¢/ Desalination and Water Treatment
www.deswater.com

() doi: 10.5004/dwt.2020.26378

207 (2020) 233-245
December

Succinic anhydride modified multi-walled carbon nanotubes encapsulated in
polymeric gel with enhanced trapping performance for metal ions removal
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ABSTRACT

Novel composites of succinic anhydride modified multi-walled carbon nanotubes (MWCNTs), that
is, MWCNTs-NC, encapsulated in macroporous poly(vinyl alcohol) (PVA) have been successfully
developed with excellent Pb* and Cu?* adsorption performance. It was found that nearly 100% of
Pb* and 72% of Cu* could be removed by PVA/MWCNTs-NC at a wide pH range. It was revealed
by Fourier-transform infrared spectroscopy and X-ray photoelectron spectroscopy that the adsorp-
tion mechanism was mainly the chemical binding that occurred between functional groups derived
from succinic anhydride and metal ions. Moreover, adsorption experiments were conducted in
the fixed-bed continuous-flow column system to further evaluate the potential application of

PVA/CNTs-NC for heavy metal ions removal.
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1. Introduction

Pb* and Cu* contamination in effluents discharged
from various industrial and agricultural activities has been
a serious environmental threat due to its high toxicity even
at very low concentrations [1-3]. During the past decades,
several techniques have been developed in the removal of
Pb* and Cu* from the wastewater among which adsorp-
tion is considered to be one of the most effective approaches
due to low-cost, easy operation and good performance [4-6].

Multi-walled carbon nanotubes (MWCNTs) based
materials have been widely used in wastewater treatment
because of their high surface area, hollow nanosized struc-
ture and chemical stabilities [7-9]. One way to enhance the
adsorption performance is to introduce more active sites
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on the surface of MWCNTs through surface modification
[10,11]. Previously reported adsorbents such as MWCNTs —
phenyl — iminodiacetic acid, MWCNTs — 2-aminobenzothi-
azole, MWCNTs - tris(2-aminoethyl)amine and MWCNTs
— ethylenediamine and humic acid (HA)-MWCNTs showed
the adsorption capacities up to 333 and 30.5 mg/g for Pb(II)
and Cu(ll), respectively using batch methods [12-15]. In
spite of the enhanced adsorption capacities, these function-
alized MWCNTs were still difficult to separate and/or dif-
fuse well in aqueous solutions, which is a severe obstacle to
application in wastewater treatment because the nanoparti-
cles such as MWCNTs tend to aggregate into large particles
leading to the deteriorated adsorption capacities [16,17].
Moreover, it is challenging to use these functionalized
MWCNTs directly in the fixed bed reactor. To avoid these
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problems, it would be a promising way to use porous mate-
rials as the matrix to disperse and immobilize MWCNTs
[18,19]. The well-dispersed MWCNTs with a high content in
the porous matrix would be of great benefit to the fabrica-
tion of adsorbents for Pb(II) and Cu(II) removal.

In this work, macroporous poly(vinyl alcohol) (PVA)
with large pores (>100 nm) and high pore volumes were
chosen as the porous matrix to encapsulate succinic anhy-
dride modified MWCNTs (MWCNTs-NC). After mod-
ification, there would be more active sites (amine and
carboxylate groups) on the surface of MWCNTs leading
to high adsorption capacity and rapid adsorption rate. On
the other hand, embedding MWCNTs-NC into PVA would
add additional properties of this composite material such
as easy separation and good reusability. The adsorption
performance of Pb* and Cu* on MWCNTs-NC and PVA/
MWCNTs-NC was studied in detail. Fourier-transform
infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) techniques were used to elucidate the
possible adsorption mechanisms of Pb* and Cu* on PVA/
MWCNTs-NC. Moreover, the adsorption of Pb* and Cu* on
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PVA/MWCNTs-NC in a fixed-bed continuous-flow column
was further studied for the potential practical application.

2. Materials and methods
2.1. Chemicals and reagents

PVA (polymerization degree: 1,750; alcoholysis degree:
>99%) was purchased from Lanzhou Vinylon Factory
(Gansu, China). Hydroxy purified MWCNTs (outer diameter:
10-20 nm; inner diameter: 5-10 nm; length: 10-30 um; -OH
content: 3.06%) were purchased from Chengdu Organic
Chemicals Co., Ltd., (Sichuan, China). All other chemicals
were of analytical reagent grade.

2.2. Preparation of PVAIMWCNTs-NC

MWCNTs-NC was prepared as follows: the schematic
drawing of the synthesis approach was shown in Fig. 1.5.0 g
of MWCNTs and 160 mL of toluene were added to a three-
neck round-bottom flask equipped with a reflux condenser
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Fig. 1. A synthesis scheme of MWCNTs-NC and PVA/MWCNTSs-NC and possible generation route.



L. Jing et al. / Desalination and Water Treatment 207 (2020) 233-245 235

and an automatic stirrer. The flask was kept in an ultrasonic
bath for 10 min. 8.0 mL of (3-aminopropyl)triethoxysilane
(APTES) was dropwise added into the flask and kept at
65°C-75°C under stirring for 24 h. Then, 120 mL of N,N-
dimethylformamide (DMF) was added into the flask and
stirred for 1 h. After that, succinic anhydride was added into
the solution with stirring at 65°C-75°C for 24 h. The obtained
material was centrifuged and thoroughly washed with DMF,
anhydrous ethanol, saturated NaHCO, and distilled water.
Saturated NaHCO, was used to convert the carboxylic acid
into carboxylateions. Asaresult, MWCNTs-NC wasobtained.

PVA/MWCNTs-NC was prepared as follows 6.0 g of
PVA, 1.3 g of sodium alginate and 7.5 g of CaCO, were
added to a flask containing 80 mL of distilled water and
kept at 90°C-100°C under stirring for 2 h. Then 1.0 g of
MWCNTs-NC was added to 20 mL of cetyltrimethylam-
monium bromide solution (0.5% w/w in distilled water).
The obtained solution was kept in an ultrasonic bath for
5 min before adding to the PVA/CaCO, mixture which was
stirred at 90°C for another 6 h. The obtained gel was dropped
into the saturated boric acid solution containing 3% (w/v)
of CaCl, by using a syringe. The black crosslinked beads
formed instantaneously and were kept in the solution for
48 h. At last, 1 mol/L of HCl was added into the solution to
form porous beads.

2.3. Characterization

The FTIR spectra of PVA/MWCNTs-NC before (non-
loaded) and after adsorption (Pb* and Cu* loaded) were
obtained (NEXUS 670, Nicolet, USA) in the range of 4,000
500 cm™ using KBr pellets. X-ray diffraction (XRD) patterns
of all samples were recorded with a D/Max-2400 instrument
(Rigaku, Japan) using Cu K _radiation at 40 kV and 40 mA
over the range (20) of 5°-70°. Elemental analysis (CHN) was
performed using a PerkinElmer model 2400 CHN analyzer
(USA). XPS was employed to investigate the adsorption mech-
anisms. The surface area, total pore volume and average pore
diameter were determined by N, adsorption using Autosorb
(Quantachrome Corp., USA). The Brunauer—-Emmett-Teller
(BET) surface area was obtained by applying the BET equa-
tion to the adsorption data. V', was obtained from the adsorp-
tion at P/P; = 0.96. Scanning electron microscopy images
were performed with an electron microscope (HITACHI
5-4800, Japan). The accelerating voltage was 15.00 kV and
the scanning was performed in-situ on a sample powder.

2.4. Adsorption experiments

Stock solutions of Pb* and Cu®* were prepared by
dissolving an accurate quantity of Pb(NO,), and CuSO, in dis-
tilled water, respectively. Batch adsorption experiments were
performed on a temperature-controlled shaker at 30°C and
120 rpm. The concentration of Pb* and Cu? was determined
spectrophotometrically [20,21] by using a double beam UV-vis
spectrophotometer (Shimadzu, Model UV-1601, Japan). The
effect of pH on adsorption by PVA/MWCNTs-NC was stud-
ied by varying the solution pH from 2.0 to 7.0, with the initial
Pb* or Cu* concentration of 100 mg/L. Adsorption isotherm
data were generated by performing the experiment at 308 K,
with the sample solution containing varying concentrations

ranging from 50 to 500 mg/L. Adsorption kinetic samples
were prepared by adding 0.2 g of PVA/MWCNTs-NC into
a 100 mL solution with an initial concentration of 100 mg/L
(pH 6.0). Samples of 0.1 mL were taken at predetermined time
intervals for the analysis of Pb* or Cu* in the solution. The
ionic strength of the solutions was adjusted to the range of
0.0008-0.17 M by adding an appropriate amount of sodium
nitrate salt, then 0.2 g adsorbent and 100 mL Pb*" or Cu** solu-
tion with diverse ionic strength were shaken for 2 h. The effect
of HA on Pb* and Cu? adsorption was performed by vary-
ing HA concentration in the solutions from 2.0 to 10.0 mg/L,
with the initial Pb* or Cu® adsorption of 100 mg/L.

The equilibrium metal adsorption capacity (Q,) was
calculated for each sample using the following expression:

_(€=C)y

W M
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where C, and C, are the initial and equilibrium metal
concentrations (mg/L), respectively. V is the solution
volume (L) and W is the weight of the adsorbents (g).

2.5. Column adsorption experiments

The breakthrough test using PVA/MWCNTs-NC as
adsorbents were carried out in a quartz column with an
inside diameter of 2.5 cm and a column length of 30 cm. A
known weight of PVA/MWCNTs-NC was packed in the
vertical column with a bed length of 10 cm. The “up-flow”
condition was applied in this experiment. The solution
with a certain Pb* concentration was pumped into the
fixed-bed flow reactor at a flow rate of 2-4 mL/h and room
temperature. The concentration of Pb* in the effluent was
measured at different operating times.

3. Results and discussion
3.1. Characterization of PVAIMWCNTs-NC

The FTIR spectra (Fig. 2A) revealed the chemical informa-
tion and major functional groups in MWCNTs-NC and PVA/
MWCNTs-NC. The sharp peaks at 3,439.8 and 1,091.0 cm™
(Fig. 2A(a)) corresponding to the O-H and C-O stretching
vibrations in MWCNTs shifted to 3,436.1 and 1,071.1 cm™,
respectively, after reacting with APTES. Moreover, new
peaks at 2,886.5; 1,554.6 and 1,330.7 cm™ were assigned to
C-H, N-H and C-N stretching vibrations [22], respectively,
indicating that APTES was successfully grafted on the sur-
face of MWCNTs (Fig. 2A(b)). For MWCNTs-NC, two new
peaks at 1,624.5 and 1,454.8 cm™ could be attributed to
C=0 stretching in amide group (-CONH-) and carboxyl-
ate salts (-COO-), respectively (Fig. 2A(c)), suggesting that
the amine groups were involved in this reaction and a large
number of carboxylate groups were introduced to the sur-
face of MWCNTs-NC. After embedding MWCNTs-NC into
PVA, the width of the peak at 3,424.8 cm™ was obviously
broadened, which could be attributed to the introduction
of hydroxyl groups of PVA (Fig. 2A(d)). After Pb* and Cu*
adsorption, peaks at 1,624.6 and 1,428.6 cm™ shifted slightly.
The peak of C-N stretching vibration shifted to 1,330.3
and 1,326.5 cm™, respectively and the peak at 1,116.5 cm™



236 L. Jing et al. / Desalination and Water Treatment 207 (2020) 233-245

Transmittance (%)

155426 1330.7 :

$1071.1

1001.
A

3000 2000
Wavenumbers (cm™)

4000

1000

Fig. 2. (A) FTIR spectra of MWCNTs (a), MWCNTs-NH, (b), MWCNTs-NC (c), PVA/MWCNTs-NC (d) and PVA/MWCNTs-NC
after Pb* and Cu*" adsorption (e and f) and (B) transmission electron microscopy images of MWCNTs (a) and MWCNTs-NC
(b) and scanning electron microscopy images of PVA/MWCNTs-NC the surface (c and d) and the cross-section (e and f).

assigned to C-OH also showed a slight change (Figs. 2A(e)
and (f)). These results indicated that amide, carboxylate
and hydroxyl groups may be involved in the process of
metal adsorption.

As shown in Fig. 2B, surface modification of MWCNTs
did not significantly change the morphologies of MWCNTs
(Figs. 2B(a) and (b)). PVA/MWCNTs-NC exhibited spheri-
cal in shape with an average diameter of 3 cm and a rough
surface (Fig. 2B(c)). Moreover, many macropores and micro-
pores were unevenly distributed in the surface and interior
of PVA/MWCNTs-NC (Figs. 2B(d) and (f)). It was observed
that the surface area of PVA/MWCNTs-NC (Fig. 2B(e))
was much denser than the internal region, which might be
attributed to the stronger chemical crosslinking established
between the borate ions and hydroxyl groups on the surface
of PVA/MWCNTs-NC [19]. Thus, it was demonstrated that
PVA/MWCNTs-NC possessed a large number of amine and
carboxylate groups, rough surface and three-dimensional
network structure with well-interconnected pores, which
would greatly lead to higher adsorption capacity and faster
adsorption rate.

XRD pattern for MWCNTs (Fig. 3) shows a strong
diffraction peak at around 26.0°, indicating the crystalline
structure of MWCNTs. Three new peaks at around 22.4°,
30.4° and 34.5° were observed for MWCNTs-NC, which
might be due to the introduction of amine and carboxyl-
ate groups. After MWCNTs-NC was embedded in PVA,
the peak intensity of MWCNTs-NC decreased. The wide-
angle XRD pattern indicated the amorphous nature of PVA/
MWCNTs-NC, which might be attributed to the fact that
embedding of MWCNTs-NC in PVA decreased the aggrega-
tion of MWCNTs-NC.

As can be seen from Table 1, after modification with
succinic anhydride, the N content increased to 1.03%
and 0.58% for MWCNTs-NC and PVA/MWCNTs-NC,
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Fig. 3. XRD patterns of MWCNTs, MWCNTs-NC and PVA/
MWCNTs-NC.

respectively. However, the surface area and pore volume
of the MWCNTs significantly decreased, which was prob-
ably due to the blockage of the pores of the MWCNTs by
surface modification.

3.2. Adsorption experiments
3.2.1. Effect of the initial metal concentrations

As shown in Fig. 4a, chemical modification of MWCNTs
with APTES and succinic anhydride greatly improved the
adsorption performance for Pb* and Cu®* removal. The
maximum adsorption capacities of MWCNTs-NC for Pb?*
and Cu® were 244 and 215 mg/g, respectively, which were
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Table 1
Element analysis of the obtained materials
Sample Element analysis Surface Pore volume Pore
area size
(%) (m?/g) (em?/g) (nm)
C H N
MWCNTs 98.07 0.655 0.00 148.73 0.91 24.41
MWCNTs-NC 94.55 1.057 1.03 78.65 0.55 27.86
PVA/MWCNTs-NC 55.60 5.406 0.58 27.76 0.15 21.81
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Fig. 4. Effect of initial metal concentrations, solution pH, contact time, ionic strength and HA on Pb* and Cu* adsorption by
prepared adsorbents.

about 40 and 10 times higher than those of the unmodi- less active sites for metal ions binding were provided. On
fied MWCNTs. This might be due to the fact that a large  the other hand, embedding MWCNTs-NC into PVA beads
number of amine and carboxylate groups from the func- made the specific adsorption sites not as easily available
tionalized MWCNTs would provide more active sites for as the pristine MWCNTs. However, PVA/MWCNTs-NC
metal ions binding. While the adsorption capacities of PVA/  still exhibited excellent adsorption performance for Pb*
MWCNTs-NC for Pb* and Cu*" were lower than those of ions. As initial Pb*" concentration was lower than 100 mg/L,
MWCNTs-NC. It was not unexpected because MWCNTs  nearly 100% of Pb* was removed by PVA/MWCNTs-NC.
content in PVA/MWCNTs-NC beads was lower so that Moreover, the spherical adsorbents were easily separated
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from the solution and appropriate for further reuse, which
was especially important for continuous flow operations.

3.2.2. Effect of initial pH

Fig. 4b shows that MWCNTs-NC and PVA/MWCNTs-
NC exhibited a very strong affinity towards Pb* ions.
The removal efficiency of Pb* on MWCNTs-NC and
PVA/MWCNTSs-NC increased rapidly from 66% to 99.9%
and 56% to 99.8% by changing the solution pH from 2.0
to 3.0, respectively. And then it remained almost con-
stant with a further increase in solution pH. While the
adsorption capacity of Cu* onto MWCNTs-NC and PVA/
MWCNTs-NC increased with the increase of solution pH
from 2.0 to 4.0 and reached the maximum values at pH
6.0-7.0. This might be due to that at lower pH, a higher
concentration of H' reacted with amine groups (-NH,)
and carboxylate ions (COO") to form protonation leading
to the more positively charged adsorbent surface. Thus,
the adsorption capacity of both MWCNTs-NC and PVA/
MWCNTs-NC at lower solution pH decreased mainly
because of the electrical repulsion. An increase in adsorp-
tion capacity of adsorbents as pH increased might be due
to a decrease in competition between H* and metal cations.
Therefore, pH 6.0 was chosen as the optimal pH and used
in subsequent adsorption experiments.

3.2.3. Effect of contact time

It can be seen from Fig. 4c that the adsorption rates of
Pb* and Cu* by MWCNTs-NC were very rapid and nearly
100% of Pb* and 98.6% of Cu?" were removed within 20 min,
respectively. While the adsorption of Pb* and Cu?* onto PVA/
MWCNTs-NC increased with the increase of the contact
time and the equilibrium was achieved at 90 and 420 min,
respectively. Longer equilibrium time was required for PVA/
MWCNTs-NC, which may be due to the fact that the immo-
bilization of MWCNTs-NC within the PVA matrix increased
mass transfer resistance. The adsorption rates of Pb* onto
MWCNTs-NC and PVA/MWCNTs-NC were significantly
higher than those of Cu*, which indicated that MWCNTs-NC
and PVA/MWCNTs-NC beads exhibited a strong affinity
towards Pb* ions. Pb* with a larger ionic radius (1.44 A)is
less hydrated compared to Cu? (0.74 A) and less energy is
required for dehydration of Pb* ions to occupy an active site
of the adsorbent [23]. Moreover, electronegativity and diffu-
sion coefficient of Pb* (2.33 and 0.93 x 10° cm?/s, respectively)
are both larger than those of Cu? (1.90 and 0.71 x 10° cm?/s,
respectively) [24-26]. This can explain the higher adsorption
capacity and faster adsorption kinetics for Pb* compared
with Cu?®. Therefore, 540 min was chosen as the optimum
time for Pb* and Cu?* adsorption onto PVA/MWCNTs-NC.

3.2.4. Effect of ionic strength

The effect of jonic strength on Pb* and Cu?* adsorp-
tion by PVA/MWCNTs-NC was conducted and the results
were shown in Fig. 4d. It was found that the increase of the
ionic strength from 0.008 to 0.17 mol/L slightly decreased
the amounts of Pb* and Cu* ions adsorbed onto PVA/
MWCNTs-NC. The high ionic strength could compress the

double layers at solid/liquid interface, making the surface
potential less negative and reducing the activity coefficient
of the metal ions in solutions, thus decreasing the binding of
metal ions with adsorbents [27]. In addition, Na* ions could
compete with Pb* and Cu? ions to react with the active sites
and thus decrease the available binding sites for Pb* and
Cu? ions. Generally, the chemical binding reaction of metal
ions with surface functional groups can form the inner-
sphere complexes, which were not affected by the change
of ionic strength, while the outer-sphere complexes through
the weak binding were suppressed by the ionic strength
[28]. In this case, PVA/MWCNTs-NC still had considerable
adsorption efficiencies for Pb* and Cu* ions even at a high
concentration of NaCl in solution, indicating that the adsorp-
tion mechanism of PVA/MWCNTs-NC for Pb* and Cu*
ions was mainly chemical adsorption.

3.2.5. Effect of HA

Natural organic matters (NOM) are ubiquitously pres-
ent in the aqueous environment with concentrations up
to 10 mg/L [29]. HA the most common organic matter,
was selected as the representative of NOM. As shown
in Fig. 4d, an increase in HA concentration in solutions
slightly decreased the adsorption of Pb* and Cu* on
PVA/MWCNTs-NC. This is because HA can interact with
the active sites and change the physicochemical proper-
ties of adsorbent. Meanwhile, the carboxyl and phenolic
groups of HA can bind with metal ions through chemical
complexation and/or electrostatic interactions. As a result,
the adsorption efficiencies of Pb* and Cu?* were slightly
reduced. However, the adsorption efficiencies could still
achieve 84% and 58% for Pb* and Cu?, respectively, even
at an HA concentration up to 10 mg/L, which indicated that
the affinity of PVA/MWCNTs-NC toward Pb* and Cu*
was significantly higher than that of HA.

3.2.6. Effect of temperature

The influence of temperature on Pb* and Cu*" adsorp-
tion by PVA/MWCNTs-NC was conducted under different
temperature from 283 to 313 K. It can be seen from Fig. 5
that the uptake of Pb* and Cu* on PVA/MWCNTs-NC
slightly decreased when the temperature increased from
283 to 313 K, suggesting that the adsorption process of Pb*
and Cu* on PVA/MWCNTs-NC was exothermic in nature.
Similar results have been reported for metal ions adsorption
onto polyacrylonitrile fibers and carbon nanotubes [22,30].

3.3. Adsorption isotherms

In present work, Langmuir, Freundlich and Dubinin-
Radushkevich isotherms were used to describe the adsorp-
tion equilibrium of Pb* and Cu* on MWCNTs-NC and
PVA/MWCNTs-NC. Langmuir, Freundlich and Dubinin—
Radushkevich isotherms can be expressed by Egs. (2)—(4)
[31,32], respectively:

< = 1 + C 2)
QE me QYYI
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Fig. 5. Effect of temperature on Pb* and Cu* onto PVA/
MWCNTs-NC.
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where Q__ is maximum adsorption capacity (mg/g), b is the
equilibrium constant (L/mg), K, is a constant related to the
adsorption capacity, n is a constant related to the adsorp-
tion intensity, {3 is a constant related to the mean free energy
(mol*/]?), Q, is the theoretical saturation capacity (mg/g), ¢ is
the Polanyi potential equal to RTIn(1 +1/C)), R is the gas con-
stant (8.314 J/(mol K)) and T is the absolute temperature (K).

The mean adsorption energy, E (kJ/mol), can be
expressed as:

1

J-28

If E value is higher than 8 kJ/mol, the adsorption
process takes place chemically and if E value is less than
8 kJ/mol, then the adsorption process takes place physi-
cally [33].
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Langmuir and Freundlich constants and the correla-
tion coefficients were listed in Table 2. Obviously, the
obtained R? indicated that Langmuir isotherm was more
suitable to describe the adsorption equilibrium of Pb*
and Cu* on MWCNTs-NC and PVA/MWCNTs-NC (also
shown in Fig. 6). Therefore, the adsorption process of Pb*"
and Cu* on MWCNTs-NC and PVA/MWCNTs-NC was
monolayer adsorption, which was attributed to the homo-
geneous distribution of active sites on MWCNTs-NC and
PVA/MWCNTs-NC. The calculated maximum adsorption
capacities (Q,) of MWCNTs-NC and PVA/MWCNTs-NC
for Pb*" and Cu?* were 238.10 and 222.22 mg/g, 175.44 and
72.46 mg/g, respectively, which were in good agreement
with the experimental values. The Langmuir constant, b,
was related to the affinity of active sites for metal ions,
so the larger values of b indicated the higher affinity
of MWCNTs-NC and PVA/MWCNTs-NC for Pb* ions
than Cu®* ions. The E values calculated from Dubinin-
Radushkevich isotherm were higher than 8 kJ/mol for
both MWCNTs-NC and PVA/MWCNTs-NC, indicating
the chemical adsorption involved mechanisms.

3.4. Adsorption kinetics

Various kinetics models, namely pseudo-first-order kinet-
ics, pseudo-second-order kinetics, intraparticle diffusion
and liquid film diffusion models have been used to describe
the experimental data for Pb** and Cu®" adsorption on PVA/
MWCNTs-NC composites. Pseudo-first-order, pseudo-
second-order, intraparticle diffusion and liquid film diffusion
models can be linearly expressed by Egs. (6)-(9), respectively:

In(Q,-Q,)=InQ, - Kt ®)
t_t, 11 f @)
Q Q h KQ5 Q

Q, =Kt +C ®)
~In(1-F)=K,t ©)

where K| (1/min) and K, (g/(mg min)) are the rate constants of
first-order and second-order kinetics, respectively; Q, (mg/g)

Isotherm parameters for Pb* and Cu* adsorption onto MWCNTs-NC and PVA/MWCNTs-NC

Sample Langmuir Freundlich Dubinin-Radushkevich isotherm
Q... (mg/g) K, (L/mg) R? K, (L/g) n R Q, (mg/g) E (kJ/mol) R?

MWCNTs-NC

Pb* 238.10 2.63 0.981 56.78 1.51 0.658 260.50 28.87 0.949

Cu? 22222 0.36 0.988 40.33 2.12 0.847 250.08 15.08 0.915

PVA/MWCNTs-NC

Pb* 175.44 0.27 0.998 55.45 3.99 0.952 154.92 26.73 0.936

Cu? 72.46 0.04 0.981 17.71 4.29 0.975 59.84 16.67 0.888
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Fig. 6. Langmuir (a), Freundlich (b) and Dubinin-Radushkevich (c) isotherm for Pb* and Cu?" adsorption by PVA/MWCNTs-NC.

is the adsorption capacity at time ¢ (min); # (mg/(g min)) is
the initial adsorption rate; K, is the intraparticle diffusion
rate constant (mg/(g min®’)); C is the intercept indicated
the boundary layer effect. The larger the intercept value,
the greater the contribution of the surface adsorption to the
rate-controlling step [12]; K, is the liquid film diffusion rate
constant (1/min) and F = Q,/Q,. If the plot of Q, vs. #*° gave a
straight line that passed through the origin, then the intra-
particle diffusion was the only rate-limiting step. If the plot
of -In(1 - F) vs. t showed as a straight line with a zero inter-
cept, the adsorption kinetics was mainly controlled by the
film diffusion process.

The linearizing results are shown in Fig. 7 and the
parameters are listed in Table 3. According to the correla-
tion coefficient (R?), the kinetic data indicated that the
adsorption process was controlled by the pseudo-second-
order model. And the calculated Q, values were very close
to the experimental data, which implies that the Pb* and
Cu?* uptake process is due to chemisorption. Moreover,
it was obvious that the initial adsorption rate of Pb* was

significantly higher than that of Cu*, which was consistent
with the results obtained from a previous investigation of
the effect of contact time. The plots of Q, vs. t*° showed
straight lines with the nonzero intercepts. And the plots of
-In(1 - F) vs. t also gave the nonzero intercepts for Pb* and
Cu?* adsorption. These results indicated that the film dif-
fusion and the intraparticle diffusion were involved in the
adsorption of Pb* and Cu?. Large intercept values obtained
from intraparticle diffusion implied that surface adsorption
played an important role in Pb* and Cu® adsorption onto
PVA/MWCNTs-NC.

3.5. Adsorption mechanism

To further obtain insight into the mechanism of Pb*
and Cu?" adsorption on PVA/MWCNTs-NC, XPS spectra of
PVA/MWCNTs-NC before and after Pb* and Cu?" adsorp-
tion was analyzed. There were two peaks in N1s spectra
for PVA/MWCNTs-NC (Fig. 8a). The binding energy at
400.75 eV could be assigned to the nitrogen atom in -NH



L. Jing et al. / Desalination and Water Treatment 207 (2020) 233-245 241

Pb*-PVA/MWCNTs-NC
¥ Cu*-PVA/IMWCNTs-NC

150 200 250 300
t (min)

0 50 100
52
48 C
44 -
40 -
36 -

C 321
28 -
24

20 A

Pb*-PVA/MWCNTs-NC
v GCu”-PVA/MWCNTs-NC

/

2 4 6 8 1012 14 16 18 20 22 24
t0‘5

124

¢ Pb**-PVA/MWCNTs-NC
v Cu™*-PVA/MWCNTs-NC

0 100 200 300 400 500 600

t (min)

Pb* -PVA/MWCNTs-NC
¥ Cu*-PVA/MWCNTs-NC

0 50 100 150 200 250 300 350 400
t (min)
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Table 3

Kinetic parameters for Pb* and Cu** adsorption onto PVA/MWCNTs-NC

Metal Pseudo-first-order Pseudo-second-order Intraparticle diffusion Film diffusion

Q, K x10? R Q, K, x 10 R? K, C R? K,x102 R
Pb* 4175 418 0939 5050 421 10.75 0.999 2,61  23.83 0904 418 0.939
Cu* 16.90  0.69 0948 3597  0.80 1.04 0.996 080 1712 0954  0.69 0.948

groups while 402.61 eV could be attributed to -C-N-
groups [13]. As shown in Figs. 8b and c, two new peaks
at 402.04 and 400.07 eV were observed after Pb* and Cu*
adsorption, which could be attributed to the N atoms in
the coordination state and the corresponding Pb* (Cu?*)
-N complexes formed. In Fig. 8d, the Ols spectrum was
divided into three peaks at binding energies of 531.75,
532.65 and 533.51 eV, which could be assigned to C=O, C-O
and O=C-O, respectively. However, it was found that the
area ratio for the peak at 533.51 eV attributed to the single
bond of C-O in carboxylate groups increased from 11.82%
to 30.43% and 23.95% after Pb** and Cu* adsorption,

respectively (Figs. 8e and f). This is because both nitrogen
and oxygen atoms possessed lone-pairs of electrons, which
could bind to Pb* and Cu* through sharing the electron
pair and form stable complexes. In Pb 4f spectrum (Fig. 8g),
the peaks at 143.72 and 138.87 eV could be ascribed to Pb
4f 5/2 and Pb 4f 7/2, respectively. It was reported that the
binding energies of Pb 4f 5/2 and Pb 4f 7/2 in Pb(NO,), were
centered at 145.0 and 139.9 eV, respectively [20]. A signifi-
cant shift to low binding energies was observed after Pb*
adsorption, which might be attributed to the formation of
Pb* -COO- and Pb* -N complexes [26]. In Cu 2p spectrum
(Fig. 8h), two peaks at 933.08 and 934.55 eV were observed,
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Fig. 9. Breakthrough curves for Pb* adsorption onto PVA/MWCNTs-NC.

which corresponded to the coordinate binding and ionic
binding of Cu* ions to the functional groups [33]. Based
on the FTIR and XPS results, the mechanism of Pb* and
Cu? adsorption by PVA/MWCNTs-NC was proposed and
shown in Fig. 1.

3.6. Column studies

The continuous flow operations in column mode were
also carried out to evaluate the potential application of
PVA/MWCNTs-NC in large-scale wastewater treatment.
Some column parameters including the total mass of
Pb* adsorbed (Q,,., mg), the total amount of Pb* passed
through the column (M, _, mg), removal percentage (R, %)
and the equilibrium adsorption capacity (Q, mg/g) can be
determined by Eqs.(10)—(13) [34].

_ Q =t
Qtotal - 1000 J.I:O Cadsdt (10)
CoxQxt, .
= S0 X X o 11
total 1000 ( )
R = St 100 (12)
total
Q, = Lo (13)
m

where C  is the adsorbed metal concentration (mg/L), C,
and C, are the influent and effluent concentration (mg/L), Q
is the flow rate (mL/min), t_ . is the total time (min) and m is
the adsorbent mass (g).

Thomas’s model is widely used to describe the fixed-bed
adsorption column [34].

total

[ 1 (14)

CU - 1+ exp((km / Q)(thWl - COVeff))

where k, is the Thomas rate constant (mL/(mg min)) and
gy, is the maximum adsorption capacity (mg/g) and V. is
the effluent volume (L).

At a flow rate of 2.0 mL/min (Fig. 9a), the adsorption
column containing 2.0 g of PVA/CNTs-NC could purify
4,080 mL of 50 mg/L Pb* solutions before breakthrough
occurred. However, increasing the flow rate from 2.0 to
4.0 mL/min, the breakthrough curves became steeper.
At the same time, the breakthrough time and exhaustion
time significantly decreased. As an increase in the flow rate
reduced the residence time of Pb* ions in the column, Pb*
ions did not have enough time to diffuse into the interior
of adsorbent and react with the active sites, which conse-
quently resulted in lower adsorption capacity and removal
efficiency. When the flow rate increased from 2.0 to 4.0 mL/
min, the adsorption capacity and the removal efficiencies
of Pb** decreased 123.84 mg/g and 36.21%, respectively.

As shown in Fig. 9b, an increase in Pb* concentra-
tion from 50 to 100 mg/L in influent resulted in a signifi-
cant decrease in breakthrough time and exhaust time. In a
fixed-bed column, the solution with constant Pb* concen-
tration continuously passed through the column. During
this process, Pb** would be exposed to the limited adsorp-
tion sites due to the short contact time. Thus, only a small
part of Pb* ions in the influent could interact with the
binding sites and some Pb* ions were left in the solution.
As a result, the breakthrough curve became much steeper.
When Pb* concentration in the influent increased from
50 to 100 mg/L, the adsorption capacity slightly increased,
while the removal efficiency decreased by about 20.44%.

Thomas’s model exhibited a good fit of the experimen-
tal data at a different flow rate and influent metal con-
centration with high correlation coefficients (R? > 0.977).
The calculated q., were in agreement with the experimen-
tal QM_XID values. However, the k, values decreased with
increasing the flow rate and influent Pb* concentration.
Thus, the high removal efficiency of Pb* was obtained at
low flow rates and influent metal concentrations. Therefore,
decreasing influent metal concentration and the flow rate
would result in better utilization of the fixed-bed column.
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The adsorption column system showed a higher adsorption
capacity of Pb* in comparison to batch operation. The same
results were reported for the biosorption of Cu(Il) by the
pretreated Aspergillus niger biomass in a column [33].

3.7. Desorption and reusability

Desorption and reusability of Pb* and Cu*  loaded PVA/
MWCNTs-NC was investigated. Pb*/Cu* loaded PVA/
MWCNTs-NC was added into 20 mL of 0.2 mol/L HCl
and shaken for 12 h at room temperature. Then PVA/
MWCNTs-NC was placed in 50 mL of 500 mg/L NaCl solu-
tion to regenerate. It was found that the HCI solution was
quite effective for the desorption of Pb* and Cu* ions on
PVA/MWCNTs-NC with a high desorption efficiency of
98.8% and 91.3%, respectively. To test the reusability of
PVA/MWCNTs-NC, adsorption-desorption operation was
repeated 10 times. After 10cycles of adsorption—desorption
operations, the concentration of Pb* and Cu* in the solution
were measured. The results showed that the adsorption effi-
ciency was reduced only by about 10% and 13% for Pb* and
Cu” ions, respectively, indicating that PVA/MWCNTs-NC
had good reusability for Pb* and Cu* removal.

4. Conclusions

The adsorption experiments showed that succinic
anhydride modified MWCNTs (MWCNTs-NC) exhibited
excellent adsorption capacities for Pb* and Cu* (244 and
215 mg/g, respectively), which were about 40 and 10 times
higher than that of pristine MWCNTs. PVA/MWCNTs-NC
was able to efficiently remove Pb* ions at wide pH ranges
with rapid kinetics and good selectivity. The adsorp-
tion data of Pb* and Cu* onto MWCNTs-NC and PVA/
MWCNTs-NC fitted Langmuir model well, indicating
monolayer adsorption. Kinetic experiments showed that
the adsorption of Pb* and Cu* onto PVA/MWCNTs-NC
followed the pseudo-second-order model suggesting that
the surface adsorption and intraparticle diffusion were
involved in the adsorption process. FTIR and XPS revealed
that complexes were formed between metal ions and func-
tional groups of PVA/MWCNTs-NC. Furthermore, PVA/
MWCNTs-NC was reused without significant loss of
adsorption capacity after 10 cycles. Thus, it was demon-
strated that PVA/MWCNTs-NC showed the good potential
for removal of Pb* and Cu?* ions from effluents.
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