
 

 

 

Abstract—Multiwall carbon nanotubes, prepared by chemical 
vapor deposition, have an average diameter of 60-100 nm as shown 
by High Resolution Transmittance Electron Microscope, HR-TEM. 
The Multiwall carbon nanotubes (MWCNTs) were further 
characterized using X-ray Diffraction and Raman Spectroscopy. 
Mercury uptake capacity of MWCNTs was studied using batch 
adsorption method at different concentration ranges up to 150 ppm. 
Mercury concentration (before and after the treatment) was measured 
using cold vapor atomic absorption spectroscopy. The effect of time, 
concentration, pH and adsorbent dose were studied. MWCNT were 
found to perform complete absorption in the sub-ppm concentrations 
(parts per billion levels) while for high concentrations, the adsorption 
efficiency was 92% at the optimum conditions; 0.1 g of the adsorbent 
at 150 ppm mercury (II) solution. The adsorption of mercury on 
MWCNTs was found to follow the Freundlich adsorption isotherm 
and the pseudo-second order kinetic model. 

 
Keywords—Cold Vapor Atomic Absorption Spectroscopy, 

Hydride System, Mercury Removing, Multi Wall Carbon Nanotubes. 

I. INTRODUCTION 

HE available source of clean water, the shrinking levels of 
surface water and waste waters pollution, and 

contamination of environment by toxic pollutants have 
emerged as the most serious problems facing our globe in the 
twenty-first century. Removal of inorganic and organic 
pollutants from waters is considered as one of the major 
investigations in the last few decades.  

Mercury is well known to be one of the most toxic metals 
known in natural ecosystems. During the 20th century there 
were several major Hg poisoning catastrophes as Hg is 
deemed cumulative and persistent in human body and the 
environment as well [1]. Long-term exposure to very low 
levels of mercury even in water is dangerous for humans [2], 
[3]. It is known that Hg may be absorbed through the gastro-
intestinal tract and through the skin and lungs [4]. Soluble 
compounds of mercury are particularly toxic because their 
adsorption is rapid. Nevertheless, Hg is still being used 
worldwide in applications such as barometers, thermometers, 
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pumps, and lamps to name a few. Industries mainly 
responsible for the dispersion of mercury are: the chloro-
alkali, paint, oil refining, and rubber processing and fertilizer 
industries [5].  

An improved understanding of the toxic health effects of 
mercury and its bio-accumulative properties has led to greater 
regulatory control. The EPA has initiated regulations to 
control mercury emissions to air through the Clean Air Act 
(CAA); water through the Clean Water Act (CWA) Safe 
Drinking Water Act (SDWA); and from wastes and products 
through Resources Conservation and Recovery Act (RCRA) 
[6], [7]. The EPA has established a maximum contamination 
level (MCL) for mercury to be 2 μg/L in drinking water. The 
World Health Organization (WHO) also recommends a 
maximum uptake of 0.3 mg per week and 1 µg/L as the 
maximum acceptable concentration in drinking water [8]. 
Thus, accurate and precise qualitative and quantitative 
detection of mercury in aqueous media is highly 
recommended.  

The direct determination of trace concentrations of heavy 
metal ions has many problems. Such problems are associated 
with matrix interferences and low sensitivity, especially in 
extremely low concentrations. The direct determination by 
atomic spectroscopy can be problematic. For example, the 
determination of mercury by flame atomic absorption 
spectrometry is limited to high concentrations of mercury 
owing to the poor detection limit offered by the technique 200 
µg /L. While the use of electro thermal atomic absorption 
spectrometry (ETAAS), although it allows better detection 
limits (2 µg /L, suffers from matrix interference as the high 
volatility of mercury restricts the ashing temperature.  

One of the most common analytical approaches for the 
determination of total mercury at lower concentrations is cold 
vapor atomic absorption spectrometry (CVAAS) with its high 
sensitivity and selectivity as well as extremely low detection 
limit (1 μg/L) [9]–[12]. 

A number of approaches have been suggested for the 
removal of mercury from aqueous solutions. The techniques 
include reduction, precipitation, ion exchange, reverse 
osmosis, adsorption, coagulation, etc. Though bulk techniques 
like simple filtration or precipitation are suitable for removing 
a significant fraction of the metal, they are unable to decrease 
the concentration of contaminant from percentage to ppm 
level and/or even in ppb level [13]. Thus, there is an urgent 
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need for an adequate step which can address metal removal in 
ppb level to meet the environmental agency regulations. 

In recent years, considerable attention has been given to 
remove mercury by adsorption process on various adsorbents 
[13]–[20]. Nanomaterials were heavily researched for its 
utilization in water treatment [21], [22]. Due to their nanosize, 
large surface area, high mechanical strength and remarkable 
electrical conductivities, carbon nanotubes (CNTs) are 
considered as superior candidates for a wide range of 
promising applications [23], [24]. For example, the suitability 
of CNTs in removing different types of water contaminants 
was investigated by many researchers in the last few years 
[25]. Their hollow and layered nano-sized structures make 
them a promising adsorbent material that can substitute 
different materials in many ways [26].  

The adsorption of heavy metals by nanotubes has been 
studied for different elements such as lead [27], [28], fluoride 
[29], cadmium [30], Zinc [31], Uranium [32], Cobalt [33], 
Europium [34] and Nickel [35]. Shadbad et al. [36] studied the 
efficiency of mercury (II) removal by multi-walled carbon 
nanotubes at relatively high conc. (50 ppm) measured by the 
low detection limit of FAAS.  

In this work, a detailed study was performed, covering 
concentrations from 10 ppb to 150 ppm including the 
equilibrium and kinetics of batch adsorption for mercury (II) 
removal from aqueous solutions by MWCNTs. Mercury 
concentration (before and after the treatment) was measured 
using cold vapor atomic absorption spectroscopy. The 
technique provides a fast and sensitive detection with low 
detection limit to measure traces after the treatment with 
detection limit of, as low as 1 µg/L. 

II. MATERIALS AND METHODS 

A. Material  

Multiwall - carbon nanotubes were prepared by chemical 
vapor deposition (CVD) method and were kindly supplied 
from EPRI Nano-Technology Center. 

B. Mercury Uptake 

1. Batch Method 

Assessment of Hg (II) adsorption by MWCNTs is carried 
out by batch adsorption experiments. Batch mode sorption 
experiments were performed in sealed glass flasks at room 
temperature. Pre-weighted amounts of the MWCNTs were 
added to glass flasks containing 20 ml of the desired 
concentration of aqueous mercury solution. The glass flasks 
were stirred for the designated time, filtered and then 
subjected to Hg concentration measurement. The effects of the 
dosage of MWCNTs (0.01, 0.05 and 0.1 g), contact time (10–
120 min) and the initial Hg concentration (10 ppb to 150 ppm) 
in addition to the pH range, from 1 to 9, were investigated. 
The amount of Hg adsorbed on the MWCNTs was determined 
by the difference of the initial concentration (Ci) and the 
equilibrium concentration (Ce).  

The percentage removed of Hg ions from the solution was 
calculated as following: 

  iei CxCCremoval /100%          (1) 

 
The adsorption capacity (qe) was calculated as following: 
 

   MxVCCgmgq eie /)/(         (2) 

 
where, V = volume of the Hg2+ solution (L), M = weight of 
adsorbent (g). 

2. Determination of Hg Concentration “Hydride System 
Attached to Cold Vapor Atomic Absorption Spectrometer” 

Hg concentration was measured using hydride system 
connected to cold vapor atomic absorption spectrometry (CV-
AAS). In this technique, the sample solution as well as acid 
and reductant are aspirated using a multi-channel peristaltic 
pump. Acidified sample and reductant get into contact in the 
reactor for sample reduction where the atomic Hg vapor as 
well as hydrogen gas liberated in this process. The gaseous 
reaction products are carried by the argon stream to the gas-
liquid separator. There, the gas phase (Hg vapor, argon and 
hydrogen) and the liquid phase are separated where the 
residual liquid is pumped off. Gas path selector leads the 
separated gases to a gold collector for Hg enrichment. The 
enriched Hg will then be liberated in baking out the gold 
collector and carried out to the quartz cell by an argon stream 
where the free Hg atoms absorb the primary radiation at the 
specific resonance line. 

III. RESULTS AND DISCUSSION 

A. Characterization of Carbon Nanotubes 

The MWCNTs were observed by high-resolution 
transmission electron microscope (HRTEM), as shown in Fig. 
1. The morphology of MWCNTs was tubular-like well-
defined multiwall structure. The average diameter for different 
samples was about 60 to100 nm. 

Fig. 2 shows the X-ray diffraction of multiwall carbon 
nanotubes. The diffraction patterns of multiwall carbon 
nanotubes consisted of many crystalline peaks and the 
prominent peak at about 2θ= 26o can be attributed to the (0 0 
2) reflection of carbon [37], [38]. 

 

 

Fig. 1 HR-TEM image of MWCNTs 
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Fig. 2 X-ray diffraction (XRD) pattern of MWCNTs 
 

Fig. 3 shows the Raman spectrum of MWCNTs. The two 
main typical graphite bands are present in the Raman spectrum 
of MWCNTs; the band at 1586.89 cm–1 (G band) is assigned 
to the in-plane vibration of the C–C bond (G band) typical of 
defective graphite-like materials and the band at 1311.74 cm–1 
(D band) is activated by the presence of disorder in carbon 
systems [39]. 

 

 

Fig. 3 Raman spectrum of MWCNTs 

B. Mercury Uptake 

1. Effect of Adsorbent Dose 

Different adsorbent doses were used to investigate the 
efficient amount of adsorbent required to remove a specific 
concentration of mercury at certain conditions. Three different 
weights of MWCNTs were used; 0.01, 0.05 and 0.1g. In 
addition, the experiments were carried out at different time 
intervals (10-120 min), as shown in Fig. 4, to identify the 
kinetic of adsorption mechanism. The adsorption efficiency % 
of Hg is generally enhanced when the amount of MWCNTs is 
increased which can be attributed to the increased availability 
of adsorption sites. The same behavior was found in all tested 
time intervals range. The sorption mechanism was mainly 
attributed to the interactions between the metal ions and the 
different binding sites; the surface functional groups, the 
multilayers and the hollow area inside the tubes. The 
comparison of CNTs with other adsorbents suggests that 
CNTs have great potential applications in environmental 
protection particularly in trace metals removal from water 
[14]–[20]. 

 

Fig. 4 Effect of adsorbent weight on Hg uptake efficiency at different 
time intervals using initial Hg concentration of 100 ppm 

2. Effect of pH 

The pH value plays an important role with respect to the 
adsorption of particular ions on functionalized CNTs due to its 
effect on the surface charge. Fig. 5 shows the removal of Hg 
ions  by MWCNT at different values of pH. The low Hg2+ 
adsorption that took place at low pH can be attributed in part 
to competition between H+ and Hg2+ ions on the same sites as 
at pH<8, the predominant Hg species is Hg2+ ions [40]. As the 
surface of CNTs becomes more negative with the increasing 
of pH, the electrostatic attraction increases and thus results in 
adsorption of more Hg2+ onto MWCNTs. In the pH range of 5-
8, the removal of Hg increased and reached a maximum. At 
pH 9, a slight decrease of removal of mercury due to the 
increase in the hydroxide ion concentration leading to the 
formation of Hg negative hydroxide species and consequently, 
decrease in Hg uptake on the surface of functionalized 
negatively charged MWCNTs.  

At relatively higher concentration of Hg ions, 10 ppm, the 
effect of pH was found to be less pronounced and reached 
maximum at lower pH value due to the presence of much 
more Hg ions which allow higher competition against the H+ 
ion in the low pH range. At higher pH, a slight decrease in the 
uptake efficiency was also due to the formation of negative Hg 
species as mentioned before. 
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Fig. 5 Effect of pH on Hg uptake efficiency 

3. Effect of Contact Time & the Kinetic Studies 

An ideal adsorbent for wastewater pollution control must 
have not only a large adsorption capacity but also a fast rate of 
adsorption. These requirements are more urgent in such case 
as in mercury due to its low vapor pressure. Fig. 6 shows the 
effect of contact time on the mercury uptake efficiency using 
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different doses of the adsorbent. As shown in the figure the 
adsorption efficiency was very fast and reached the 
equilibrium state within 20 min. after which it reached a 
constant value. At this point, the amount of metal ions being 
adsorbed on the material is in a state of dynamic equilibrium 
with the amount of metal ions desorbed from the adsorbent. 
Equilibrium time achieved within 20 min. Obviously, the 
adsorption rates were very fast; comparing with some other 
mercury adsorbents [41]–[43]. This relatively fast rate of 
adsorption is advantageous in the mercury removal process. 

 

 

Fig. 6 Effect of contact time on Hg uptake efficiency using different 
adsorbent doses at initial mercury concentration of 100 ppm 

 
For further analysis of the results, several kinetic models are 

used to describe the adsorption kinetics. Four common 
equations were tested to find the best-fitted model for the 
obtained experimental data. The corresponding linear 
equations are given below.  

The pseudo-first order kinetic model was suggested by 
Lagergren [44] for the adsorption of solid/liquid systems and 
its linear form can be formulated as: 

 

     303.2/1 tKqLnqqLn pete       (3) 

 
The 1st order kinetic model linear form can be formulated 

as: 
 

   303.2// 1tKqqqLog ete        (4) 

 
Ho and McKay’s pseudo-second order kinetic model [45] 

can be expressed as: 
 

tet qtkqqt /2/1/ 2          (5) 

 
The 2nd order kinetic model linear form can be formulated 

as: 
 

  tKqqq pete 2/1/1          (6) 

 
where qe and qt are the amount of Hg (II) adsorbed at 
equilibrium (mg.g-1) and at time t, respectively. k1 is the 
equilibrium rate constant of the pseudo-first order adsorption 

(min-1). k1p is the equilibrium rate constant of the first order 
adsorption (min-1). k2 is the equilibrium rate constant of the 
pseudo-second order adsorption (g mg-1 min-1) and k2p is the 
equilibrium rate constant of the second order adsorption (g-1 
mg-1 min-1). 

The experimental data have been fitted by the above-
mentioned kinetics models and the obtained parameters were 
listed in the Table I. Based on the analysis of the R2 of the 
linear form for the various kinetics models, the pseudo-second 
order model was more appropriate to describe the adsorption 
kinetics behaviors for Hg (II) ions onto MWCNTs. 
Accordingly, the chemisorptions were the rate controlling 
mechanism. The fitting of the experimental data to the pseudo-
second order model for all the adsorbent doses confirm the 
suggested adsorption mode. They were fully consistent with 
those drawn from adsorption isotherm analysis as will be 
discussed later. The fitting results of the pseudo-second order 
model was shown in the Fig. 7. 
 

 

Fig. 7 Adsorption kinetics pseudo-second order model of Hg (II) on 
MWCTs 

 
TABLE I 

KINETICS PARAMETERS FOR HG (II) ADSORPTION ONTO MWCNTS 

Dose 
,g 

Pseudo 1st order 1st order Pseudo 2nd order 2nd order 
R2 Kp1 R2 K1 R2 qe Kp2 R2 K2 

0.10 0.61 0.04 0.49 -3.80 0.99 15.4 -0.09 0.77 -0.23 

0.05 0.51 -0.03 0.85 -1.51 1.000 23.2 0.08 0.93 0.01 

0.01 0.85 0.04 0.61 -3.30 1.000 51.6 0.01 0.81 0.05 

4. Effect of Initial Concentration & the Adsorption 
Isotherms 

Mercury removal process is required to be effective at very 
low concentrations. From Fig. 8, the Hg uptake of MWCNTs 
increases linearly with the increase of the initial 
concentrations of Hg. Complete removing of mercury ions in 
the lower range of concentration is achieved as shown in the 
insert of Fig. 7. At low initial concentrations of Hg (II) ions, 
the adsorption sites on the adsorbents were sufficient and the 
Hg (II) uptakes relied on the amount of Hg (II) ions 
transported from the bulk solution to the surfaces of the 
adsorbents. However, at higher initial concentrations of Hg 
(II) ions, the adsorption sites on the surfaces of the adsorbents 
reach the saturation and the adsorption of Hg (II) ions 
achieves equilibrium giving incomplete Hg adsorption [46].  
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Fig. 8 Effect of initial concentration on the Hg uptake capacity of 
MWCNTs, the inserted figure shows the complete adsorption of Hg 
in the sub- and/or the near ppm level, using 0.05 g adsorbent at 20 

min 
 

The equilibrium isotherm is fundamental to describe the 
interactive behavior between the solutes and adsorbents and 
illuminates the properties and affinity of the adsorbent. 
Adsorption isotherms describe how adsorbate molecules 
interact with adsorbent particles. The distribution of Hg (II) 
ions between the liquid phase and the adsorbent is a 
measurement of the position of equilibrium in the adsorption 
process. An accurate mathematical description of equilibrium 
adsorption capacity is indispensable for reliable prediction of 
adsorption parameters and quantitative comparison of 
adsorption behavior for different adsorbent systems or for 
varied experimental conditions.  

In the present study, the adsorption equilibrium data have 
been analyzed by various isotherm models; Langmuir, 
Freundlich, Temkin, and Dubinin–Radushkevich (D–R) 
isotherm, to further investigate the adsorption mechanism. 

Langmuir model is based on the assumption that adsorption 
sites are identical and energetically equivalent, only 
monolayer adsorption occurs in the process [47]. It can be 
represented as follows: 

 

  maxmax //1/ qCbqqC eee            (7) 

 
where qe is the amount of Hg (II) ions adsorbed at equilibrium 
(mg g−1), C is the liquid-phase Hg (II) concentration at 
equilibrium (mg dm−3), qmax is the maximum adsorption 
capacity of the adsorbent (mg g−1), and b is the Langmuir 
adsorption constant (dm3 mg−1), respectively. 

Freundlich isotherm model is based on the assumption of an 
exponentially decaying adsorption site energy distribution 
[48].  

It is applied to describe heterogeneous system characterized 
by a heterogeneity factor of n. The Freundlich model is 
expressed as follows: 
 

       Fee KLogCLognqLog  )/1   (8) 

 
where Kf is the Freundlich isotherm constant, and n 
(dimensionless) is the heterogeneity factor. 

 
TABLE II 

THE ISOTHERMS PARAMETERS OF HG (II) ADSORPTION ONTO MWCNTS 

qmax,exp 
Langmuir model Freundlich Temkin D-R model 

qmax,theo b x 103 R2 Kf n R2 AT BT R2 K qD R2 

22 71.43 66.79 0.85 -0.37 1.02 0.98 1.11 12.79 0.95 2e-7 10.7 0.84 

 
Temkin isotherm is based on the assumption that the 

surface of the adsorbents is heterogeneous and the energy of 
the active sites distributes linearly. It is frequently employed 
for analysis on chemical adsorptions. The Temkin isotherm 
can be expressed in its linear form as [49]. 

 

   eTTTe CLogBKLogBq       (9) 

 
where BT is Temkin constant related to the heat of adsorption 
(KJ/mol) and KT is empirical Temkin constant related to the 
equilibrium binding constant related to the maximum binding 
energy (L.mg-1), (L.mol-1)  

The D–R isotherm model is usually employed for the 
determination of the nature of bio-sorption processes as 
physical or chemical process [50]. 

 

    2 KqLnqLn De
       (10) 

where K is the constant related to the mean free energy of 
sorption, qD is the theoretical saturation capacity,  Polanyi 
potential (J. mol−1), which can be calculated as: 
 

  eCLnRT /11         (11) 

 
where R is the gas constant (J mol−1K−1), T the absolute 
temperature (K) and Ce the equilibrium concentration of the 
adsorbate in aqueous solution (g.L−1). 

The experimental adsorption data was fitted based on the 
mentioned isotherm models. The parameters obtained were all 
listed in Table II. Based on these results, the correlation 
coefficients (R2) of the linear form of Freundlich model were 
much closer to 1.0 than those of the other models, the 
coefficients for Temkin and D-R models were higher than 0.9, 
whereas those for Langmuir model were much lower. From 
Fig. 9, it was found that the Freundlich theoretically simulated 
curves as thin solid lines, fitted the experimental data, 
represented as small dots, in a fairly good way. They all 
revealed that the Freundlich model provides the most 
satisfactory description for the Hg (II) adsorption. These 
finding are well matched with the geometrical structure of the 
MWCNTs where this adsorbent contains different binding 
sites; the carboxylic functional groups on the outer surface, the 
inner hollow area inside the tubes in addition to the inter- and 
intra-layers sites. 
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Fig. 9 Freundlich adsorption isotherm of Hg (II) on MWCTs 
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