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Adsorption of zinc(II) from water with purified carbon nanotubes
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Abstract

Commercial single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes (MWCNTs) were purified by sodium
hypochlorite solutions and were employed as adsorbents to study the adsorption characteristics of zinc from water. The properties of CNTs
such as purity, structure and nature of the surface were greatly improved after purification which made CNTs become more hydrophilic
and suitable for adsorption of Zn2+. In general, the adsorption capacity of Zn2+ onto CNTs increased with the increase of pH in the pH
range of 1–8, fluctuated very little and reached maximum in the pH range of 8–11 and decreased at a pH of 12. A comparative study on
the adsorption of Zn2+ between CNTs and commercial powdered activated carbon (PAC) was also conducted. The maximum adsorption
capacities of Zn2+ calculated by the Langmuir model are 43.66, 32.68, and 13.04 mg g−1 with SWCNTs, MWCNTs and PAC, respectively,
at an initial Zn2+ concentration range of 10–80 mg l−1. The short contact time needed to reach equilibrium as well as the high adsorption
capacity suggests that SWCNTs and MWCNTs possess highly potential applications for the removal of Zn2+ from water.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The presence of heavy metals such as cadmium, copper,
lead, nickel, mercury and zinc in aqueous environment may
result in a major concern due to their toxicity and carcino-
genicity which may cause damage to various systems of the
human body (Purdom, 1980). As a result, more stringent re-
quirements for the removal of heavy metals from aqueous
environment, in recent years, have necessitated the develop-
ment of innovative, cost-effective treatment alternatives.

Carbon nanotubes (CNTs) are relatively new adsorbents
that have proven very efficient for treating many kinds of
trace pollutants such as dioxin from air (Long and Yang,
2001) or lead (Li et al., 2002a), cadmium (Li et al., 2003a),
fluoride (Li et al., 2003b), 1,2-dichlorobenzene (Peng et al.,
2003) or THMs (Lu et al., 2005) from water. The compar-
isons of CNTs with other commercial adsorbents made by
the foregoing researchers suggest that CNTs have great po-
tential in environmental protection applications. However,
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the studies on the adsorption of heavy metals with CNTs are
still very limited in the literature. This paper aims at investi-
gating adsorption characteristics of zinc, which is commonly
discharged from many kinds of industrial activities such as
chemicals, metals, pulp and paper manufacturing processes
(Eckenfelder, 1989), with CNTs. A comparative study on
the adsorption of zinc between CNTs and commercial pow-
dered activated carbon (PAC) is also conducted.

2. Materials and methods

2.1. Preparation of purified CNTs

Multi-walled CNTs with outer diameter (dp) < 10 nm
(L-MWCNTs, Nanotech Port Co., Shenzhen, China)
and single-walled carbon nanotubes with dp < 2 nm (L-
SWCNTs, Nanotech Port Co., Shenzhen, China) were se-
lected as adsorbents to study adsorption characteristics of
Zn2+ from water. The length of CNTs was in the range of
5–15 �m and the mass ratio of amorphous carbon was less
than 5%.
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Fig. 1. Experimental setup of the batch system.

Raw CNTs (3 g) were heated at 350 ◦C for 30 min to re-
move amorphous carbon. After thermal treatment, half gram
of CNTs was dispersed into a flask containing 20 ml of 70%
sodium hypochlorite solution (6 ml of H2O+14 ml of Na-
ClO). The solution was then shaken in an ultrasonic clean-
ing bath (Model D400H, Delta Instruments Co., USA) for
20 min and was heated at 85 ◦C in a water bath for 3 h to re-
move metal catalysts. After cooling, the CNTs were washed
with deionized water until the pH of the solution reached 7.
Finally, the solution was filtered through a 0.45 �m Nylon
fiber filter and purified CNTs were obtained.

2.2. Preparation of Zn2+ solution

Analytical-grade zinc nitrate (Merck Ltd., Taipei, Taiwan,
96–97% purity) was employed to prepare a stock solution
containing 1000 mg l−1 of Zn2+, which was further diluted
with deionized water to the desired Zn2+ concentrations.

2.3. Batch adsorption experiments

Batch adsorption experiments were performed using
150 ml glass bottles with addition of 50 mg of CNTs and
100 ml of Zn2+ solution of increased initial concentrations
(C0) from 10 to 80 mg l−1. The glass bottles were sealed
with Teflon and then were mounted on a shaker. The shaker
was placed within a temperature control box (Model CH-
502, Chin Hsin, Taipei, Taiwan) and operated at 25 ◦C and
180 rpm for 12 h. Fig. 1 shows the experimental setup of
the batch system. The pH of the solution was maintained

at 7 with the exception of pH effect study, in which the
pH range of 1–12 was chosen. The pH was adjusted using
0.1 M HNO3 or 0.1 M NaOH.

The adsorbed Zn2+ was calculated as follows:

q = (C0 − Ct)V/m, (1)

where q is the amount of Zn2+ adsorbed by CNTs (mg g−1);
C0 is the initial Zn2+ concentration (mg l−1); Ct is the final
Zn2+ concentration after a certain period of time (mg l−1);
V is the initial solution volume (l) and m is the CNTs
dosage (g).

2.4. Isotherm models

The experimental data for Zn2+ adsorption onto CNTs
could be approximated by the isotherm models, respectively,
of Langmuir and Freundlich:

q = abCe

1 + bC e
, (2)

q = Kf Cn
e , (3)

where Ce is the equilibrium concentration of Zn2+ (mg l−1);
a and b are Langmuir constants and Kf and n are Freundlich
constants.

2.5. Analytical methods

The concentration of Zn2+ was determined by a flame
atomic absorption spectrometer (FAAS, Model 100, Perkin-
Elmer, USA). The morphology of CNTs was analyzed by
a field emission scanning electron microscope (FE-SEM,
JEOL JSM-6700, Tokyo, Japan) and a high-resolution trans-
mission electron microscope (HR-TEM, JEOL JEM-2010,
Tokyo, Japan). The structural information of CNTs was
evaluated by a Raman Spectrometer (Model Nanofinder 30
R., Tokyo Instruments Inc., Tokyo, Japan). The functional
groups on the surface of CNTs were detected by fourier
transform infrared spectroscopy (Model FT/IR-200, JAS
Co., Tokyo, Japan).

Zeta potentials of the CNTs were measured across the pH
range of 2–12. Samples were prepared identically to those
of the batch experiments. Measurements were made on a
Malvern Zetasizer (Model ZEN 1001, Malvern Instrument
Co., UK). Thirty measurements were made for each sample
and the average value was taken as the zeta potential of the
CNTs under that particular pH condition.

The surface area of CNTs and pore size distribution were
calculated from nitrogen adsorption isotherm data (Mi-
cromertics ASAP 2010, USA) that were completed with
a 0.3138 g sample at 77.48 K using the Brunauer, Emmett
and Teller (BET), and Barrett, Johner and Halenda (BJH)
methods, respectively.
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3. Results and discussion

3.1. Characterization of CNTs

Figs. 2a and b show the SEM images of raw and purified
SWCNTs and MWCNTs, respectively. It is evident that the
isolated CNTs usually curve and have cylindrical shapes
with the diameter range of 1–2 and 8–10 nm for SWCNTs
and MWCNTs, respectively. Due to inter-molecular force,
the isolated CNTs of different size and direction form an
aggregated structure. The length of CNTs becomes short
and the confined space among isolated CNTs becomes small
after purification.

Figs. 3a and b display the TEM images of raw and puri-
fied SWCNTs and MWCNTs, respectively. As can be seen,
a large amount of metal catalysts and amorphous carbon ap-
peared within raw CNTs and was removed after purification.
TEM images of purified SWCNTs showed large quantities
of nanotube bundles with the hollow inner tube diameter of
around 1.5 nm. TEM images of MWCNT contained a con-
centrically nested array of SWCNTs with the hollow inner
tube diameter of around 4 nm.

Figs. 4a and b display Raman spectra of raw and puri-
fied SWCNTs and MWCNTs, respectively. It is seen that

Fig. 2. Scanning electron microscope images of CNTs: (a) SWCNT, (b)
MWCNT.

Fig. 3. Transmission electron microscope images of CNTs: (a) SWCNT,
(b) MWCNT.

there are two peaks located at around 1350 and 1580 cm−1.
The peak near 1350 cm−1 is the so-called D band which is
related to disordered sp2-hybridized carbon atoms of nan-
otubes. The peak near 1580 cm−1 is the so-called G band
which is related to the graphite E2g symmetry of the in-
terlayer mode. This mode reflects the structural integrity
of sp2-hybridized carbon atoms of the nanotubes. Together,
these bands can be used to evaluate the extent of carbon-
containing defects (Dresselhaus et al., 2002; Tsai and Chen,
2003; Ko et al., 2004). The intensity ratios of D band to G
band (ID/IG) of raw and purified CNTs are 0.255 and 0.165
with SWCNTs and are 0.503 and 0.371 with MWCNTs. The
ID/IG ratios of SWCNTs are lower than those of MWCNTs
implying that SWCNTs possess more graphitized structures
and better properties. Furthermore, the ID/IG ratios of raw
CNTs are higher than those of purified CNTs indicating that
the surface properties of CNTs were greatly improved after
purification by 70% of sodium hypochlorite solution.

Figs. 5a and b show the Fourier-transformed infrared
spectra of raw and purified SWCNTs and MWCNTs, re-
spectively. It is seen that the raw CNTs exhibit insignifi-
cant peaks. In contrast, the purified CNTs exhibit three ma-
jor peaks at wavenumbers near 1400, 1700 and 3500 cm−1

which are associated with carboxylic acids and phenolic
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Fig. 4. Raman spectra of CNTs: (a) SWCNT, (b) MWCNT.

groups (O–H), carbonyl groups (> C&O) and hydroxyl
groups (–OH) (Li et al., 2002b; Lu et al., 2005).

Figs. 6a and b exhibit the pore size distribution of raw and
purified SWCNTs and MWCNTs, respectively. The peaks
of raw and purified SWCNTs are located in the size range of
7–12 and 3–5 nm, respectively. These pores are likely to be
contributed by aggregated pores which are formed with the
confined space among the isolated SWCNTs (Yang et al.,
2001). The low detection limit for pore size of the employed
BET analyzer is around 2 nm. Therefore, a quantification of
the inner diameter distribution of SWCNTS less than 2 nm
is not possible in this study.

The pore size of MWCNTs is a bimodal distribution. The
minor peaks of raw and purified MWCNTs are both located
in the size range of 3–4 nm while the major peaks are lo-
cated in the size range of 10–30 and 7–12 nm, respectively.
The 3–4 nm pores are the CNT inner cavities, close to the
inner diameter of MWCNTs. The 10–30 and 7–12 nm pores
are the aggregated pores of raw and purified MWCNTs, re-
spectively.

It is obvious that the pore size range of the major peak
of CNTs decreases after purification. This indicates that the
confined space of isolated CNTs becomes small after purifi-
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Fig. 5. Pore size distributions of CNTs: (a) SWCNT, (b) MWCNT.

cation. The change in the pore size range of the minor peak
of CNTs after purification is insignificant.

The physical properties of raw and purified SWCNTs
and MWCNTs measured by a BET analyzer are listed in
Table 1. As can be seen, the surface area and pore volume of
SWCNTs are higher than those of MWCNTs but the average
pore diameter of SWCNTs is lower than that of MWCNTs.
The surface area, average pore diameter and pore volume
of CNTs decrease after purification. Possible reason may be
attributed to the fact that the length of CNTs becomes short
and the confined space among isolated CNTs becomes small
after purification as indicated in Fig. 2.

Figs. 7a and b show the effect of pH on the zeta poten-
tial of raw and purified SWCNTs and MWCNTs, respec-
tively. In both cases the zeta potentials of CNTs become
more negative with the increase of pH. The pH value at
which the positive surface charge equals the negative sur-
face charge (i.e., iso-electric point) is defined as pHiep. Raw
SWCNTs show a pHiep of 4.6 and raw MWCNTs a pHiep of
4.9 indicating that the surface of the raw CNTs maintained
acidic characteristics. The zeta potentials of purified CNTs
were more negative than those of raw CNTs and were all
negative values within the pH range tested herein. This is
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Fig. 6. Fourier transformed infrared spectra of CNTs: (a) SWCNT, (b)
MWCNT.

probably due to the presence of negative functional groups
on the surface of purified CNTs as shown in Fig. 5. From
an electrostatic interaction point of view, adsorption of Zn2+

onto purified SWCNTs and MWCNTs is electrostatically
attractive for the pH range of 2–12.

3.2. Effect of contact time

Figs. 8a and b show the effect of contact time on the
adsorption of Zn2+ onto purified SWCNTs and MWCNTs,

Table 1
Physical properties of CNTs and PAC

Adsorbent Surface AV pore Pore % Of total pore volume in stated
area diameter volume pore size (nm) range

(m2 g−1) (nm) (cm3 g−1) 2–5 5–10 > 10

SWCNTs 590 7.6 1.12 20.7 29.9 49.4
Purified SWCNTs 423 4.12 0.43 61.6 36.2 2.2
MWCNTs 435 8.35 0.91 17.4 18.2 64.4
Purified MWCNTs 297 5.17 0.38 45.1 29.6 25.3
PAC 852 2.46 0.52 59.7 18.3 22
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Fig. 7. Effect of pH on the zeta potential of CNTs: (a) SWCNT, (b)
MWCNT.

respectively, for C0 = 10 and 60 mg l−1. It is noted that the
adsorption of Zn2+ increased quickly with time and then
reached equilibrium. The contact time to reach equilibrium
was 60 min. The final capacities for adsorption of Zn2+ onto
SWCNTs and MWCNTs reached 14.9 and 13.75 mg g−1,
respectively, for C0 = 10 mg l−1 and achieved 35.9 and
28.75 mg g−1, respectively, for C0 = 60 mg l−1.

It is also noted that the adsorption capacity of Zn2+ with
MWCNTs was lower than that with SWCNTs. There are
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Fig. 8. Effect of contact time on the adsorption of Zn2+ with purified
CNTs: (a) SWCNT, (b) MWCNT.

two possible reasons to explain the low adsorption capacity
of Zn2+ with MWCNTs. First, from the BET measurements
the surface area and pore volume of purified MWCNTs
(297 m2 g−1 and 0.38 cm3 g−1) available for liquid phase
mass transfer are lower than those of purified SWCNTs
(423 m2 g−1 and 0.43 cm3 g−1). Second, from the Raman
spectra the ID/IG value of purified MWCNTs (0.371) is
higher than that of purified SWCNTs (0.165) indicating that
MWCNTs have a larger number of defects present either
along the walls of the graphitic tubes or entangled within
them. These defects may reduce the effective band overlap,
therefore, increase the CNTs’ electrical resistivity and lead
to a decrease in the adsorption of Zn2+ onto CNTs’ surface
(Tsai and Chen, 2003).

3.3. Adsorption isotherms

Fig. 9 shows the adsorption isotherms of Zn2+ with puri-
fied SWCNTs and MWCNTs at an initial Zn2+ concentra-
tion range of 10–80 mg l−1. As can be seen, the adsorption
capacities of Zn2+ onto SWCNTs are higher than those onto
MWCNTs. The adsorbed amounts of Zn2+ onto SWCNTs
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Fig. 9. Adsorption isotherms for Zn2+ with purified CNTs.

and MWCNTs were 28.22 and 22.58 mg g−1, respectively,
for Ce = 10 mg l−1 and were 39.52 and 30.65 mg g−1, re-
spectively, for Ce = 60 mg l−1.

The constants of Langmuir and Freudlich models are ob-
tained from fitting the adsorption equilibrium data and are
listed in Table 2. The correlation coefficients of Langmuir
and Freudlich models are 0.999 and 0.945, respectively, in-
dicating that the Langmuir model is more appropriate to de-
scribe the adsorption characteristics of Zn2+ onto CNTs. The
constants a and Kf which are related to adsorption capac-
ity, are higher for adsorption of Zn2+ onto SWCNTs, which
is consistent with the experimental observation.

3.4. Effect of pH

Figs. 10a and b show the effect of pH on the adsorption
of Zn2+ onto purified SWCNTs and MWCNTs, respectively.
As can be seen, the pH of the solution plays an important
role in affecting the adsorption characteristics of Zn2+ onto
CNTs. With the C0 of 10 mg l−1, the adsorption of Zn2+ onto
CNTs increased with the increase of pH in the pH range of
1–8, fluctuated very little and reached a maximum in the pH
range of 8–11 and decreased at a pH of 12. The observation
can be explained as follows.

It is known that zinc species can be present in deionized
water in the forms of Zn2+, Zn(OH)+1, Zn(OH)0

2, Zn(OH)−1
3

and Zn(OH)2−
4 (Leyva et al., 2002). At pH < 8, the predom-

inant zinc species is always Zn2+ and the removal of Zn2+

is mainly accomplished by adsorption reaction. Therefore,
the low Zn2+ adsorption that took place at low pH can be
attributed in part to competition between H+ and Zn2+ ions
on the same sites (Weng and Huang, 2004). Furthermore,
the zeta potential of CNTs becomes more negative with the
increase of pH as indicated in Fig. 7 which causes electro-
static attraction and thus results in adsorption of more Zn2+

onto CNTs. In the pH range of 8–11, the removal of Zn
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Table 2
Constants of Langmuir and Freundlich models for adsorption of Zn2+ onto purified CNTs and PAC

CNTs Langmuir Freundlich

a b R2 Kf n R2

SWCNTs 43.66 0.19 0.999 13.24 0.292 0.945
MWCNTs 32.68 0.22 0.999 11.84 0.244 0.945
PAC 13.40 0.07 0.992 3.107 0.309 0.987

Note: Unit: a = mg g−1; b = mg−1; Kf = 1n mg1−n g−1; n = dimensionless; R = dimensionless.
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Fig. 10. Effect of pH on the adsorption of Zn2+ with purified CNTs: (a)
SWCNT, (b) MWCNT.

remained constant and reached maximum. The main species
are Zn(OH)+1, Zn(OH)0

2 and Zn(OH)−1
3 and thus the re-

moval of Zn is possibly accomplished by simultaneous pre-
cipitation of Zn(OH)2(s) and adsorption of Zn(OH)+1 and
Zn(OH)−1

3 . At a pH of 12, the predominant zinc species are
the negative species Zn(OH)−1

3 and Zn(OH)2−
4 (Leyva et al.,

2002). Therefore, the decrease in Zn removal that took place
at a pH of 12 can be attributed in part to competition among
OH−, Zn(OH)−1

3 and Zn(OH)2−
4 ions on the same sites.

With the C0 of 80 mg l−1, the adsorption of Zn2+ onto
CNTs increased with the increase of pH in the pH range of
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Fig. 11. Effect of contact time on the adsorption of Zn2+ with PAC.

1–7. Above a pH of 7, a large amount of Zn(OH)2(s) was
formed and suspended in the solutions.

3.5. Comparative study

In the comparative study, a test for adsorption of Zn2+

with commercial PAC (San Ying Enterprises Co., Taipei,
Taiwan) was conducted. The surface area, average pore size
and pore volume of PAC are also listed in Table 1 and were
852 m2 g−1, 2.46 nm and 0.52 cm3 g−1, respectively. Fig. 11
shows the effect of contact time on the adsorption of Zn2+

onto PAC for C0=10 and 60 mg l−1. It is seen that the contact
time to reach equilibrium was 120 min which was longer
than the value of 60 min for CNTs. The final adsorption
capacities of Zn2+ achieved 5.56 and 10.41 mg g−1 for C0 =
10 and 60 mg l−1, respectively.

Fig. 12 shows the adsorption isotherms of Zn2+ onto PAC.
It is seen that the adsorbed amounts of Zn2+ were 6.34 and
11.12 mg g−1 for Ce = 10 and 60 mg l−1, respectively. The
constants of Langmuir and Freudlich isotherm models are
also listed in Table 2. The correlation coefficients of Lang-
muir and Freundlich models are 0.992 and 0.987.

By comparing the adsorption characteristics of Zn2+ with
CNTs and PAC, it is evident that it took less contact time for
CNTs to reach equilibrium. This is because the CNTs have
no porous structure like PAC in which Zn2+ have to move
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from the exterior surface to the inner surface of the pores
on PAC to reach equilibrium (Peng et al., 2003).

The maximum adsorption capacities of Zn2+ calculated by
the Langmuir model were 43.66, 32.68, 13.41 mg g−1 with
SWCNTs, MWCNTs and PAC, respectively, at an initial
Zn2+ concentration range of 10–80 mg l−1. Although the sur-
face areas of purified SWCNTs (423 m2 g−1) and MWCNTs
(297 m2 g−1) are much lower than that of PAC (852 m2 g−1),
the adsorption capacities of Zn2+ onto purified SWCNTs
and MWCNTs are much higher than that onto PAC. This is
due to the fact that oxidation of carbon surface can provide
not only a more hydrophilic surface structure but also many
oxygen-containing groups, which increase the ion-exchange
capacity of carbon materials (Li et al., 2003a), therefore,
lead to a significant increase in the adsorption of Zn2+ onto
CNTs. The short time needed to reach equilibrium as well as
the high adsorption capacity of Zn2+ suggests that purified
SWCNTs and MWCNTs have great potential applications
for the removal of zinc from water.

4. Conclusions

The following conclusions could be drawn from this
study:

1. The properties of CNTs such as purity, structure and na-
ture of the surface are greatly improved after purification
by sodium hypochlorite solutions which made CNTs be-
come more hydrophilic and suitable for adsorption of
Zn2+ from water.

2. In general, the adsorption of Zn2+ onto CNTs increases
with the increase of pH in the pH range of 1–8, fluctuates
very little and reaches a maximum in the pH range of
8–11 and decreases at a pH of 12.

3. The contact times to reach equilibrium are 60 min for
SWCNTs and MWCNTs and 120 min for PAC.

4. The maximum adsorption capacities of Zn2+ calculated
by the Langmuir model are 43.66, 32.68, 13.41 mg g−1

with SWCNTs, MWCNTs and PAC, respectively, at an
initial Zn2+ concentration range of 10–80 mg l−1.

5. The short time needed to reach equilibrium as well as
the high adsorption capacity of Zn2+ as compared to
commercial PAC suggests that SWCNTs and MWCNTs
possess highly potential applications for the removal of
Zn2+ from water.
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