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Abstract

kidneys and nervous system.

of these parameters on the adsorption conditions.

adsorbent.

Background: Mercury is considered as a toxic heavy metal in aquatic environments due to accumulation in bodies
of living organisms. Exposure to mercury may lead to different toxic effects in humans including damages to

Materials and methods: Multi-walled carbon nanotubes (MWCNTs) were selected as sorbent to remove mercury
from aqueous solution using batch technique. ICP instrument was used to determine the amount of mercury in
solution. Moreover, pH, contact time and initial concentration of mercury were studied to determine the influence

Results: Results indicate that the adsorption strongly depended on pH and the best pH for adsorption is about 7. The
rate of adsorption process initially was rapid but it was gradually reduced with increasing of contact time and reached
the equilibrium after 120 min. In addition, more than 85 % of initial concentration of 0.1 mg/I was removed at 0.5 g/I
concentration of sorbent and contact time of 120 min. Meanwhile, the adsorption process followed the pseudo second-
order model and the adsorption isotherms could be described by both the Freundlich and the Langmuir models.

Conclusion: This study showed that MWCNTs can effectively remove inorganic mercury from aqueous solutions as

Keywords: Adsorption, Aqueous solutions, Heavy metals, Nano material

Background
Water resource pollution with industrial effluents is known
as a serious environmental problem, nowadays [1].Of these,
scientists have focused mostly on the presence of mercury
due to its bioaccumulation in organisms, toxic effects and
persistence in environment [2, 3]. In addition, it should be
noted that mercury has been widely used in various indus-
trial fields as an element including chlor-alkali, pharmaceut-
ical, producing barometer and thermometer, mining, dental
practices. It is proved that high concentrations of mercury
are released constantly from the mentioned industries to
the environment [4, 5].

From the toxicological point of view, the level of tox-
icity of mercury is highly related to its chemical form
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[6]. To put it another way, mercury transforms biologic-
ally, physically, and chemically through its cycle in nature,
which results in the formation of various forms of mer-
cury. Organic mercury is the most toxic among these
forms [7]. Mercury is mostly in its inorganic (Hg*?) or
methylmercury forms in aquatic environments [6]. How-
ever, at the presence of specific kind of bacteria the inor-
ganic form of mercury transforms to methylmercury which
is highly toxic for human and other organisms at food
chain [8]. Exposing to mercury results in neurological dis-
orders, damage to central nervous systems, and also nega-
tively affects the kidney and liver [9]. Considering these
facts, there should be a proper way to handle this element
and remove it from the environment.

Various methods have been used to remove mercury
from water and wastewater, including chemical precipi-
tation, ion exchange and membrane methods [10].
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Nevertheless, these methods have their own weaknesses
including high level of either energy or chemical com-
pound is needed, and most importantly these methods
are not able to remove low concentration of mercury
from the environment. However, adsorption due mostly
to its high performance, recoverability, and reactive abil-
ity of adsorbent can be considered as a suitable method
in terms of economy [11, 12].

In adsorption process, it is needed to have an adsorb-
ent with wide specific surface. The surface results from
the existence of tiny pores at it which the chemical
property, area, size and distribution of these pores influ-
ence the level of an adsorbent’s specific surface. Different
materials, such as fruit shell [13], chitosan [14], marine
macroalga [15], bagasse pith [16], furfural [17], and rub-
ber [18] have been applied as adsorbents to remove mer-
cury from aqueous environments.

After the discovery of carbon nanotubes, scientists
paid specific attention to them because of their particu-
lar efficiency in construction, electricity, chemistry, and
physics. Also, these materials have widely been used to
produce nano-structured materials, nanocomposites, sen-
sors, and gas adsorption. In 2004, when EPA proposed a
research into the environmental application of these
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materials [19], wide ranges of studies were conducted on
these nanotubes which have tiny pores with uniform size
and also wide specific surface [20]. Usage of carbon nano-
tubes was studied to remove pollutants, such as fluoride
[21], dichlorobenzene [22], trihalomethanes [23], zinc
[24], chromium [25], nickel [26, 27], and cadmium [28]
from water and waste water. In this paper, Multi-walled
carbon nanotubes) MWCNTg (were used to remove inor-
ganic mercury from aqueous solutions.

Materials and methods

Mercury solution was prepared by using HgCl, (Merk)
and deionized water. Carbon nanotubes were obtained
from research division of Iranian Petroleum Industry.
The characteristics of applied nanotubes in this study
were as follow: the BET surface area of 270 m*/g; diame-
ters of 10-30 nm, respectively; length of 10 pm, and
over 95 % purity. Furthermore, the morphology and size
of carbon nanotubes were characterized by transmission
electron microscope (TEM) and scanning electron
microscope (SEM). The surface functional groups of
multi-walled carbon nanotubes were detected by Fourier
transform infrared spectroscopy (FTIR). Figure 1 shows
the TEM, SEM and FTIR images of carbon nanotubes.
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Fig. 1 TEM (a and b), SEM (c) and FTIR spectra (d) of MWCNTs
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Table. 1 considered variables in previous studies the removal of metal ions from aquatic environments by carbon nanotubes

Metal ion Variables Ref Metal ion Variables Ref
zinc pH, contact time, initial metal ion concentration. 24] Zinc adsorption kinetic, Isotherm models [30]
Isotherm models
Chromium pH, contact time, agitation speed [25] copper pH, ionic concentration, Isotherm [31]
models
nickel pH, contact time, initial metal ion concentration, [26] Lead pH, contact time, agitation speed, [32]

adsorbent’s concentration, Isotherm models

cadmium pH, contact time, initial metal ion concentration, [28]
temperature, adsorption kinetic, Isotherm models

adsorbent’s concentration, adsorption
kinetic, Isotherm models

Lead contact time, pH, ionic strength, foreign ions [33]

Batch reactors with the same volumes of 250 ml were
used. The reactors were filled with 100 ml of mercury
solution with the concentrations of 0.1, 1 and 10 mg/L
The pH of the solutions were adjusted by nitric acid
0.1 N and NaOH 0.1 N (Merk). After adjusting the pH,
the solutions were agitated under the temperature of
25 °C and 150 rpm on an Incubator Shaker (Innova
4340, USA). Thereafter, the solution was passed through
0.2 pm Millipore filter in order to separate the adsor-
bents from the aqueous solutions. Then, the pH was ad-
justed and lowered to <2 by using nitric acid. It should
be noted that the prepared solutions were kept in glass
containers at 4 °C. Besides, Cold vapour inductively
coupled plasma optical emission spectrometry (Spectro,
Germany) was applied to measure the concentration of
mercury. This method has high sensitivity, excellent de-
tection limits, rapid analysis and Easy to use. Also chem-
ical and spectral interference is less than other methods
[29]. For the reliable determination of mercury all vari-
ables were measured at least twice.

Some variables were considered in previous studies
the removal of metal ions from aquatic environments by
carbon nano tubes (Table 1). The effects of contact time,
primary concentration of the solution, adsorbent’s con-
centration, ionic strength of the solution, and pH on the
process of adsorption were assessed in this research.

Freundlich and Langmuir adsorption isotherms were
used to study the adsorption isotherm. Also pseudo-
first- order and pseudo-second-order kinetics models
were applied to determine the adsorption kinetic model.

The amount of adsorbed Hg** was calculated through
the following equation [24-30]:

(Co-Cy) x V
g="""—" 1)
where q denotes the amount of Hg** adsorbed on ad-
sorbent at any time (mg/g), C, denotes the initial Hg>*
concentration (mg/l), C, denotes the concentration of
Hg”*at any time (mg/l), V denotes the volume of the
solution (1) and m denotes the adsorbent mass (g).

Results and discussion

The surface functional groups of MWCNTs

Figure 1(d) depicts the FTIR spectra of multi-walled car-
bon nanotubes. This spectrum displays major peaks at
3755, 3443, 2923, 1633, 1459 and 1051 cm ™. The peak
at 3755 cm™' is associated with free hydroxyl groups.
The peak at 3443 cm™ is attributed to the O—H stretch
from carboxyl groups (O=C-OH and C-OH). The
peak at 2923 cm™ is associated with (CH2). The peak at
1633 cm™ is related to carbonyl groups. The peak at
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Fig. 3 Effect of contact time on the g at different mercury concentrations adsorbed on to MWCNTs (adsorbent dose = 0.5 g/I, T=25 °C, pH =5,
agitation speed = 150 rpm)

1459 cm™* is associated with carboxylic acids and
phenolic groups (O—H). The peak at 1051 cm™" is at-
tributed to the (C-O). These functional groups can
prepare numerous chemical sorption sites on surface
of the MWCNTs [24, 28, 30, 32, 33].

Effect of contact time

As it is indicated in the Fig. 2, the effect of contact time
on the level of adsorption of inorganic mercury was
evaluated on the surface of multi-walled carbon nano-
tubes. In this test, the primary concentrations of inor-
ganic mercury were 0.1, 1, and 10 mg/l and the other
factors including temperature, pH, concentration of ad-
sorbent, and agitation speed were kept constant. The ad-
sorption of mercury increased with time until it reached
equilibrium. The contact time for attainment to equilib-
rium was 120 min. Also Fig. 2 shows that the increase in
the initial concentrations of mercury ions did not affect
the equilibrium time. Similar findings have been re-
ported for sorption of Ni** on carbon nanotubes [26] In
addition, the rate of adsorption was reduced with the in-
crease of contact time, which this reduction can be due

to the saturation of adsorption points on the carbon
nanotubes. ‘g’ which is the amount of adsorbed mercury
per the weight of carbon nanotubes raised by increase of
contact time (Fig. 3).

Effect of primary concentration

The level of mercury removal in the pH of 5, contact
time of 120 min, temperature of 25 °C, agitation speed
of 150 rpm, and primary concentration of 0.1, 1, and 10
were 71.4, 63.6 and 45.6 % respectively (Fig. 4). the per-
centage of mercury removal was declined when the con-
centration of mercury increased from 0.1 to 10 mg/l
Primary concentration also affects the removal of
chrome from aqueous solutions by carbon nanotubes
[34]. When the concentration of adsorbent in the solu-
tion is constant, the number of adsorbent places is also
constant for metallic ions. In this condition, the increase
in the number of such ions results in the increase of
competence among these ions to be adsorbed and it
leads to the decrease of metallic ions’ removal due
mainly to electrical repulsive force [34]. It is noteworthy
that the increase of primary concentration do not
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Fig. 5 Effect of pH on the removal of mercury by MWCNT; at different mercury concentrations (adsorbent dose =0.5 g/I, T=25 °C,

influence the balance time but it significantly affects ‘q’
(Fig. 3). ‘g’ raised with increasing of zinc primary con-
centration in the removal of zinc from aqueous solutions
by carbon nanotubes [24].

Effect of solution’s pH

pH is known as an important and effective parameter on
adsorption process. The pH effects not only include the
type of ion but also include the properties of adsorbent
surface such as surface active groups [35]. As it is shown
in the Fig. 5, the effects of pH on the level of mercury’s
adsorption on carbon nanotubes in the conditions of
mercury’s concentrations of 0.1, 1, and 10 mg/l and
temperature of 25 °C, contact time of 120 min, adsorb-
ent dosage of 0.5 g/l and agitation speed of 150 rpm
were assessed. Based on the results, pH has a significant
effect on the process of adsorption and the increase of it

raises the capacity of mercury’s adsorption. Besides, the
appropriate pH achieved in this study is 7, and below
the 5, mercury transforms to Hg"* which competes with
H" for the adsorbent places. Hence, at the low pH, the
level of adsorption decreases. It is mainly due to this fact
that the H" level declines when the pH increases. The
results of the present study are in the line with the stud-
ies conducted by Gao et al. [36] on the removal of Cu,
Cd, Ni, and Zn by carbon nanotubes, and Atieh et al.
[32] on the removal of Pb by the same adsorbent.

After the test, the pH was measured again and it was
cleared that in the primary pH of upper than 5, the final
pH decreases. The release of H** from the surface of
carbon nanotubes into the solution could be the reason
of this decrease. In the same contact time, the decrease
of final pH was higher for the high concentration of
mercury then the low concentration of mercury. When
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Fig. 6 Effect of adsorbent dosage on the removal of mercury by MWCNT; at different mercury concentrations (T = 25 °C, contact time =120 min,
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the primary concentration of mercury increases, the
amount of adsorption of Hg*? also gets higher by which
the rate of H** release from the adsorbent surface in-
creases and causes to the drop of the pH level of the so-
lution [37]. This process can be the indicator of
chemical adsorption of inorganic mercury on the surface
of the carbon nanotubes in pH of over 5.

Effect of adsorbent’s concentration

The results indicated that the percentage of mercury’s
removal increased when the concentration of carbon
nanotubes increased from 0.2 to 0.5 and finally to 1 mg/l
(Fig. 6). This is mostly due to this reason that the in-
creased concentration of adsorbent makes more active
surface [33]. Similar findings have been reported for sorp-
tion of Ni*? on carbon nanotubes [27].

Effect of ionic concentration

Based on the results, high ionic concentration has nega-
tive effect on the removal of mercury (Fig. 7). The rea-
son is probably the impact of ionic concentration on the
transfer of Hg*> from the solution to the surface of
adsorbent. In a study conducted by Lu and Liu [27], the
authors found that the rate of Ni** adsorption on the
surface of carbon nanotubes decreases when the ionic
concentration increase.

Adsorption isotherm

Adsorption isotherms describe the distribution of metal
ions between the liquid and solid phase at equilibrium.
Adsorption balance of metallic ions is usually studied
by the Freundlich and Langmuir adsorption isotherm.
Langmuir isotherm is the indicator of active surface
adsorption on the homogenous surface, while the
Freundlich isotherm is used for heterogeneous surfaces
[11]. The linear form of Langmuir and Freundlich equa-
tions are as below.

Langmuir
C 1 C
e - L= (2)
4 kg  dm
Freundlich
logq, = logKg + 1/n log C, (3)

Where C. denotes the equilibrium concentration of
Hg*? (mg/l), q. denotes the amount adsorbed (mg/g), qm
denotes the theoretical saturated adsorption capacity
(mg/g), K denotes the Langmuir constant (I/mg). The
values of K and q, were calculated by plotting C./q.
versus C.. K¢ and n are the Freundlich constants related
to adsorption capacity and adsorption intensity, The
Freundlich constants n and Ky were calculated by plot-
ting log q. versus log C..

The information of the two adsorption isotherms of
inorganic mercury on the surface of carbon nanotubes
are indicated in Table 2. As can be inferred from the
information, the process of adsorption follows both
Freundlich and Langmuir isotherms. Li et al. [38] depicted
that adsorption of lead on to carbon nanotubes follows
both Langmuir and Freundlich equations. Besides, the
maximum adsorption capacity obtained from the Lang-
muir isotherm is 25.641 mg/g. Numerous low cost organic
and inorganic adsorbents (e.g. activated carbon) have been

Table. 2 The parameters of Langmuir and Freundlich isotherm
models for the removal of Hg*? by MWCNT

Isotherm models Parameters value

Langmuir gm (Mg/9) 25641
k (I/mg) 0.565
R’ 0948

Freundlich Ke (17 9) 0.077
N 07173
R’ 0999
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explored for mercury removal [39, 40]. Zabihi et al. [41],
Di Natale et al. [42], Asasian et al. [43] used different
activated carbons to remove mercury that adsorption
capacities of activated carbons were different. These
amounts were strongly dependent on adsorption con-
ditions such as solution’s pH, adsorbent’s concentra-
tion, temperature, ionic concentration and especially
initial concentration of mercury [42]. However, activated
carbons have disadvantages like weak physical stability,
low selectivity for mercury, poor reactive ability of
adsorbent and the release of mercury vapor into the
atmosphere [39].

Adsorption kinetic

The adsorption kinetic model can provide suitable infor-
mation for designing the removal of pollutants from
water and wastewater. In order to assess the adsorption
kinetic of inorganic mercury on the surface of carbon
nanotubes, the pseudo-first and pseudo-second orders of
kinetic equations were applied.

The pseudo first-order equation is written as:

dq
d—tt = ki(qeq,) (4)

Where ¢ is the amount of Hg** adsorbed at any time
(mg/g), qe is the amount of Hg™ adsorbed at equilib-
rium (mg/g), K; is the adsorption rate constant (1/min).

The integrating for the boundary conditions t=0
to t=t and q,=0 to q,=q., gives the linear relation-
ship between the amount of Hg+2 adsorbed (q;) and
time (t).

1(1
2.303

Log(q.-q;) = Logq,- t (5)

A straight line log (q. -q;) versus t indicates the applic-
ability of the pseudo-first order kinetic model.

The pseudo second-order equation can be expressed
as:

dq
1 = kelera)’ (6)

Where k, denotes the second-order sorption rate con-
stant (g/mg min). Integrating for the boundary condi-
tions, t=0 to t=t and q,=0 to q,=q. gives the
following equation:

t 1 1
-+t (7)
q¢ l<2qe2 e

The information regarding these two equations is pro-
vided in Fig. 8 and Table 3. The achieved . from the
pseudo-first order adsorption kinetic for the concentra-
tion of 0.1, 1, and 10 mg/l are 0.17, 1.40, and 8.1 mg/g,
respectively. The corresponding scores for the pseudo-
second order adsorption kinetic are 0.24, 1.99, and
11.76 mg/g, respectively, while the experimental q. for
the primary concentrations of mercury are 0.23, 1.84,

Table. 3 Kinetic parameters for the removal of Hg*? by
MWCNTs at different mercury concentrations

Kinetic model primary Hg*? concentration (mg/l)

0.1 1 10
Pseudo-first order
Je, €XP (Mg/g) 0.23 1.84 10.94
Qe cal (Mmg/qg) 0.17 1.40 8.1
Ky (1/min) 0.0184 0.0184 0.0207
R’ 099 0991 0992
Pseudo-second-order
Qe cal (mg/qg) 024 1.99 11.76
k; (g/mg min) 0187 0.022 0.0042
R’ 0996 0997 0995
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and 10.94, respectively. The process of adsorption of in-
organic mercury on the surface of multi-walled carbon
nanotubes mostly fits with the second order adsorption
kinetic and it is because of this that the q. achieved from
the pseudo-second order equations is closer to q. of the
base experiments, compared to the pseudo-first order
equations. Also, R* conceived from the pseudo-second
order adsorption kinetic graph is higher than that of
pseudo-first order graph. Previous studies also showed
that absorbed cadmium [28], zinc [30], lead [33] and
chromium [34] on carbon nanotubes follow pseudo-
second order adsorption kinetic.

Qu et al. [44] reported that nanomaterials have been
widely used to remove heavy metals from water due to
their large surface area, high reactivity, short intra par-
ticle diffusion distance and low temperature modifica-
tion. In spite of that Tang et al. [45] suggested the reuse
and management of the used nanomaterials is an im-
portant issue and has not been considered seriously.
Only a few relevant studies are available in literature. It
would be worthwhile to investigate the reusability of the
used nanomaterials.

Conclusion

Multi-walled carbon nanotubes were assessed as adsorb-
ent to remove inorganic mercury from aqueous solutions.
The adsorption rate of Hg** on the surface of adsorbent is
highly affected by pH, and the increase of pH from 3 to 7
increases the percentage of removal. The best contact time
is 120 min. Also, the increases of primary concentration of
inorganic mercury and ionic concentration solution have
negative effect on adsorption process. Finally, the process
of adsorption follows both Freundlich and Langmuir iso-
therms, and the pseudo-second order adsorption kinetic
can well describe adsorption process. The present study
indicated that Carbon nanotubes have high efficiency in
adsorbing of mercury.
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