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a b s t r a c t

Multiwall carbon nanotube (MWCNT)/iron oxide magnetic composites were prepared, and were charac-
terized by scan electron microscopy using a field emission scanning electron microscope, X-ray diffraction
and vibrating sample magnetometer. The adsorptions of Ni(II) and Sr(II) onto MWCNT/iron oxide magnetic
composites were studied as a function of pH and ionic strength. The results show that the adsorptions of
Ni(II) and Sr(II) on the magnetic composites is strongly dependent on pH and ionic strength. The adsorp-
eywords:
ultiwall carbon nanotube
agnetic composites

dsorption
i(II)
r(II)

tion capacity of the magnetic composites is much higher than that of MWCNTs and iron oxides. The solid
magnetic composites can be separated from the solution by a magnetic process. The Langmuir model
fits the adsorption isotherm data of Ni(II) better than the Freundlich model. Results of desorption study
shows that Ni(II) adsorbed onto the magnetic composites can be easily desorbed at pH < 2.0. MWCNT/iron
oxide magnetic composites may be a promising candidate for pre-concentration and solidification of
heavy metal ions and radionuclides from large volumes of aqueous solution, as required for remediation
purposes.
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. Introduction

Carbon nanotubes (CNTs) [1] have come under intense multi-
isciplinary study because of their unique physical and chemical
roperties. CNTs include single-wall (SWCNTs) and multiwall
MWCNTs) depending on the number of layers comprising them.
hey have been used to adsorbents for hydrogen and other gases
ue to their highly porous and hollow structure, large specific
urface area, light mass density and strong interaction between
arbon and hydrogen molecules [2–7]. CNTs have been found as
fficient adsorbents for dioxin [8]. The adsorption capacity of CNTs
as superior to that of activated carbon attributed to the stronger

nteractions between dioxins and CNTs. Liu et al. [9] reported that
NTs filled with gallium could be used as highly sensitive metal
apor sensors and absorbents, and copper vapor not only could
eposit into open CNTs but also get into closed CNTs. Yang et al. [10]
eported adsorption of polycyclic aromatic hydrocarbons by C60
ullerene, SWCNTs and MWCNTs. Yan et al. [11] reported adsorption

f microcystins by CNTs. There are still a few reports on CNTs appli-
ation for heavy metal ion and radionuclide treatment [12–20]. The
arlier studies indicated that CNTs may be a promising adsorption
aterial used in the waste treatment.
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Because of their relatively large specific area, CNTs can be used
s supports for catalyst and adsorption materials [21–26]. The
pplication of magnetic particle technology to solve environmen-
al problems has received considerable attention in recent years.

agnetic particles can be used to adsorb contaminants from aque-
us or gaseous effluents and, after adsorption, can be separated
rom the medium by a simple magnetic process. Examples of this
echnology are the use of magnetite particles to accelerate the coag-
lation of sewage [27], a magnetite-coated functionalized polymer
uch as a resin to remove radionuclides from milk [28], the mag-
etic particles coated poly(oxy-2,6-dimethyl-1,4-phenylene) for
he adsorption of organic dyes [29] and polymer-coated magnetic
articles for oil spill remediation [30]: an experiment in environ-
ental technology. However, all these materials have the drawback

f a small surface area or a small adsorption capacity, which limits
heir application.

Removals of heavy metal ions and radionuclides from waste
olutions are an important environmental concern in waste
anagement. The objectives of this study are: (1) to prepare

nd characterize MWCNT/iron oxide magnetic composites, and
2) to investigate the adsorption behavior of Ni(II) and Sr(II) on

he magnetic composites as a function of pH and ionic strength.
ickel is a toxic metal ion present in wastewater. More than 40%
f nickel produced is used in steel factories, in nickel batteries and
n the production of some alloys, which causes an increase in the
i(II) burden on the ecosystem and deterioration water quality.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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oreover, 63Ni is a decay product of fission reactor facilities.
trontium is chosen as a divalent fission product, susceptible to
eing present in nuclear repositories.

. Experiment

.1. Preparation and characterization of MWCNT/iron oxide
agnetic composites

MWCNTs were synthesized by using chemical vapor deposition
CVD) of acetylene in hydrogen flow at 760 ◦C using Ni–Fe nanopar-
icles as catalysts. (Fe(NO3)2 and Ni(NO3)2 were treated by sol–gel
rocess and calcinations to get FeO and NiO, and then deoxidized
oubly by H2 to get Fe and Ni [17,18]. Oxidized MWCNTs were pre-
ared by oxidization with 3 M HNO3 [17,18]. Briefly, 400 mL 3 M
NO3 including 2 g of MWCNTs was ultrasonically stirred for 24 h,
ltrated, rinsed with doubly distilled water until the pH reached
bout 6, dried overnight in the oven at 80 ◦C, and then calcined at
50 ◦C for 4 h. Oxidized MWCNTs were well characterized in earlier
eports [17,18].

The magnetic composites were prepared from a suspension of
.0 g oxidized MWCNTs in a 150 mL solution of 2.98 g FeCl3·6H2O
nd 1.53 g FeSO4·7H2O at 70 ◦C under N2 condition. NaOH solution
30 mL, 0.5 mol L−1) was added dropwise to precipitate iron oxides.
fter the addition of NaOH solution, the mixture was adjusted to pH
1 and stirred for 1 h. The mixture was aged at 70 ◦C for 4 h and was
ashed 3 times with doubly distilled water. The obtained materi-

ls were dried in an oven at 100 ◦C for 3 h. The relevant chemical
eactions can be expressed as follows:

e2+ + 2Fe3+ + 8OH− + MWCNT → MWCNT/Fe3O4 + 4H2O (1)

Fe3 + 5OH− + MWCNT → MWCNT/Fe2O3 + 2H2O + H+ (2)

Using the N2-BET method, the specific surface area of
WCNT/iron oxide magnetic composites was 88.53 m2 g−1.

he magnetic composites were characterized by scan electron
icroscopy (SEM) using a field emission scanning electron micro-

cope (FEI-Sirion 200), X-ray diffraction (XRD) and vibrating sample
agnetometer (VSM). The morphological structures of the mag-

etic composites were performed using a JSM-840 scan electron
icroscope (Japan). Magnetic curves were obtained by Model-

55 VSM at room temperature, and its measurement range is
− ± 20.0 KOe. XRD measurements were performed by D/Max-
400 Rigaku X-ray powder diffractometer operated in the reflection
ode with Cu K� (� = 0.15418 nm) radiation.

.2. Batch adsorption experiment

The adsorptions of Ni(II) and Sr(II) on adsorbent were investi-
ated by using batch technique in polyethylene centrifuge tubes
ealed with screw-cap under N2 condition at T = 25 ± 2 ◦C in the
resence of 0.01 and 0.1 M NaClO4, respectively. The stock sus-
ensions of adsorbent and NaClO4 were pre-equilibrated for 24 h,
nd then Ni(II) or Sr(II) stock solution and radiotracer were added
o achieve the desired concentration of the different components,
nd finally HClO4 or NaOH was added to adjust pH values. The
est tubes were shaken for 2 days to get the equilibrium state, and
hen 2 mL suspension was taken to get the total activity (Atot), and
he adsorbent in remaining suspension was separated by centrifu-
ation of 18000 rpm for 30 min or by a magnetic process using a

ermanent magnet made of Nd–Fe–B for the analysis of the super-
atant solutions (AL). The pH of the supernatant was measured. The
ounting of 63Ni(II) and 90Sr(II) was analyzed by liquid scintillation
ounting using a Packard 3100 TR/AB Liquid scintillation analyzer
PerkinElmer) with the scintillation cocktail (ULTIMA GOLD ABTM,

4
r
B
c
d

Fig. 1. Magnetization curve of the magnetic composites.

ackard). The quenching effect arising from the presence of adsor-
ents on the counting was less than 4%, which is considered in
he process of calculation. The adsorption percentage R was cal-
ulated according to R(%) = 100 × (1 − AL/Atot), herein, Atot and AL
epresent the activities of the suspension and those of the super-
atant, respectively.

To investigate the desorption ability of adsorbed Ni(II) from
WCNT/iron oxide magnetic composites, desorption experiments
ere carried out as follows: after the adsorption reached equi-

ibrium at initial pH 6.5 and ionic strength 0.01 M NaClO4, the
agnetic composites adsorbing Ni(II) ions were separated from the

uspension and were slightly washed with doubly distilled water
o remove un-adsorbed Ni(II) ions on the magnetic composites
nd then dried at 80 ◦C. The achieved magnetic composites with
dsorbed Ni(II) were dispersed into 200 mL 0.01 M NaClO4 and then
ach 20 mL suspension was removed to test tubes. The pH values of
he solution were adjusted from about 6.2 to 1.6 using 0.1 M HNO3.
fter 1 day’s shaking, the Ni(II) released from the magnetic com-
osites were measured as the measurement of Ni(II) in adsorption
xperiments, and the desorption data were then obtained from the
oncentration of free Ni(II) in the supernatant.

. Results and discussion

.1. Results of characterization of magnetic composites

After the preparation, a test with the Nd–Fe–B magnet showed
hat the whole material is magnetic and completely attracted
o the magnet. The magnetization measurements show that the
pecific saturation magnetization �s is 29.2 emu g−1 (magnetic
eld = ±20 kOe) (Fig. 1). The X-ray diffraction patterns (Fig. 2) of
he magnetic composites indicate that two peaks corresponding
o the structure of MWCNTs also exist in the XRD pattern of the

agnetite composites and the XRD pattern of the magnetic com-
osites reveals a cubic iron oxide phase (2� = 30.21, 35.49, 43.14,
3.33, 57.27, and 62.75, which are close to JCPD standards: Fe3O4,
agnetite (89–3854, 2� = 30.088, 35.439, 43.07, 53.432, 56.958, and

2.546), or �-Fe2O3 (89–5892, 2� = 30.266, 35.651, 43.332, 53.766,
7.319, and 62.949). Other peaks are observed at 2� = 21.13, 33.26,

1.22, and 58.98) for the magnetic composites, which may be
elated to the presence of �-FeO(OH) (goethite) [31]. Fig. 3A and

shows the SEM images of oxidized MWCNTs and the magnetic
omposites, respectively. SEM image (Fig. 3B) of the composites
epicts an entangled network of oxidized MWCNTs with clusters
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ig. 2. XRD patterns of oxidized MWCNTs and the magnetic composites
Mh = maghemite, Mn = magnetite, and G = �-FeO(OH)).

f iron oxides attached to them, which indicates the formation of
WCNT/iron oxide magnetic composites.
.2. Effect of shaking time

Fig. 4 shows the effect of the shaking time on Ni(II) adsorption
nto MWCNT/iron oxide magnetic composites. The equilibrium is

ig. 3. SEM images of oxidized MWCNTs (A) and the magnetic composites (B).
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ig. 4. Effect of shaking time on Ni(II) adsorption rate onto the magnetic compos-
te, at Cinitial[Ni(II)] = 6.0 mg L−1, pH = 6.4 ± 0.2, I = 0.01 M NaClO4, m/V = 0.75 g L−1, and
= 25 ± 2 ◦C.

eached within 40 min in this study. It is necessary to note that the
ime in x-axis (Fig. 4) was the shaking time, and the centrifugation
ime (30 min) was not considered in the analysis of time depen-
ent adsorption of Ni(II) on the magnetic composites. This result

s very interesting because equilibrium time is one of the parame-
ers for economical wastewater treatment plant applications. The
mplication is that the material could be suitable for a continuous
ow system. According to the above results, the shaking time was
xed for 24 h for the rest of the batch experiments to assure that
quilibrium was fully reached.

.3. Effect of pH and ionic strength on adsorption

The solution pH is one of the dominant parameter controlling
dsorption. Ni(II) and Sr(II) adsorptions onto MWCNT/iron oxide
agnetic composites as a function of pH are given in Figs. 5 and 6.
he adsorption of Ni(II) by the magnetic composites is highly
ependent on pH. The adsorption of Ni(II) increases from ∼10% (pH
.5) to ∼80% (pH 8.0). At higher pH values, metal ion hydroxides
recipitation may account for metal ion removal. The Ksp value for

ig. 5. Effect of ionic strength on Ni(II) adsorption onto the magnetic composites as
function of pH, at Cinitial[Ni(II)] = 6.0 mg L−1

, m/V = 0.75 g L−1, and T = 25 ± 2 ◦C.
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Adsorption capacity of MWCNT/iron oxide magnetic compos-
ites for Sr(II) is compared with that of MWCNTs and iron oxides
(Fig. 8). It can be seen that the adsorption capacity of the magnetic

Table 1
Parameters of the Langmuir and Freundlich models
ig. 6. Effect of ionic strength on Sr(II) adsorption onto the magnetic composites as
function of pH, at Cinitial[Sr(II)] = 0.018 mg L−1, m/V = 0.6 g L−1 and T = 25 ± 2 ◦C.

i(OH)2 at 25 ◦C is 6.36 × 10−16. The initial concentration used in
his study is 6.0 mg L−1, and therefore the pH where the hydroxides
f Ni(II) begin to form is about 8.2. Within the pH range studied,
o Ni(OH)2 precipitation occurs and the removal of Ni(II) is due to
dsorption.

According to Sr(II) hydrolysis constants: log ˇ1 = −13.29 and
og ˇ2 = −28.51 [32], in 0.01 M NaClO4 solution, only Sr2+ specie is
resent at a significant concentration in the pH range from 2 to
0, the SrOH+ specie can be negligible between pH 2 and 10, and
ncreases in concentration above 10 and becomes the predominant
pecie above pH 13. Fig. 6 shows Sr(II) adsorption onto the mag-
etic composites as a function of pH at two different ionic strengths.
r(II) adsorption increases with increasing pH, and decreases with
ncreasing ionic strength. Sr(II) was displayed a weak affinity for
he magnetic composites at low pH, suggesting it does not easily
orm complexes with protonated magnetic composite functional
roups. At pH values below the pH where metal ion hydroxide pre-
ipitation begins to formulate, the decreased adsorption with the
ecrease of pH may be due to positive surface charge caused by the
rotonation of electron � rich regions on the surface of the mag-
etic composites. A bond may be established with H3O+ ions and
he cloud of � electrons of the aromatic rings of carbon and positive
urface charge will be formed [33,34].

As pH increases, functional groups are progressively deproto-
ated, forming negative oxidized MWCNTs charge. The attractive

orces between the anionic surface sites and cationic metal ions
asily result in the formation of metal–ligand magnetic composite
omplexes.

The ionic strengths of 0.01 and 0.1 M NaClO4 were chosen
o investigate their effect on Ni(II) and Sr(II) adsorptions on

WCNT/iron oxide magnetic composites. Figs. 5 and 6 show
hat Ni(II) and Sr(II) adsorptions decrease with increasing ionic
trength. This phenomenon could be attributed to two reasons:
1) Ni(II)/Sr(II) ions form electrical double layer complexes with
he magnetic composites, which favored the adsorption when the
oncentration of the background electrolyte was decreased. This
ay imply that the adsorption interaction between the functional

roups of the magnetic composites and metal ions was mainly

onic interaction nature, which was in good agreement with an ion
xchange mechanism; (2) ionic strength of solution influenced the
ctivity coefficient of metal ions, which limited their transfer to the
omposite surfaces [18,35].

L

Q

9

ig. 7. Ni(II) adsorption isotherm onto the magnetic composites, at pH = 6.4 ± 0.2,
= 0.01 M NaClO4, m/V = 0.75 g L−1 , and T = 25 ± 2 ◦C.

After the adsorption, the magnetic separation process using the
ermanent magnet shows that the magnetic adsorbent can be eas-

ly separated from water and a recovery rate of above 97% has been
chieved. Experiment tested that efficiency of magnetic separation
as similar to that of centrifugation separation.

.4. Adsorption isotherm model analysis

Fig. 7 shows the adsorption isotherm of Ni(II) on the magnetic
omposites. The experimental data of Ni(II) adsorption were ana-
yzed with the Langmuir and Freundlich models [18]. The equations
f the Langmuir and Freundlich adsorption models are expressed
espectively by:

Ce

qe
= Ce

Q0
+ 1

Q b
0

(1)

n qe = ln K + 1
n ln Ce

(2)

here Ce (mg L−1) is the concentration of Ni(II) in supernatant after
dsorption and separation, qe (mg g−1of dry mass) is the equilib-
ium adsorption capacity, Q0 (mg g−1) is the adsorption maximum,
, K, and 1/n are isotherm constants. The value of K can be corre-
ated to the adsorption capacity of an adsorbent under particular
xperimental conditions. The slopes and intercepts of the linear
angmuir and Freundlich plots are used to calculate the Langmuir
nd Freundlich constants tabulated in Table 1. From Table 1, higher
orrelation coefficients indicate that the Langmuir model fitted the
dsorption data better than the Freundlich model.

.5. Comparison with other adsorbents
angmuir constants Freundlich constants

0(mg g−1) b(L mg−1) R2 K(mg1−1/n L1/n g−1) 1/n R2

.18 0.37 0.986 2.85 0.404 0.962
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ig. 8. Comparation of Sr(II) adsorption on MWCNTs, iron oxides and the mag-
etic composites, at Cinitial[Sr(II)] = 0.018 mg L−1, m/V = 0.6 g L−1, I = 0.01 M NaClO4,
nd T = 25 ± 2 ◦C.

omposites for Sr(II) is higher than that of MWCNTs and iron
xides at pH > 7. The preparation process of iron oxides is the
ame as that of the magnetic composite. The specific surface area
f iron oxides, 56.78 m2 g−1, is lower than that of the magnetic
omposites, 88.53 m2 g−1. Therefore, adsorption capacity of the
agnetic composites for Sr(II) is higher than that of iron oxides

t pH > 7. The reason why adsorption capacity of the magnetic
omposites for Sr(II) is higher than that of oxidized MWCNTs at
H > 7 is not however fully understood at the present time. Maybe,
he synergistic effect between oxidized MWCNTs and iron oxides
mproves the adsorption capacity of the magnetic composites.

.6. Desorption of Ni(II) from the magnetic composites

Repeated availability is an important factor for an advanced

dsorbent. Such adsorbent not only possesses higher adsorption
apability, but also shows better desorption property, which will
ignificantly reduce the overall cost for the adsorbent. Fig. 9 shows
he Ni(II) desorption percentages with regard to solutions at vari-
us pH values. It is apparent that Ni(II) desorption increases with

ig. 9. Desorption of Ni(II) from the magnetic composites adjusting the pH of the
olution using HNO3 solution, at m/V = 0.75 g L−1, and T = 25 ± 2 ◦C.
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[

[

[

[

[

[
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ecreasing of pH. About 12% of Ni(II) is desorbed from the magnetic
omposite at pH > 5.5, then increases sharply at pH < 5.0, and even-
ually reaches about 85% at pH < 2.0. Results show that the Ni(II)
dsorbed by the magnetic composite could be easily desorbed, and
hereby MWCNT/iron oxide magnetic composites can be employed
epeatedly in wastewater management. Furthermore, this recov-
ry also indicated that ion exchange was involved in the adsorption
echanism.

. Conclusion

The magnetic composites can be prepared with a high adsorp-
ion capacity MWCNTs. XRD characterization suggests that the

agnetic phase formed is maghemite or magnetite. SEM image
hows an entangled network of MWCNTs with clusters of iron
xides attached to them and suggests the formation of MWCNT/iron
xide magnetic composites. Ni(II) adsorption on the magnetic com-
osites is pH and ionic strength dependent. The Langmuir model
tted the adsorption isotherm data of Ni(II) better than the Fre-
ndlich model. The adsorption capacity of the magnetic composites
or Sr(II) is higher than that of MWCNTs and iron oxides at pH > 7.
i(II) can be easily desorbed from the magnetic composites by
djusting the solution pH values.
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