [12]. However, increase in the 
adsorbent dose could lead to the unsaturation of adsorp-
tion sites and the metal ions were inadequate to cover all 
the redeemable sites [32]. The optimal value of adsorbent 
dosage for mercury(II) adsorption was 2 g. The findings of 
the research by Aslam et al. [20] indicated that increase in 
the biomass dosage from 0.25 to 1 g increased mercury(II) 
adsorption. In the study conducted by Bhattacharya et al. 
[9], the selected adsorbents were used at the concentra-
tions ranging from 2.5 to 30 g/L. In each case, increase in 
the adsorbent concentration resulted in an increase in the 
removal percentage of mercury(II). After a certain adsorbent 
dosage, however, the removal efficiency did not increase 
significantly.

The effect of the initial concentration of mercury(II) on 
the adsorption efficiency has been presented in Fig. 3c. The 
adsorption efficiency of mercury(II) at the initial concentra-
tions of 2–10 mg/L ranged from 93% to 99.3%. The mercu-
ry(II) adsorption efficiency decreased with increase in the 
initial concentration. This could be attributed to the unavail-
ability of free adsorption sites, limited vacancy of active 
sites, and increase in the ratio of mercury molecules to the 
surface area available for adsorption [33]. In fact, the initial 
concentration of mercury(II) provided a significant driving 
force to overcome the resistance of mass transfer between 
the liquid and solid phases. At low metal ion/adsorbent 
ratios, metal ion adsorption involved higher energy sites. 
As the metal ion/adsorbent ratio increased, higher energy 
sites were saturated and adsorption began on lower energy 
sites, resulting in a decrease in the adsorption efficiency [34].

The effects of reaction times (20–180 min) on the adsorp-
tion efficiency of mercury(II) were studied. As shown in 
Fig. 3d, the adsorption efficiency of mercury(II) increased 
rapidly by the increase in the adsorption time up to 40 min. A 
further increase in adsorption time had a negligible effect on 
the percentage of removal. The optimal value of the contact 
time for mercury(II) adsorption was 180 min. The adsorp-
tion efficiency of mercury(II) increased with the increase in 
the adsorption time. The nature of adsorbent and its avail-
able sorption sites affected the time needed to reach the 
equilibrium [9]. A study by Aslam et al. [20] found that the 
adsorption of mercury(II) was fast in the early stages, and 
the equilibrium adsorption was achieved in 40 min. Igwe 
et al. [35] investigated mercury(II) adsorption on unmodi-
fied and thiolated coconut fiber and indicated that with an 
increase in the adsorption time from 10 to 120 min, the effec-
tive adsorption of mercury(II) increased. However, a study 
reported the opposite results compared to those found in 
the present study [18].

3.3. Adsorption kinetics

The obtained experimental results were modeled using 
pseudo-first-order, pseudo-second-order, and Elovich kinetic 
models in order to describe the mechanism that controlled 
the adsorption of mercury(II) ion onto DSSS. The kinetic 
parameters of the pseudo-first-order, pseudo-second-order, 
and Elovich models together with the corresponding correla-
tion coefficients (R2) for the adsorption of mercury(II) onto 
DSSS at the initial mercury(II) concentrations of 2–10 mg/L 
have been summarized in Table 2. The correlation coefficients 

for the pseudo-first-order kinetic model at different concen-
trations ranged from 0.856 to 0.975, demonstrating a good 
fit in comparison to the pseudo-second-order and Elovich 
models. Considering the pseudo-first-order kinetic model, 
the plot ln(qe – qt) vs. t gave straight lines along the entire 
contact time interval (Fig. 5a). This, together with the very 
good correlation between the calculated and experimental 
values of qe, indicated that the pseudo-first-order  kinetic 
model was suitable for describing the kinetics of mercury(II) 
adsorption onto DSSS.

The pseudo-second-order kinetic model was also used 
to fit the experimental data (Table 2). The constant rate (K2) 
and the equilibrium amount of mercury(II) ion (qe) could be 
determined from the slope and intercept of the plot (Fig. 5b). 
The correlation coefficients for the pseudo-second-order 
kinetic model at different concentrations ranged from 0.846 
to 0.962, indicating the limited applicability of this model in 
the interpretation of the experimental results. Furthermore, 
the values of equilibrium adsorption capacities calculated 
from the pseudo-second-order equation (qe,calc, mg/g) were 
very different from those obtained experimentally (qe,exp, 
mg/g) for all mercury(II) concenterations. Therefore, the 
pseudo-second-order kinetic model was not suitable for 
describing the kinetics of mercury(II) adsorption onto DSSS.

Considering the Elovich model (Fig. 5c), the correla-
tion coefficients for different concentrations ranged from 
0.836 to 0.954. The correlation coefficient (R2) obtained 
using the Elovich kinetic model was less than those of the 
pseudo-first-order and pseudo-second-order kinetic mod-
els (Table 2). Therefore, the Elovich kinetic model was not 
suitable for describing the kinetics of mercury(II) adsorption 
onto DSSS.

The kinetic models for the adsorption of mercury(II) 
on different adsorbents, such as adulsa leaves powder, chi-
tosan, unmodified and thiolated coconut fiber, ca- alginate 
and immobilized wood-rotting fungus Funaliatrogii, acti-
vated carbon, modified natural wool chelating fibers, live 
yeast Yarrowia lipolytica 70562, and fluorescence-sensi-
tive adsorbent based on cellulose, have been examined by 
different authors [20,22,30,31,35–37]. They found that the 
experimental data better fitted the pseudo-second-order 
kinetic model.

3.4. Adsorption isotherms

In this work, different isotherm models, including the 
Langmuir, Freundlich, and Temkin models, were studied for 
mercury(II) adsorption on DSSS. The conformity of mercu-
ry(II) adsorption on DSSS had the following order based on 
the measured R2 (Table 3):

Langmuir isotherm (R2 = 0.98) > Temkin isotherm 
(R2 = 0.97) > Freundlich isotherm (R2 = 0.96).

The plot of Ce/qe vs. Ce was analyzed to determine the 
Langmuir isotherm parameters, and the results have been 
given in Table 3. As shown in Fig. 6, the mercury(II) adsorp-
tion data were well-fitted to the Langmuir, Temkin, and 
Freundlich isotherms. Nonetheless, the Langmuir plot gave 
a better fit (Fig. 6a) to the experimental data (R2 = 0.98). 
The maximum adsorption efficiency of DSSS for mercury(II) 
was found to be 34.24 mg/g. The values of Kf and n were deter-
mined from the plot of log(qe) vs. log (Ce) as shown in Fig. 6b. 
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The Kf constant in the Freundlich equilibrium was found to 
be 1.39 g/L. The value of n was between 0 and 10, suggest-
ing the relatively strong adsorption of mercury(II) onto the 
DSSS surface. In this study, a value of 2.186 was found for n. 
However, the low correlation coefficient (R2 = 0.96) suggested 

that this was not the best model to describe these equilibria. 
Similar results for the magnitude of n have been described 
by several researchers [38–40].

As shown in Fig. 6c, the plot of qe vs. lnCe could help 
determine the isotherm constants A and B from the slope and 

Fig. 5. Plots of adsorption first-order (a), second-order (b), and Elovich (c) kinetics, for mercury(II) on DSSS at concentrations of 2, 3, 
5, 6, 8, 9, and 10 mg/L.
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Fig. 6. Langmuir (a), Freundlich (b), and Temkin (c) isotherm models of mercury(II) onto DSSS.
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intercept, respectively. The correlation coefficient (R2 = 0.97) 
for the adsorption of mercury(II) in Temkin isotherm was 
fairly fitted well-compared to the Freundlich isotherm.

3.5. Adsorption thermodynamics

The adsorption process can be associated with the release 
of energy that is an exothermic process or with the absorbed 
energy from the surroundings that has been described as an 
endothermic process. The positive value of (ΔH°) approved 
the endothermic nature of mercury(II) adsorption on DSSS, 
and the negative value of (ΔG°) indicated the feasibility and 
spontaneity of the adsorption process [41].

With increase in temperature, interaction between the 
solvent and the solid surface might reduce the exposure 
of a larger number of adsorption sites. In other words, 
higher temperature might facilitate the adsorption of mer-
cury(II) on the adsorbent. This could be due to the fact 
that increasing the temperature might produce a swell-
ing effect within the internal structure of the adsorbent, 
which facilitated the penetration of mercury(II) ions into 
the internal structure of the adsorbent [21]. The positive 
value of (ΔS°) showed that the adsorbed mercury(II) ions 
remained haphazardly over the surface of the adsorbent. 
The values of ΔH°, ΔS°, and ΔG° have been presented in 
Table 4. Some studies have investigated the influence of 
temperature on the adsorbent’s structural properties, such 
as pore size distribution, average pore size, surface pore 
density, and porosity [42,43], which might be a limitation 
for the present study.

3.6. Adsorption mechanism

The mechanism for mercury(II) removal by adsorption 
on DSSS is taking place through four steps: (a) migration 

of mercury(II) molecules from bulk solution to the surface 
of the adsorbent through bulk diffusion, (b) diffusion of 
mercury(II) molecules through the boundary layer to the 
surface of the adsorbent via film diffusion; (c) the trans-
port of the mercury(II) molecules from the surface to the 
interior pores of the particle occur through intra-particle 
diffusion or pore diffusion mechanism; and (d) the adsorp-
tion of mercury(II) at an active site on the surface of mate-
rial by chemical reaction via ion-exchange, complexation, 
and/or chelation. In general, the mercury(II) sorption is 
governed by either the liquid phase mass transport rate 
or through the intra-particle mass transport rate [21].

3.7. Desorption studies

Regeneration and reuse of DSSS is crucial for eco-
nomic viability. In order to investigate the possibility of 
DSSS reusability, desorption, and regeneration experiments 
were performed and the results have been presented in 
Table 5. Accordingly, the desorption efficiency of mercu-
ry(II) ion using 50 mL of 0.05 M HCl solution ranged from 
96.2% (cycle No. 7) to 98.7% (cycle No. 1). The desorption 
efficiency decreased very slowly as the number of cycles 
increased, but still remained high after each cycle.

Table 2
Comparison of the pseudo-first-order, pseudo-second-order, and Elovich adsorption constants for mercury(II)

Pseudo-first-order Pseudo-second-order Elovich Concentration 
of mercury(II) 
(mg/L)

R2 k1 (×102 min−1) qe (mg/g) R2 k2 (×102 g/mg.min) qe (mg/g) R2 α β

0.975 4.85 29.1 0.962 10.94 35.6 0.954 0.120 32.52 2
0.966 4.68 28.5 0.936 12.45 45.7 0.933 0.188 31.81 3
0.938 4.56 27.4 0.925 13.89 52.2 0.913 0.155 31.13 5
0.912 4.43 26.5 0.896 14.52 54.5 0.887 0.112 30.24 6
0.899 4.35 25.1 0.886 15.32 63.8 0.860 0.109 29.32 8
0.887 4.26 24.9 0.873 16.25 74.6 0.840 0.106 28.64 9
0.856 4.21 24 0.846 17.54 83.4 0.836 0.105 28.50 10

Table 3
Parameters and correlation coefficient of Langmuir, Freundlich, and Temkin for mercury(II) adsorption

Langmuir model Freundlich model Temkin model

KL (L/mg) qm (mg/g) R2 Kf (g/mg.min) N R2 KT B R2

0.887 35.14 0.98 1.39 2.186 0.96 0.477 12.614 0.97

Table 4
Thermodynamic parameters for adsorption of mercury(II) on 
DSSS

Temperature (K) ΔG°  
(KJ/mol)

ΔS°  
(KJ/mol K)

ΔH°  
(KJ/mol)

298 –0.91 0.025 10.35
303 –1.3
308 –2.06
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3.8. Comparison to other adsorbents

The performance of the proposed method was compared 
to other adsorbents. Comparison of the maximum adsorp-
tion efficiency of mercury(II) ion using different types of 
adsorbents previously used for mercury(II) adsorption 
has been depicted in Table 6. Accordingly, the maximum 
adsorption efficiency of mercury(II) ion on DSSS was higher 
than that of many other previously reported adsorbents.

4. Conclusions

İn the current study, DSSS was used for adsorption of 
mercury(II) from an aqueous medium. The characterization 
of DSSS was determined using SEM, EDX, FTIR, and BET 
analyses. BET surface area of the prepared adsorbent was 
measured as 125.14 m2/g. It was observed that the batch 
adsorption of mercury(II) onto DSSS depended largely on 
pH and that the maximum removal was achieved at pH = 8.0. 
DSSS was found to be an efficient adsorbent for the removal 
of a high amount of mercury(II) in a short time (20 min). 
The adsorption of mercury(II) was found to decrease with the 

increase in the initial mercury(II) concentration and increase 
with the increase in the adsorbent dosage. The equilibrium 
adsorption data showed a good fit to the Langmuir isotherm 
model and the maximum mercury(II) adsorption capacity 
of the adsorbent was found to be 34.24 mg/g. The pseudo- 
 first-order model kinetic model was found to be best cor-
related to the experimental data for mercury(II) adsorption.

Acknowledgments

The authors would like to thank the Vice-chancellor for 
Research and Technology of Shiraz University of Medical 
Sciences for supporting the research project No. 14528. 
They would also like to appreciate Ms. A. Keivanshekouh 
at the Research Improvement Center of Shiraz University 
of Medical Sciences for improving the use of English in the 
manuscript.

Symbols

Ci —  Concentration of metal ions before adsorption, 
mg/L

Ce —  Concentration of metal ions after adsorption, 
mg/L

qe —  Adsorption efficiency at equilibrium status, 
mg/g

V — Volume of the aqueous phase, L
M — Mass of the adsorbent, g
qt — Adsorption efficiency at t time, mg/g
qe — Adsorption efficiency at equilibrium, mg/g
k1 —  Constant rate for the pseudo-first-order model, 

1/min
k2 —  Constant rate for the pseudo-second-order 

model, g/mg.min
α — Initial mercury(II) concentration, mg/g min
β — Desorption constant, g/mg
qm — Maximum adsorption efficiency, mg/g
KL — Constant of the Langmuir isotherm, L/mg
Kf — Constant of the Freundlich isotherm, g/mg.min
n — Constant of the Freundlich isotherm
A — Constant of the Temkin isotherm, L/g
B — Heat of adsorption, J/mol
R2 — Gas constant, kJ/mol K
T — Absolute temperature, K
ΔS° — Entropy of activation, kJ/mol K
ΔH° — Enthalpy of activation, kJ/mol
ΔG° — Free energy of activation, kJ/mol
BET — Brunauer–Emmett–Teller
EDX — Energy-dispersive X-ray
SEM — Scanning electron microscopy
FTIR — Fourier transform infrared
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