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Mercury sorption by silica/carbon nanotubes and
silica/activated carbon: a comparison study
Tawﬁk A. Saleh

ABSTRACT
Nanocomposites of silica incorporated with carbon nanotubes (silica/CNT) and activated carbon
(silica/AC) were synthesized and characterized by scanning electron microscopy (SEM), element
mapping, energy dispersive X-ray spectroscopy (EDX), thermogravimetric analyzer (TGA) and Fourier
transform infrared spectroscopy (FTIR). Silica/CNT and silica/AC were investigated for efﬁcient
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removal of mercury ions from aqueous solutions. The adsorbents have been analyzed on the basis of
adsorption capacity, reusability, and their application in packed columns. The effects of experimental
parameters, like pH, contact time and initial concentrations on the adsorption of mercury ions, were
optimized. The kinetic data for the adsorption process obeyed a pseudo-second-order kinetic model
with R2 of 0.999. Fitting the data to an intraparticle diffusion model indicated that surface adsorption
and intraparticle diffusion were concurrently operating. In addition, this study used the Langmuir,
Freundlich and Temkin isotherms to describe the behaviour of equilibrium adsorption. The
equilibrium adsorption of the studied mercury ions is best ﬁtted using the Freundlich isotherm, with
silica/CNT of higher capacity than silica/AC. The silica/CNT showed better performance than silica/AC
indicating silica/CNT has better efﬁciency.
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INTRODUCTION
Mercury removal from wastewater has received signiﬁcant

the mercury can also end up in the wastewater, causing con-

attention due to its toxicity and thus high impact on the

tamination of the reﬁnery site and, particularly, the

environment and public health. Adsorption technology,

wastewater treating facilities including the settling pond

using ion-exchange resins, activated charcoal, nanomater-

(Nasirimoghaddam et al. ).

ials and ion chelating agents immobilized on inorganic

Nanomaterials have wide applications as sorbents for

supports as adsorbents, is one of the most popular methods

water puriﬁcation as they have high efﬁciency and capacity

(Teng et al. ; Vasudevan et al. ; Wang et al. ;

for heavy metal ions in aqueous solutions. Carbon-based

Mehdinia et al. ). Mercury is widely distributed in the

nanomaterials have generated great interest in their use as

environment from various sources including industries

adsorbents for the removal of pollutants from water/waste-

such as pigments, metallurgy, gilding copper, and instrumen-

water as they are stable, have limited reactivity, wide

tation, oil, petrochemicals, recovery of gold, manufacture of

surface area, and are strong antioxidants (Halem et al.

chlorine and sodium hydroxide by electrolysis of brine and

; Peters et al. ; Sorlini & Gialdini ; Chawla

in many industries (Silva et al. ). The crude oil and

et al. ; Naghizadeh ). For example, hybrid ligands-

liquid condensate can contain some quantities of mercury,

modiﬁed

ranging from nil to over 10 ppm. The mercury shortens the

carbon, multi-walled carbon nanotubes and chitosan/

life of hydrogenation catalysts by deactivation and part of

carbon nanotube composite beads (Zhu et al. ; Shadbad
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et al. ; Shawky et al. ) have also been reported for

element mapping, and structural properties using energy

their efﬁciency as adsorbents for mercury removal.

dispersive X-ray spectroscopy (EDX) and Fourier trans-

Because of their stability and large speciﬁc surface area,

form infrared spectroscopy (FTIR). A thermogravimetric

carbon nanotube (CNT) and activated carbon (AC) have

analyzer (TGA) was used to evaluate the thermal stability

attracted much attention (Saleh ; Gupta & Saleh ).

of the prepared composites. Thermo Electron Corporation

On the other hand, silica has chemical stability and versati-

NXR FT-Raman module Nicolet 6700 FT-IR spectrometer

lity

different

in a region of 4,000–400 cm–1 was used to characterize

functionalities was studied as sorbents for pollutants sorp-

the structure of the prepared silica/CNT and silica/AC.

tion from waters (Chen et al. ; Yin et al. ).

A thermal analyzer (STA 429) (Netzsch – Germany) at a

in

surface

modiﬁcation.

Silica

with

Here, we report on the synthesis of silica/CNT and

constant heating rate of 10 C/min under nitrogen ﬂow

silica/AC and their sorption performance for mercury

was used to determine the thermal stability of the

removal from aqueous solutions. The effects of contact

composites.

time, initial concentration, pH and equilibrium isotherms
on the process were investigated.

W

In order to specify the electrical neutrality of the adsorbent at a particular value of pH under aqueous solution
conditions, point of net zero charge (pHzpc) was determined using the pH titration method. Brieﬂy, 11 solutions

EXPERIMENTAL

with pH values of 1.0 to 12.0 were prepared. Then, 0.3 g
of silica/CNT or silica/AC was added into each bottle and
the ﬁnal pH was measured after 48 h. The pHpzc is deﬁned

Chemicals and materials

as the point where the curve pHﬁnal vs. pHinitial crosses the
Carbon nanotubes (CNT) and activated carbon (AC) were

line pHﬁnal ¼ pHinitial (Órfão et al. ).

prepared and activated as per the work reported earlier

A mercury analyser was used to monitor the concen-

(Saleh ; Saleh & Al-Saadi ). The mercury standard

tration of Hg2þ in the aliquots. Concentration of metal

2þ

stock solution (1,000 mg/L) Hg

was used. The solution

ions in real wastewater samples were monitored by induc-

was diluted to different initial concentrations as required.

tively coupled plasma mass spectrometry (ICP-MS) model

The initial pH of the tested solutions was adjusted to the

ICP-MS XSERIES-II Thermo Scientiﬁc with the following

desired value by using nitric acid or sodium hydroxide.

instrumental parameters; RF power 1,404 W, plasma gas
ﬂow 13 L/min, nebulizer gas ﬂow 0.95 L/min, auxiliary
gas ﬂow 0.7 L/min, quartz pneumatic nebulizer, spray

Synthesis of silica/CNT

chamber: glass with peltier cooling, three replicates, acquiSilica/CNT and silica/AC were prepared by dispersing CNT

sition mode; pulse counting, dwell time 10 ms, sweeps/

or AC in 0.1 L deionized water and 0.05 L ethylene glycol

reading 100 and acquisition parameters of scanning mode

under ultrasonic vibration. Solution of 0.5 M of sodium

peak hopping, dwell time 300 ms and integration mode:

meta silicate was prepared. The latter was added to the

peak area.

former under continuous stirring. The mixture was then
kept under reﬂux at 120 C under stirring (Saleh ). The
W

Sorption tests

composite was allowed to cool. It was then ﬁltered, washed
W

and dried at 100 C. The possible interaction between silica

The batch system

and CNT or AC is proposed in Figure 1, step I.
Speciﬁc amounts of silica/CNT or silica/AC were added into
Characterization and analysis

20 mL of Hg2þ solution in plastic containers which were
placed in a bath shaker at 150 rpm. The effect of the tempera-

The prepared composites were characterized for the mor-

ture was investigated by adjusting the temperature of the

phology using scanning electron microscopy (SEM) and

bath. Experimental parameters such as the effects of pH,
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Schematic illustration of silica /CNT and silica/AC preparation.

initial Hg2þ concentration, contact time and temperature

Recycling

were studied. A comparison was performed to evaluate the
performance of the silica/CNT comparing with silica/AC.

The Hg-loaded silica/CNT or silica/AC were eluted by stir-

This study was conducted by adding an equivalent amount

ring with 1M HNO3 to desorb Hg2þ. The silica/CNT or

2þ

of each adsorbent into 20 mL of Hg

solution.

silica/AC was washed with de-ionized water and allowed
to dry and then reused in adsorption processes.

The ﬁxed-bed system
Data analysis
The column was packed with the silica/CNT or silica/AC.
Then the prepared Hg2þ solutions were passed through

The removal percentage (%) amounts of metal adsorbed per

them in the bed to study their adsorption capacity. The

unit mass of adsorbent at equilibrium (qe, mg/g) and at any

column diameter and length used in every experiment

time t (qt, mg/g) were calculated by:

was ﬁxed constant. The different layer thickness of the
adsorbent and the ﬂow rate of the solutions were used as
speciﬁed.
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of isolated C ¼ C double bonds (Wang et al. ) and the
band at 1,180 cm–1 (broad band 1,100–1,300 cm–1) is
assigned to the C-O stretching. Bands at 2,990 and

qt ¼ (Co  Ct ) ×

V
m

(3)

2,880 cm–1 are due to asymmetric and symmetric stretching
of CH and are indicative of the presence of aliphatic -CH2
groups. The broad peak at around 3,450 cm–1 indicates the

Co ¼ initial mercury concentration in mg/L; Ct or Ce ¼
concentrations at time or equilibrium in liquid phase.

generation of hydroxyl groups. The characteristic adsorption
bands of silicon dioxide, the Si–O–Si asymmetric and symmetric stretching vibration at 1,080 and almost 800 cm–1,
respectively, and the O–Si–O symmetric bending vibration
at 400–600 cm–1 (El-Gamel et al. ). The IR spectrum of

RESULTS AND DISCUSSION

the silica/AC shows lower structural properties than that
of silica/CNT.

Characterization
Sorption evaluation
The prepared silica/CNT or silica/AC were characterized
for the morphology by ﬁeld emission scanning electron

Comparison

microscopy (FESEM), and elemental mapping. Figure 2(a)
depicts SEM image indicating nodes of silica nanoparticles

A comparison study was conducted by changing the type of

on the nanotube surface. An elemental mapping image is

adsorbent AC, CNTs, silica nanoparticles, silica/AC and

presented in Figure 2(b) which indicates the uniform distri-

silica/CNT for Hg2þ adsorption. As shown in Figure 6, the

bution of the elements, silica, carbon and oxygen in the

adsorption efﬁciency is in the order: AC < CNTs < silica <

silica/CNT. An EDX spectrum is depicted in Figure 2(c).

silica/AC < silica/CNT. The silica/CNT has better efﬁciency

The spectrum shows the elemental composition indicating

than silica/AC, which can be attributed to the better inter-

the presence of carbon peak at 0.277 keV, oxygen at

action between silica and nanotubes compared with

0.525 keV and silica peak at 1.739 keV. The SEM image of

activated carbon and silica, as seen in the cauterization sec-

silica/AC is given in Figure 3(a), which shows the mor-

tion. On the other hand, the possible interaction between

phology of the prepared materials with uniform elemental

mercury ions and silica/CNT or silica/AC is proposed in

distribution as shown in Figure 3(b). The elemental compo-

Figure 1, step II.

sition of the sample indicated the presence of carbon peak at
0.277 keV, oxygen at 0.525 keV and silica peak at 1.739 keV

Ph effect on Hg2þ adsorption

with percent weight of each element as shown in Figure 3.
TGA of the prepared silica/CNT or silica/AC showed that

The effect of the pH of the solution on the mercury removal

the silica/CNT has slightly more thermal stability than

was studied. The results in Figure 7 indicate that while the

silica/AC, Figure 4. This can be attributed to the further

silica/CNT showed better removal that silica/AC, both

interaction between nanotubes and silica compared with

have the same trend. The mercury speciation distribution

the interaction between activated carbon and silica (Yin

diagrams of mercury species at different pH values were

et al. ; Zhang et al. ).

considered for interpretation of the results (Zhang et al.

The IR spectrum, Figure 5, of the silica/CNT indicates

). The dominant species in the solution are Hg2þ at

the characteristic features of hydroxyl and carboxylic

pH < 3.0, and Hg(OH)2 at pH  6. Species HgOHþ, Hg2þ,

–1

groups. The band at 1,720 cm

is assigned to stretching

Hg(OH)2 are available in solutions of pH 3 to 6. The point

vibration of C ¼ O in the carboxyl group. The band at

of zero charge of the adsorbent was determined to be

–1

is assigned to the carbonyl functional group

around 4. At pH  4, the surface of the adsorbents is rela-

while the band at 1,580 cm–1 is due to stretching vibrations

tively positive due to protonation, so the interaction or

1,650 cm
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The experimental data were plotted using the equations
and the results are summarized in Table 1. It can be concluded that the adsorption process follows the pseudosecond order kinetic model and Hg2þ ions for both adsorbents, silica/CNT and silica/AC, Figure 8(a). This is
supported by the good agreement of the equilibrium adsorption capacities (qe, cal) with the experimentally observed data
(qe,

exp)

and the correlation coefﬁcients of R2 > 0.99.

The intraparticle diffusion coefﬁcient, kid, was determined by ﬁtting the experimental data in the intraparticle
diffusion model (Webber & Chakravarti ) using the following equation:

Figure 4

|

qt ¼ kid t1=2 þ C

TGA analysis of silica/CNT and silica/AC.

adsorption of mercury at pH values 4 is hindered by the
repulsion as Hþ compete with mercury ions. At pH values
>4, surface of the silica/CNT or silica/AC is negative due

(6)

kid ¼ intraparticle diffusion rate constant in mg/g.min½; C ¼
intercept in mg/g. The results obtained by the plot of qt
versus t 1/2 are listed in Table 1. The plots lines do not pass

to deprotonation which enhances the interaction between

through the origin which indicates a degree of boundary

the negatively charged surfaces and the Hg2þ ions.

layer control and this further indicates that the intraparticle
diffusion is not the only rate-limiting step, but also other kinetic models may control the rate of adsorption.

Adsorption kinetic study
The pseudo-ﬁrst-order, second-order kinetic models were

Adsorption isotherms

used to express the mechanism of solute sorption onto a sorbent. In order to design a fast and effective model,

The Langmuir, Freundlich and Temkin isotherm models

investigations were made on adsorption rate. For the exam-

were used. The Langmuir isotherm model assumes that a

ination of the controlling mechanisms of adsorption

monolayer surface phase is formed on an energetically

process, such as chemical reaction, diffusion control and

homogeneous surface of the adsorbent (Langmuir ).

mass transfer, the intraparticle diffusion model was used

The following equation was used:

to test the experimental data.
The following equation for pseudo-ﬁrst-order kinetics
was used (Lagergren ):

Ce
1
Ce
¼
þ
qe kL qm
qm

(7)

(4)

where kL ¼ Langmuir equilibrium constant (litres/milli-

The following equation was used for pseudo-second

maximum theoretical monolayer adsorption capacity in

ln (qe  qt ) ¼ ln qe  k1 t

grams) related to the afﬁnity of adsorption sites; qm ¼
mg/g; Ce ¼ equilibrium concentration in mg/L ¼ ppm; qe ¼

order:

amount of Hg2þ adsorbed at equilibrium in mg/g.
t
1
t
¼
þ
qt
k2 q2e
qe

(5)

qt and qe ¼ the amounts of Hg2þ in mg/g adsorbed at time t
or equilibrium; k1 and k2 ¼ rate constants.
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FTIR spectrum of silica/CNT and silica/AC.

where Co ¼ initial mercury concentration. RL provides an
indication of the nature of the adsorption process.
The Freundlich model assumes a heterogeneous surface
and takes into account the interactions between the

sites on the surface using:
1
ln qe ¼ ln Kf þ ln Ce
n
kF ¼ Freundlich

adsorbed molecules (Freundlich ). The model of hetero-

where

geneous solids assumes a deﬁnite distribution of adsorption

capacity)
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energy in a layer decreases linearly with the surface coverage due to the interactions. It is expressed by:

qe ¼

RT
RT
ln KT þ
ln Ce
bT
bT

(10)

where bT ¼ isotherm constant in joule per mole; kT ¼ isotherm equilibrium binding constant in L/g; R ¼ gas
constant 8.314 × 10–3 kJ/ mol.K; T ¼ temperature in K.
The obtained results of models parameters are listed in
Table 2. Considering the correlation coefﬁcient (R2), it can
Figure 6

|

Comparison between AC, CNTs, silica, silica/AC and silica/CNT for Hg2þ
adsorption; initial concentrations of 40 ppm, dosage amounts 0.03 g, agitation
speed 150 rpm, contact time 120 min.

be observed that the experimental data ﬁt better to the Freundlich isotherm, Figure 8(b), compared with the other models
which means that the adsorption process are of heterogeneous surface with interactions between the adsorbed
molecules. The value of kf in the case of using silica/CNT
is higher than silica/AC meaning that the silica/CNT is of
better adsorption capacity than silica/AC. The n value gives
an indication for the favourability of the adsorption process.
The values of n > 1 represent a favourable adsorption condition. However, the value of n in the case of using silica/
CNT is higher than silica/AC meaning that the silica/CNT
is of more favourable adsorption condition than silica/AC.

Thermodynamic study
The thermodynamic parameters such as ΔG0 (standard free
Figure 7

|

Effect of pH on the adsorption of Hg2þ ions on silica/CNT and silica/AC.

energy), ΔH0 (enthalpy change) and ΔS0 (entropy change)
have been estimated to determine the feasibility and the

concentration of adsorbate in mg/L; qe ¼ mg of mercury

nature of adsorption process. The experimental data

adsorbed per gram of the adsorbent.

obtained at different temperatures were used in calculating

The Temkin isotherm model considers the interactions

the thermodynamic parameters. The values of ΔH0 and

between adsorbent and adsorbate. It assumes the adsorption

ΔS0 were calculated from the slopes and intercepts of the

Table 1

|

Kinetic constant parameters obtained for Hg2þ adsorption on silica/CNT and silica/AC

Intraparticle diffusion
Lagergren’s pseudo-ﬁrst order

Pseudo-second order

model

Adsorbent

Ci (mg/L)

qe, exp (mg/g)

k1 (min–1)

qe, cal (mg/g)

R2

k2 a

qe, cal (mg/g)

R2

kid b

C (mg/g)

R2

Silica/CNT

20
40

39
76

0.056
0.053

13
38

0.97
0.93

0.009
0.003

40
80

0.999
0.998

1.5
1.1

8
12

0.991
0.980

Silica/AC

20
40

30
58

0.042
0.03

17
36

0.95
0.83

0.003
0.001

33
63

0.998
0.995

0.9
0.8

7
9

0.928
0.949

a

(g/mg.min).

b

(mg/g.min).
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where R (8.314 kJ/mol.K) is the gas constant, T (K), absolute
temperature and Kc (L/mg), standard thermodynamic equilibrium constant deﬁned by qe/Ce.
The free energy change ΔG0 ¼ ΔH0  T ΔS0 was calculated at 296, 316 and 336 K and was found to be –20,
21, 23 kJ/mol when silica/CNT was used and –13, 14,
16 kJ/mol when silica/AC was used. The decrease in its
values with increasing temperature indicates the favorable
adsorption at higher temperature. The positive standard
enthalpy change ΔH0 of 13 and 7 kJ/mol suggests the
adsorption of Hg2þ is endothermic and the positive standard
entropy change reﬂects the afﬁnity of the adsorbents
towards Hg2þ.
Desorption studies
The reusability of the silica/CNT and silica/AC is important
in real applications from both an economic and environmental point of view. Therefore, reusability must produce
a small volume of metal concentrate suitable for mercury
recovery without damaging the adsorbent nature. Here, several cycles of alternating adsorption and desorption stages
with silica/CNT or silica/AC were performed. Under the
same selected operation conditions, the readsorption of
Hg2þ reached percentages around 99% when silica/CNT
was used, while it reached around 92% when silica/AC
was used. This shows that the silica/CNT is highly effective
for the adsorption of Hg2þ ions from aqueous solutions.
Figure 8

|

Pseudo-second order kinetic plot (a) and Freundlich adsorption isotherm (b)
for Hg2þ adsorption on Silica/CNT and Silica/AC.

Bed column experiments
2þ

plots of ln Kc versus 1/T, for adsorption of Hg

on silica/

CNT nanocomposite, by using the following linear Van’t

In this work, both silica/CNT and silica/AC were tested in a
ﬁxed bed column. The ﬁxed bed column experiment was con-

Hoff equation (Ghosh & Bhattacharyya ):

ducted with 10 ppm mercury solution at a bed depth of 10 cm
ln Kc ¼

Table 2

|

ΔS0 ΔH0

R
RT

(11)

and a constant ﬂow rate of 3 mL/min. The breakthrough
curve, Figure 9, was obtained. The silica/CNT showed

Langmuir, Freundlich and Temkin isotherms constants for Hg2þ adsorption on silica/CNT and silica/AC

Langmuir isotherm

Freundlich isotherm

Temkin isotherm

T (K)

qm (mg/g)

kL (L/mg)

RL

R2

1/n

n

kf (mg/g)

R

Silica/CNT

40

0.86

0.24

0.942

0.46

2.19

17

Silica/AC

34

0.08

0.15

0.914

0.69

1.45
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2

KT (L/g)

bT (KJ/mol)

R

0.999

8.5

0.275

0.991

0.995

1.5

0.288

0.968
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