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ABSTRACT

Multiwall carbon nanotubes (CNTs) were entrapped into polymer matrix by poly(vinyl
alcohol) (PVA)-boric acid crosslinking. Thus, a novel macroporous composite adsorbent
(PVA/CNTs) was obtained and used to remove heavy metal ions. Compared with CNTs,
PVA/CNTs could effectively adsorb Pb2+ and Cu2+ from binary ion systems in the existence
of HA, Zn2+, Cd2+, Ca2+, and surfactant, respectively. The results indicated that sorption of
Pb2+ and Cu2+ on PVA/CNTs was strongly dependent on pH values, and independent of
ionic strength. PVA/CNTs beads exhibited special selectivity for Pb2+ ions in the presence
of NaCl, anionic surfactant, and coexisting ions. The kinetic sorption can be described using
a pseudo-second-order model very well. Chemical reaction such as surface complexation
was the main sorption mechanism. The results from the sequential adsorption–desorption
cycles showed that PVA/CNTs beads exhibited good desorption and reusability. The
PVA/CNTs beads were prepared by a simple way and they are easily recovered from aque-
ous solution and efficiently regenerated. PVA/CNTs could be a promising alternative to
activated carbon for wastewater treatment.
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1. Introduction

The presence of heavy metal ions in various water
resources has gained considerable attention. Pb2+ ion,
one of the priority pollutants, may cause brain, bone,
liver, and kidney damage and dysfunction of the cen-
tral nervous system in human beings due to its cumu-
lative effect [1,2]. Although Cu2+ ion is known to be
an essential trace element to humans, higher Cu2+

intake can cause adverse effects. The maximum

acceptable concentration of Pb2+ and Cu2+ recom-
mended by the World Health Organization (WHO) for
drinking water is less than 0.01 and 2 mg/L [3],
respectively. Therefore, removal of these toxic heavy
metal ions before discharging them into the receiving
systems is essential from the standpoint of environ-
ment protection and public health.

Adsorption is one of the most effective and eco-
nomical methods for the removal of heavy metal ions
from aqueous solutions. In recent years, different
kinds of adsorbents including activated carbon [4],
zeolite [5], montmorillonite [6], Fly ash [7], mango
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peel waste [8], orange peel [9], tea waste [10], rice
husk [11], activated alumina [12], chitosan [13], vari-
ous resins [14–16], and microorganisms [17–20] have
been used to remove heavy metal ions from aqueous
solutions. Activated carbon is an effective adsorbent
for heavy metal ions removal. However, difficult
separation from reaction solution, high regeneration
cost, and mass loss limit its application in practical
field. Therefore, there is a need to develop cost-
effective, reusable, and energy-saving adsorbents for
the removal of heavy metal ions from aqueous
environment.

Poly(vinyl alcohol) (PVA) is a water-soluble mate-
rial containing large amounts of hydroxyl groups.
PVA has been widely applied in biomedical and phar-
maceutical fields due to its low cost, non-toxicity, bio-
compatibility, good mechanical strength, and chemical
stability. In our previous study, a new, economical,
and eco-friendly way to prepare macroreticular PVA
beads has been developed in our lab to immobilize
microorganism for wastewater treatment [21]. How-
ever, the resulting PVA beads showed low adsorption
for heavy metal ions. Recently, the carbon nanotubes
(CNTs) have been used as a promising adsorbent for
the removal of various pollutants such as organic pol-
lutants [22–25], dyes [26,27], and heavy metals [28–30]
due to its large specific surface area, hollow and lay-
ered structures. However, CNTs with the nanosized
structure have some disadvantages such as difficulty
in separation of CNTs from the reaction system, mass
loss and second pollution, which make it difficult to
use in the batch and continuous systems.

In this work, we prepared a macroporous spherical
composite of PVA and CNTs holding the advantages
of both. The adsorption potential of PVA/CNTs beads
as a new adsorption material to remove Pb2+ and
Cu2+ from aqueous solution was investigated in detail.
The adsorption process was studied in batch mode
with regard to the effects of solution pH, initial metal
ions concentration, contact time, salts, surfactant, and
co-ions. To quantify and predict the adsorption behav-
iors of Pb2+ and Cu2+, the ability of a number of exist-
ing isotherms and kinetic models were evaluated.
Finally, the desorption efficiency and reusability of the
adsorbents were assessed based on six consecutive
adsorption–desorption cycles.

2. Experimental

2.1. Materials

Poly (vinyl alcohol) (PVA) with a degree of poly-
merization of 1,750 and an alcoholysis degree higher
than 99% was obtained from Lanzhou Vinylon Factory

(Gansu, China). Multi-walled carbon nanotubes
(CNTs) with outer diameter of 10–20 nm, length of
10–30 μm, special surface area of about 200 m2/g, and
–OH content of 3.06% were purchased from Chengdu
Organic Chemicals Co. Ltd (Sichuan, China). Sodium
dodecylosulphate (SDS), cetyltrimethylammonium
bromide (CTAB), and all other chemicals were of
analytical reagent grade. Distilled water was used to
prepare all the solutions.

2.2. Preparation of macroporous PVA/CNTs beads

The synthetic scheme was shown in Fig. 1. In a
typical synthesis, 6 g of PVA, 1.3 g of sodium alginate,
and 7.5 g of CaCO3 were dispersed in 80 mL of dis-
tilled water and the solution was kept stirring in a
boiling water bath for 2 h. One gram of CNTs was
added into 20 mL of CTAB (0.5%) with an ultrasonic
dispersion for 5 min. Then CNTs/CTAB mixture was
added into the PVA/CaCO3 dispersion and the
obtained dispersion was shaken at 90˚C for 6 h. The
product was extruded into a gently stirred 3%
CaCl2—saturated boric acid solution using a syringe.
The stable crosslinked composite beads with diameter
of approximately 3 mm formed and were immersed in
the 3% CaCl2—saturated boric acid solution for 48 h.
At last, 1 mol/L of HCl was added into the solution
to form porous beads. The macroporous beads were
washed with distilled water to remove residual
reagents.

2.3. Characterization of PVA/CNTs beads

The FT-IR spectra of PVA/CNTs before and after
adsorption of Pb2+ and Cu2+ were obtained in the
range of 4,000–500 cm−1 using KBr pellets (NEXUS
670, Nicolet, USA). The thermal stability was studied
with a Metler Toledo Star thermogravimetric analyzer.
X-ray diffraction (XRD) patterns of PVA and PVA/
CNTs were recorded with a D/Max-2400 instrument
(Rigaku, Japan) using Cu Kα radiation at 40 kV and
40 mA over the range (2θ) of 5˚–70˚. The surface mor-
phology and microstructure of PVA/CNTs beads were
also observed by means of a scanning electron
microscope (SEM, HITACHI S-4800). The surface area,
total pore volume, and average pore diameter of
PVA/CNTs beads were determined by a Quan-
tachrome NovaWin2 Instrument (USA). The concen-
tration of Pb2+ and Cu2+ in the contact solution was
determined with an inductively coupled plasma spec-
trometer (ICP/IRIS Advantage, Thermo).

Water content, W%, represents the percentage of
water held intrinsically by the beads. To estimate the

21392 L. Jing and X. Li / Desalination and Water Treatment 57 (2016) 21391–21404



bulk density (BD) of dried PVA/CNTs beads, the fro-
zen dried samples were filled in a 10 ml flask (W1)
and were weighed (W2). The true density (TD) was
measured as follows: a weighed amount of dried
PVA/CNTs beads (W0) was placed into a 10 ml flask
of known weight at 30˚C. Into the flask was added
8 ml of cyclohexane and the mixture was kept at 30˚C
for 24 h. The flask was then filled with cyclohexane to
the mark and was weighed (W). W%, BD and TD of
PVA/CNTs beads are calculated using the following
equations:

W% ¼ WW �Wd

Ww
� 100 (1)

BD ¼ W2 �W1

10
(2)

TD ¼ W0

10� W�W0

dc

(3)

where Ww and Wd are weights (g) of the wet and
dried PVA/CNTs beads, respectively. W2 is the total
weight of PVA/CNTs beads and the flask, and W1 is
the weight of the flask only. W is the total weight of
PVA/CNTs beads and the solvent. W0 is the weight of

the dry PVA/CNTs beads and dc is the density of
solvent (dcyclohexane = 0.778 g/ml).

2.4. Adsorption experiments

Series batch tests for adsorption performances
toward Pb2+ and Cu2+ onto PVA/CNTs were con-
ducted using the bottle points methods. Stock solu-
tions (1,000 mg/L) of Pb2+ and Cu2+ were prepared by
dissolving appropriate amounts of Pb(NO3)2 and Cu
(NO3)2, respectively, in distilled water. Working solu-
tions were prepared by diluting in distilled water.
0.5 M of HCl and NaOH were used to adjust the solu-
tion pH. The effect of pH on the adsorption of PVA/
CNTs beads for Pb2+ and Cu2+ was evaluated in the
pH range of 2.0–7.0. Adsorption equilibrium studies
were carried out by contacting 0.1 g of PVA/CNTs
beads with 50 mL of metal ions solution of different
initial concentrations (50–500 mg/L) at pH of 6.0. In
kinetic studies, 0.2 g adsorbents were added into
100 mL of Pb2+ (Cu2+) solution (50 mg/L) at pH of 6.0.
Samples were taken at predetermined time intervals
for the analysis of residual metal concentration in the
aqueous solution. In order to determine the effect of
salts and surfactant on Pb2+ and Cu2+ adsorption, the
content of NaCl, CaCl2, and SDS varied from 50 to

Fig. 1. Schema of synthetic route of macroporous PVA/CNTs beads and Surface morphologies of PVA/CNTs beads (a)
digital photo and (b) microscopic image by SEM).
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500 mg/L. The effect of co-existing ions on Pb2+ and
Cu2+ adsorption was studied in the binary system of
Pb2+/Zn2+, Pb2+/Cu2+, Pb2+/Cd2+, Cu2+/Cd2+, and
Cu2+/Zn2+, respectively, with the initial concentration
of 50 mg/L for each metal ion. Furthermore, desorp-
tion experiments were investigated in batch mode.
Pb2+ and Cu2+ loaded PVA/CNTs were regenerated
with 0.1 M HCl. The solid samples were separated
and washed thoroughly with distilled water. The
regenerated adsorbents were reused in the next cycle
of adsorption experiments.

The adsorption capacity at equilibrium (Qe, mg/g),
and the percentage removal (Removal, %) can be cal-
culated using the following equations:

Qe ¼ ðC0 � CeÞV
m

(4)

Removal ð%Þ ¼ C0 � Ce

C0
� 100 (5)

where C0 and Ce (mg/L) are the initial and equilib-
rium concentrations of metal ions in the solution,
respectively. V (L) is the volume of the solution and m
(g) is the mass of the adsorbents.

3. Results and discussion

3.1. Characteristics of PVA/CNTs beads

Water content, BD, and TD for PVA/CNTs beads
were 86.10%, 0.055, and 1.639 g/mL, respectively.
High water content value indicated the hydrophilic
properties of PVA/CNTs beads, which facilitated the
adsorption of heavy metal ions.

FTIR spectra of PVA and PVA/CNTs beads were
analyzed (Fig. 2(a)). FTIR spectrum of PVA beads

showed the bands around 3,425.6, 1,637.5, 1,438.5, and
1,093.2 cm−1, which were attributed to the stretching
of –OH, –COO− (asymmetric), –COO− (symmetric),
and C–OH, respectively. After the introduction of
CNTs, the peaks were observed at 1,085.9 and
1,036.5 cm−1 which were assigned to the stretching
vibration of –OH groups in PVA and CNTs.
PVA/CNTs beads with a large number of hydroxyl
groups would exhibit excellent adsorption ability for
heavy metal ions.

The PVA/CNTs beads also exhibited improved
thermal stability in comparison with PVA beads. The
results of thermal gravimetric analysis of PVA and
PVA/CNTs beads were shown in Fig. 2(b). For PVA/
CNTs beads, the weight loss of about 6.6% within the
temperature range of 20–100˚C may be attributed to
the loss of surface adsorbed water. No obvious weight
loss can be observed in the temperature range of
100–226˚C, indicating thermal stability of PVA/CNTs.
When temperature was higher than 288˚C, the weight
loss decreased significantly, which may be attributed
to the decomposition of PVA/CNTs.

The XRD patterns for PVA and PVA/CNTs beads
were given in Fig. 3(a). The diffraction peak at around
21.4˚ was a typical peak of the crystalline PVA. Its
intensity increased significantly in composite of PVA/
CNTs indicating that the crystalline structure of PVA
enhanced after the introduction of CNTs. It may be
due to the intermolecular and intramolecular hydro-
gen bonding between hydroxyl groups in both PVA
and CNTs, resulting in the formation of a highly
ordered network. Moreover, chemical crosslinking
points were also established between the boric acid
and hydroxyl groups in PVA [31]. As a result, the
crystallinity degree, mechanical strength, and chemical
stability were improved.

Fig. 2. FTIR spectra (a) and the thermogravimetry (TG) curves (b) of PVA and PVA/CNTs beads.
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Fig. 1 showed the shape and surface morphologies
of PVA/CNTs beads by digital camera and SEM. It
can be seen from Fig. 1(a) that PVA/CNTs beads were
perfectly spherical in shape with an average diameter
of 3 mm and a rough surface. The surface area, total
pore volume, and average pore diameter obtained for
PVA/CNTs beads were 29.17 m2/g, 0.0261 mL/g, and
26.93 nm, respectively. As shown in Fig. 1(b), PVA/
CNTs beads had many pores with different sizes.
These pores could provide convenient diffusion chan-
nels for Pb2+ and Cu2+ ions into the inner of the
beads. Higher surface area and porous structure are
favorable for generating good adsorption capacity.

Fig. 3(b) showed the adsorption capacities of
PVA/CNTs beads and PVA beads for Pb2+ and Cu2+

ions. It was obvious that the introduction of CNTs sig-
nificantly improved the adsorption capacities for Pb2+

and Cu2+ ions. Hydroxyl groups in PVA and CNTs
were the main active sites for heavy metal ions bind-
ing. In addition, the large surface area, porous struc-
ture, and special sites such as interstitial channels,
grooves, and outside surface provided by multi-walled
CNTs [32] would greatly benefit the adsorption of
Pb2+ and Cu2+ ions.

3.2. Effect of initial solution pH

Fig. 4(a) showed the effect of solution pH on the
adsorption of Pb2+ and Cu2+ by PVA/CNTs beads. It
was found that the adsorption of Pb2+ and Cu2+ was
highly dependent on pH mainly because pH affected
the solubility of metal ions and changed the charge in
the adsorbent surface. The percentage removal of Pb2+

increased from 61.39 to 100% with increase in pH
from 2.0 to 5.0 and remained almost constant within

the range of pH 5.0–7.0. For Cu2+, the percentage
removal also increased with increase in pH from 1.0
to 6.0 and maximum adsorption of Cu2+ was observed
at pH 6.0. With further increase in pH up to 7.0, Cu2+

ions precipitated as the insoluble hydroxides. There-
fore, Cu2+ ions were removed by both adsorption and
precipitation. At low pH, the competitive adsorption
between protons and metal cations resulted in low
adsorption of metal ions. Moreover, the protonation of
the adsorbent surface did not favor the adsorption of
positively charged metal cations due to the electro-
static repulsion. With increase in pH, the negative
charge density on the adsorbent surface increased due
to deprotonation of the metal binding sites and thus
increased metal ions adsorption. Therefore, further
adsorption experiments were carried out at optimum
pH 6.0 for Pb2+ and Cu2+ ions.

3.3. Effect of initial metal concentration

The effect of initial metal concentration on the
adsorption of PVA/CNTs beads for Pb2+ and Cu2+

ions was shown in Fig. 4(b). It was found that adsorp-
tion capacities of Pb2+ and Cu2+ ions on PVA/CNTs
beads increased from 25.0 to 196.3 mg/g and 22.4 to
130.5 mg/g, respectively, as the initial metal ions con-
centration increased from 50 to 500 mg/L at 303 K. It
was also observed that increasing initial metal concen-
tration resulted in a decrease in the percent removal
of metal ions. At an initial concentration of 50 and
100 mg/L, about 100% of Pb2+ and 89.7% of Cu2+

were removed using PVA/CNTs beads while 78.5% of
Pb2+ and 52.2% of Cu2+ were removed at an initial
concentration of 500 mg/L. It was evident that PVA/
CNTs beads exhibited very strong affinity for Pb2+

Fig. 3. XRD patterns of PVA and PVA/CNTs beads (a) and comparison of Pb2+ and Cu2+ ions adsorption on CNTs,
PVA, and PVA/CNTs beads (b).
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ions in comparison with Cu2+ ions, which may be due
to the larger electronegativity and ionic radius of Pb2+

ions than Cu2+ ions.

3.4. Effect of contact time

The rate of metal ions adsorption is one of the
important parameters for practical application of the
adsorbents. The equilibrium adsorption of Pb2+ and
Cu2+ ions on PVA/CNTs beads as a function of con-
tact time was shown in Fig. 4(c). It can be seen that
the amounts of Pb2+ and Cu2+ ions adsorbed increased
with increase in contact time. The adsorption of Pb2+

ions on PVA/CNTs beads was very rapid and the
equilibrium was reached at about 120 min. While the
time required for copper solution to reach equilibrium
was found to be 480 min. It was obvious that the
adsorption rate of Pb2+ ions was significantly faster
than that of Cu2+ ions. Hundred percent of Pb2+ ions

and 84% of Cu2+ ions were removed at equilibrium,
respectively. Therefore, the contact time of 540 min
was chosen as the optimum contact time for the
adsorption of Pb2+ and Cu2+ ions onto PVA/CNTs
beads.

3.5. Effect of salts in solution

The common cations such as Na+, K+, Ca2+, and
Mg2+ ions always coexist with heavy metal ions at a
relatively high level in contaminated waters. The pres-
ence of salts may affect the adsorption behaviors of
PVA/CNTs beads for heavy metal ions. This will
require frequent regeneration and inevitably result in
high operation cost in practice. Therefore, the effects
of salts (NaCl and CaCl2) on the adsorption of Pb2+

and Cu2+ ions by PVA/CNTs beads were analyzed
over the salt concentration range from 50 to 500 mg/L
and the results were shown in Fig. 4(d). It was

Fig. 4. Effect of pH (50 mL of solution with the initial concentration of 50 mg/L; PVA/CNTs: 0.1 g; 303 K) (a), the initial
metal concentration (50 mL of solution with PVA/CNTs dosage of 0.1 g; pH 6.0; 303 K) (b), contact time (100 mL of
solution with the initial concentration of 50 mg/L; PVA/CNTs: 0.2 g; pH 6.0; 303 K) (c), ionic strength and SDS (d) on
the adsorption of Pb2+ and Cu2+ ions by PVA/CNTs beads (50 mL of solution with the initial concentration of 50 mg/L;
PVA/CNTs: 0.1 g; pH 6.0; 303 K).
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obvious that increasing the concentration (50–500 mg/
L) of NaCl in Pb2+ solutions had no effect on the
adsorption of Pb2+ by PVA/CNTs beads. While a
decrease of around 20% could be noted in Cu2+

adsorption as the concentration of NaCl in Cu2+ solu-
tions increased from 50 to 500 mg/L. However, CaCl2
significantly decreased the adsorption of Pb2+ and
Cu2+ ions under the similar experimental conditions,
which maybe arise from the competitive effect
between divalent metal ions and Ca2+ ions for the sites
available. The adsorption efficiencies of Pb2+ and Cu2+

ions dramatically decreased by 18 and 38%, respec-
tively, as the concentration of CaCl2 increased from 50
to 500 mg/L. According to Xu et al. [33], the potential
in adsorption plane became less negative with increas-
ing ionic strength, which decreased metal ions adsorp-
tion. The higher the valency of the index cation, the
weaker the negative potential in the surface of adsor-
bent is. This may explain why CaCl2 had greater nega-
tive effect on the adsorption capacities of Pb2+ and
Cu2+ ions than NaCl. In view of the above, PVA/
CNTs beads
had the potential of removing Pb2+ and Cu2+ ions
from wastewaters even in the presence of low
concentrations of salts.

3.6. Effect of surfactant

Surfactants are usually present in real wastewaters
at greater levels. They can interact with heavy metal
ions by various reactions such as competitive binding,
complexation, and/or electrostatic attraction. There-
fore, it is very important to investigate the effect of sur-
factant on adsorption capacities of Pb2+ and Cu2+ ions
by PVA/CNTs beads. As shown in Fig. 4(d), the
adsorption of Pb2+ ions onto PVA/CNTs beads was
not affected by the presence of the anionic surfactant
(SDS), indicating that PVA/CNTs beads showed
higher preference toward Pb2+ ions. However, the
presence of SDS exhibited a significant negative effect
on the adsorption of Cu2+ ions. The adsorption of Cu2+

ions was greatly depressed as the concentration of SDS
in Cu2+ solution increased. This may be attributed to
the formation of more stable complexes between Cu2+

ions and sulfonate groups. The higher selectivity of
PVA/CNTs beads toward Pb2+ ions indicated that
Pb2+ ions could be removed by using PVA/CNTs
beads from the contaminated water containing SDS.

3.7. Competitive adsorption

The competitive adsorption was conducted in
binary metal solutions (Cu2+/Pb2+, Cu2+/Zn2+, Cu2+/

Cd2+, Pb2+/Zn2+, and Pb2+/Cd2+). The initial
concentration of each metal ion in the mixed solutions
was 50 mg/L. The results were shown in Table 1.
When PVA/CNTs beads were used to adsorb Pb2+

ions from Pb2+/Cu2+, Pb2+/Zn2+, or Pb2+/Cd2+ mix-
ture, the removal efficiencies of Pb2+ ions were slightly
influenced by the presence of Cu2+, Zn2+, and Cd2+. In
binary system, the presence of Zn2+ ions had no obvi-
ous effect on the adsorption of Cu2+ ions by PVA/
CNTs beads. Pb2+ ions, however, inhibited the adsorp-
tion of Cu2+ ions more seriously. The influence of co-
existing ions on the adsorption of Cu2+ ions was in
the following order: Pb2+ > Cd2+ > Zn2+. It can be seen
that the PVA/CNTs beads had high adsorption selec-
tivity and high adsorption capacity for Pb2+ ions with
the coexistence of Cu2+, Zn2+, and Cd2+. This can be
applied to the separation or purification of Pb2+ ions
in aqueous solutions containing Cu2+, Zn2+, or
Cd2+ ions.

3.8. Adsorption isotherms

In the present work, Langmuir, Freundlich,
Tempkin, and Dubinin–Radushkevich (D–R) isotherms
were used to describe the equilibrium between metal
ions adsorbed onto the adsorbents and metal ions in
the solution.

The Langmuir isotherm model assumes a mono-
layer adsorption on a homogenous surface where the
binding sites have equal affinity and energy, and no
interaction between the adsorbed species [34]. The lin-
ear form of the Langmuir isotherm model is given as:

Ce

Qe
¼ 1

KLQmax
þ Ce

Qmax
(6)

where Qe (mg/g) and Ce (mg/L) are the equilibrium
metal concentrations in the solid and liquid phase,

Table 1
Competitive adsorption in binary system (100 mL of
solution with the initial concentration of each metal ion:
50 mg/L; PVA/CNTs: 0.2 g; 303 K; pH 6.0)

Metal system
Adsorption efficiency (%)

Pb2+ Cu2+ Zn2+ Cd2+

Single 100 89.72
Pb2+ + Cu2+ 97.59 57.12
Pb2+ + Zn2+ 99.53 75.34
Pb2+ + Cd2+ 98.69 60.02
Cu2+ + Zn2+ 89.29 41.88
Cu2+ + Cd2+ 80.15 5.46
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respectively. Qmax (mg/g) and KL (L/mg) are the
Langmuir constants related to saturated monolayer
adsorption capacity and the binding energy of the
sorption system, respectively.

The Freundlich isotherm assumes that the adsorp-
tion of metal occurs on a heterogeneous surface by
multilayer adsorption and that the amount of adsor-
bate adsorbed increases infinitely with increase in con-
centration [35]. The linearized Freundlich isotherm
model is expressed as:

lnQe ¼ lnKf þ 1

n
lnCe (7)

where Kf and n are the Freundlich constants, indicat-
ing the relative adsorption capacity and the adsorption
intensity, respectively.

Tempkin isotherm is based on the assumption that
the decline of the heat of adsorption as a function of
temperature is linear rather than logarithmic [36]. The
linearized Tempkin isotherm model is given as:

Qe ¼ BT lnAT þ BT lnCe (8)

where BT = (RT)/bT, bT is the Tempkin constant related
to the heat of adsorption (kJ/mol). AT is the equilibrium
binding constant corresponding to the maximum
binding energy (L/g). R is the gas constant
(8.314 J/(mol K)), and T is the absolute temperature (K).

The D–R isotherm is more general than the Lang-
muir isotherm since it does not assume a homoge-
neous surface or constant sorption potential. It can be
applied to distinguish between physical and chemical
adsorption [37,38]. The linear form of D–R isotherm
equation is expressed as:

lnQe ¼ lnQm � be2 (9)

where β is a constant related to the mean free energy
of adsorption (mol2 J−2), Qm is the theoretical satura-
tion capacity (mg/g), ε is the Polanyi potential, which
is equal to RT ln(1 + 1/Ce). The mean adsorption
energy, E (kJ/mol), was involved in the transfer of
free energy of one mole of metal ions from infinity in
solution to the surface of the solid. The value of E can
be determined by the following equation:

E ¼ 1

ð2bÞ1=2
(10)

where E value gives information about adsorption
mechanism, physical or chemical. If the value of E is
between 8 and 16 kJ/mol, the adsorption process takes

place chemically and if the value of E is less than
8 kJ/mol, then the adsorption process takes place
physically [39].

The isotherm data of Pb2+ onto PVA/CNTs has been
linearized using Langmuir, Freundlich, Tempkin, and
Dubinin–Radushkevich (D–R) isotherm equations as
shown in Fig. 5. The constants along with the correla-
tion coefficients (R2) were listed in Table 2. As can be
seen from Table 2, higher correlation coefficient
(R2 > 0.98) was obtained from the Langmuir model,
indicating that the Langmuir isotherm model correlated
well with the equilibrium data for Pb2+ ions adsorption
on PVA/CNTs beads. The theoretical Qmax value (com-
parison with the reported values were shown in Table 3)
was in good agreement with that obtained experimen-
tally as seen in Table 2. While for Cu2+ ions, lower R2

value showed that the Langmuir model was not suit-
able for modeling the Cu2+ adsorption onto PVA/CNTs
beads. The Freundlich isotherm model gave the highest
R2 values larger than 0.98, indicating that the adsorp-
tion of Pb2+ and Cu2+ ions onto PVA/CNTs beads was
best described by this isotherm. The values of n repre-
senting the favorability of the adsorption were more
than one, indicating that the adsorption of Pb2+ and
Cu2+ ions on PVA/CNTs beads was favorable at the
studied conditions. The Freundlich isotherm model fit-
ted the equilibrium data very well. This may be attribu-
ted to the heterogeneity of various active sites on the
surface of PVA/CNTs beads. To evaluate the adsorp-
tion potential of PVA/CNTs beads for Pb2+ and Cu2+

ions, the Tempkin isotherm constants (AT and bT) were
calculated. The value of AT obtained for Pb2+ ions was
larger than that for Cu2+ ions which indicated a better
potential for Pb2+ ions. As shown in Table 2, the D–R
isotherm gave the lower correlation coefficients and the
theoretical Qm values and the experimental Qexp values
were not in agreement with each other indicating a poor
D–R isotherm model fit.

3.9. Adsorption kinetics

In order to investigate the kinetic mechanism that
controls the adsorption of Pb2+ and Cu2+ ions onto
PVA/CNTs beads, the pseudo-first-order, the pseudo-
second-order, and intraparticle diffusion models are
used to analyze the equilibrium data.

The pseudo-first-order equation is given as:

lnðQe �QtÞ ¼ lnQe � K1t (11)

where Qe (mg/g) and Qt (mg/g) are the adsorption
capacities at equilibrium and at time t (min),
respectively. K1 is the first-order rate constant (1/min).
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The pseudo-second-order model developed by
Srividya and Mohanty [39] assumes that the
adsorption capacity of adsorbent is proportional to
the number of active sites on its surface. The
pseudo-second-order equation is expressed as:

t

Qt
¼ 1

K2Q2
e

þ t

Qe
(12)

where K2 is the second-order rate constant
(g/(mg min)). Additionally, the initial adsorption rate,
h (mg/(g min)) can be determined from K2 and Qe

values using h = K2Q
2
e .

The intraparticle diffusion model assumes a two-
step adsorption process-metal ions binding to the
adsorbent surface followed by metal ions diffusion
through its pores. Intraparticle diffusion equation is
given as [40]:

Qt ¼ Kpt
0:5 þ C (13)

Fig. 5. Langmuir (a), Freundlich (b), Temkin (c), and Dubinin–Radushkevich (D–R) (d) isotherm for Pb2+ and Cu2+ ions
adsorption by PVA/CNTs beads.

Table 2
Adsorption isotherms for Pb2+ and Cu2+ ions adsorption
onto PVA/CNTs beads (100 mL of solution; 0.2 g of PVA/
CNTs: 303 K, pH of 6.0)

Isotherm constants Pb2+ Cu2+

Langmuir Qexp (mg/g) 196.3 130.5
Qmax (mg/g) 196.08 163.93
KL (L/mg) 0.22 0.01
R2 0.9854 0.9395

Freundlich Kf (L/g) 61.52 6.71
n 4.01 1.87
R2 0.9892 0.9985

Tempkin bT (J/mol) 72.62 81.13
AT (L/g) 2.43 0.17
R2 0.9740 0.9261

D–R isotherm Qm (mg/g) 169.14 82.41
E (kJ/mol) 0.35 0.16
R2 0.7950 0.6813
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where Kp is the intraparticle diffusion constant
(mg/(g min0.5)) and C represents the boundary layer
diffusion effect. If the linear plot of intraparticle diffu-
sion passes through the origin, then the intraparticle
diffusion is the only rate-limiting step. Otherwise,
some other mechanism along with intraparticle diffu-
sion is also involved.

Fig. 6 shows the linear plots of pseudo-first-order
and second-order model for Pb2+ adsorption onto
PVA/CNTs beads. The pseudo-first-order constants
(Qe, K1 and R2) were presented in Table 4. The theo-
retical Qe values did not agree with the experimental
values, and the correlation coefficients were also
found to be low. These results indicated that the
pseudo-first-order kinetic model was not suitable for

modeling Pb2+ and Cu2+ ions adsorption onto PVA/
CNTs beads. The application of the second-order
kinetic model by plotting t/Qt vs. t yielded the sec-
ond-order rate constant (K2), estimated equilibrium
capacity (Qe), and the regression coefficients (R2). As
can be seen from Table 4, the calculated Qe values
showed a good agreement with the experimental val-
ues and the obtained values for coefficients of deter-
mination (R2) were more than 0.995, which indicated
that the pseudo-second-order kinetic model described
well the removal of Pb2+ and Cu2+ ions by PVA/CNTs
beads as adsorbents. These results indicated that the
rate-limiting step in the adsorption of Pb2+ and Cu2+

ions was chemisorption involving valence forces
through the sharing or exchange of electrons between

Table 3
Comparison of Pb2+ and Cu2+ adsorption on PVA/CNTs beads with other adsorbents

Adsorbents
Qe

a (mg/g)
Refs.

Cu2+ Pb2+

Natural zeolite 8.97 – [41]
Active carbon – 6.68 [42]
Fly ash – 4.98 [42]
Activated alumina – 83.33 [12]
Steel slag 16.21 32.26 [43]
Tartaric acid modified rice husk 29 108 [11]
Dithiocarbamated-sporopollenin 17.4 94.7 [44]
Non-living Spirogyra neglecta 115.3 116.1 [19]
Caulerpa lentillifera 42.38 28.72 [20]
Valonia tannin resin 45.44 138.9 [16]
HNO3 oxidized CNTs 24.49 97.08 [28]
HNO3 oxidized CNT sheets 64.93 117.65 [29]
CNTs/calcium alginate composites – 78.74 [45]
MnO2-coated CNTs 84.88 – [46]
PVA/Sclg cryogels 791.5 – [47]
PVA/CNTs beads 130.5 196.3 Present work

aThe Langmuir maximum capacity.

Fig. 6. The pseudo-first-order (a), pseudo-second-order (b), and intraparticle diffusion (c) plot for Pb2+ and Cu2+ ions
adsorption onto PVA/CNTs beads.
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Table 4
Kinetic parameters of pseudo-first order and pseudo-second order for Pb2+ and Cu2+ ions adsorption onto PVA/CNTs
beads (100 mL solution of the initial concentration of each metal ion: 50 mg/L; PVA/CNTs: 0.2 g; 303 K)

Kinetics Kinetic constants Pb2+ Cu2+

Pseudo-first-order Qexp (mg/g) 25.00 21.03
Qe (mg/g) 17.24 17.60
K1 (× 10–2) (1/min) 2.31 0.74
R2 0.9666 0.9728

Pseudo-second-order Qe (mg/g) 25.51 24.57
K2 (× 10–3) (g/(mg min)) 4.34 0.47
h (mg/(g min)) 2.83 0.28
R2 0.9995 0.9953

Intraparticle diffusion Kp1 (mg/(g min1/2)) 1.482 1.041
R2 0.9972 0.9933
Kp2 (mg/(g min1/2)) – 0.785
R2 – 0.9782

Fig. 7. The proposed mechanism of Pb2+ and Cu2+ ions adsorption onto PVA/CNTs beads.
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adsorbent and metal ions. PVA/CNTs beads had a
large number of hydroxyl groups, which can interact
with metal ions through complexation, ion exchange,
and/or electrostatic attraction. In addition, physical
adsorption may be responsible for the interaction
between PVA/CNTs beads and metal ions because
PVA/CNTs beads had a large surface area and macro-
porous structure. The h and K2 values calculated from
the pseudo-second-order kinetic model were higher
for Pb2+ ions than for Cu2+ ions, indicating that the
removal rate of Pb2+ ions by PVA/CNTs beads was
much faster than that of Cu2+ ions. These results were
consistent with the results obtained from the
experimental process.

PVA/CNTs bead is a porous adsorbent, so the dif-
fusion process may affect the adsorption process.
Fig. 6(c) showed the intraparticle diffusion plots of
Pb2+ and Cu2+ ions adsorption onto PVA/CNTs
beads. It can be seen that Pb2+ and Cu2+ ions exhibited
different diffusion kinetics. For Pb2+ ions, there was
only one stage. While for Cu2+ ions, a three-stage
adsorption occurred: the initial curved stage was
attributed to rapid external diffusion and surface
adsorption, the second stage was the gradual adsorp-
tion stage where intraparticle diffusion was the rate
limiting step, and the third stage was the final equilib-
rium stage where intraparticle diffusion started to
slow down due to extremely low metal concentration
in the solution. The intraparticle diffusion parameter,
Kp (mg/(g min−0.5)), was calculated and shown in
Table 4. The higher Kp1 value for Pb2+ ions than for
Cu2+ ions indicated that the faster adsorption of Pb2+

ions from the bulk phase to the exterior surface of
PVA/CNTs beads, showing that PVA/CNTs beads
exhibited stronger preference for Pb2+ ions than for

Cu2+ ions. For Cu2+ ions, the Kp1 value was much
greater than the Kp2 value, and the last rate constant
was close to zero implying the attained equilibrium
state. Based on the results it was suggested that both
surface adsorption and intraparticle diffusion affected
Cu2+ adsorption onto PVA/CNTs beads, while surface
adsorption was the main mechanism for Pb2+ adsorp-
tion. Based on the above results, the adsorption mech-
anisms of Pb2+ and Cu2+ onto PVA/CNTs beads were
proposed as shown in Fig. 7.

3.10. Desorption and reusability

In order to make the adsorption process more eco-
nomical and feasible through repeated use of the adsor-
bents, desorption efficiency and regeneration potential
of PVA/CNTs beads were studied. Desorption experi-
ments were performed maintaining the process similar
to the batch experiments. 0.1 M HCl was able to effec-
tively elute the adsorbed metal ions from PVA/CNTs
beads, 96 and 95% of the adsorbed Pb2+ and Cu2+ ions
were desorbed, respectively. To test the reusability of
PVA/CNTs beads, adsorption–desorption cycles were
repeated six times by using the same adsorbents. Fig. 8
showed the adsorption capacities of PVA/CNTs beads
for Pb2+ and Cu2+ ions over six successive adsorption–
desorption cycles. The results indicated that the
adsorption capacities of Pb2+ and Cu2+ ions slightly
decreased with increase in adsorption–desorption
cycle, at the end of the sixth cycle, more than 92 and
73% of Pb2+ and Cu2+ ions were removed by PVA/
CNTs beads, respectively. The reusability of PVA/
CNTs beads decreased the operation cost and indicated
the industrial applicability. Therefore, PVA/CNTs
beads were a good reusable adsorbent and could be
successfully applied for the recovery of heavy metal
ions from water and wastewater.

4. Conclusions

In this work, we prepared a macroporous poly
(vinyl alcohol)/carbon nanotubes (PVA/CNTs) beads
using a facile method. PVA/CNTs beads held advan-
tages of both PVA and CNTs: easy separation and
excellent adsorption ability for heavy metal ions. The
resulting beads with porous structure exhibited good
mass transfer property and high stability. The addition
of CNTs increased the adsorption capacities of Pb2+

and Cu2+ ions significantly. The equilibrium data of
Pb2+ and Cu2+ ions were best described by the Fre-
undlich isotherm. The adsorption kinetics followed the
pseudo-second-order kinetic model with rapid
adsorption rate. Based on intraparticle diffusion model,
it was found that the main mechanism for Pb2+ ions

Fig. 8. Adsorption efficiencies of PVA/CNTs beads after
repeated adsorption–desorption operations.
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adsorption onto PVA/CNTs beads was surface adsorp-
tion, while Cu2+ ions adsorption may be controlled by
surface adsorption at earlier stages and later by intra-
particle diffusion. CaCl2 had greater negative effect on
the adsorption capacities of Pb2+ and Cu2+ ions than
NaCl. The presence of anionic surfactant (SDS) had no
obvious effect on Pb2+ adsorption, but the adsorption
of Cu2+ decreased significantly at the same conditions.
The competitive adsorption showed that PVA/CNTs
beads had a markedly high selectivity for Pb2+ with
the coexistence of Cu2+, Zn2+, and Cd2+. Therefore, it
could be concluded that PVA/CNTs beads were an
eco-friendly, efficient, and reusable adsorbent for
removal of heavy metals from aqueous solution.
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