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GRAPHICAL ABSTRACT

« Hybrid alumina-decorated multi-wall
carbon nanotubes (MWCNTSs) were
synthesized.

o Alumina (Al,03) was “soldered” by
slow pyrolysis on MWCNTSs.

« The hybrids were used to
simultaneously remove Cd(II) ion and
TCE from groundwater.

« The nanocomposites showed higher
adsorption capacity than MWCNTs
and A1203.

« The Al;03 could significantly restrain
aggregation of functionalized
MWCNTs.
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An adsorbent was prepared by decorating alumina onto the surface of multi-wall carbon nanotubes
(MWCNTs) for simultaneous removal of cadmium ion (Cd(Il) ion) and trichloroethylene (TCE) from
groundwater. Structural characterization demonstrated that the nanocomposites was successfully
synthesized and exhibited large surface area and restrained aggregation property. Batch experiments
were conducted under various conditions (i.e., different pH, the presence of other groundwater
constituents) to investigate the removal of Cd(II) ion or/and TCE by the alumina-decorated multi-walled
carbon nanotubes (Al,03/MWCNTSs) and the underlying mechanisms. The adsorption kinetics of Cd(Il) ion
and TCE followed the pseudo-second-order kinetic model and exhibited 3-stage intraparticle diffusion
mode. Equilibrium data of Cd(II) ion and TCE were best fitted by Langmuir and Freundlich model, respec-
tively. The adsorption mechanisms of Al,03/MWCNTSs toward Cd(II) ion and TCE mainly involved in the
electrostatic interactions, the hydrogen bond interactions and the protonation or hydroxylation of Al,Os.
The maximum adsorption capacities of Al,O03/MWCNTs for TCE and Cd(Il) ion were 19.84 mg/g and
27.21 mg/g, respectively, which were higher than that of Al,0;, MWCNTs and the functionalized
MWCNTs. The results suggested that the Al,03/MWCNTs could be considered as an effective and promis-
ing adsorbent for simultaneous removal of Cd(Il) ion and TCE from groundwater.
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1. Introduction

Groundwater pollution has become a critical environmental
and economic issue in the worldwide [1]. Heavy metal ions such
as cadmium ion (Cd(II) ion) are the main contaminant of ground-
water and soils at the metal plating industry and the solid waste
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landfill site [1]. Due to its nonbiodegradable nature, Cd(II) ion can
accumulate in the environment and enter the food chain, causing
adverse effects to human health and ecological receptors and
resulting in osteoporosis, anemia and renal damage [2]. Because
of the improper storage and disposal of the spent solvents, ground-
water contamination by chlorinated solvents (mainly trichlor-
oethylene) at many industries and solid waste landfill sites has
been discovered and can influence the human central nervous sys-
tem, causing symptoms such as dizziness, headaches, confusion,
euphoria, facial numbness, and weakness [3,4]. Therefore, the US
EPA recommends permissible limit in drinking water to be 5 pg/L
for both Cd(II) ion and TCE [5,6]. It should be noted that there is
a high possibility that Cd(Il) ion and TCE coexist in the environ-
ment, such as groundwater contaminated by the landfill leachate
[7,8]. Thus, there is a need to find an effective approach to remove
the excess Cd(II) ion and TCE from groundwater simultaneously.

Several methods have been applied for the removal of Cd(Il) ion
or TCE from aqueous solution, e.g., precipitation, ion exchange, coa-
gulation, and adsorption [9]. Among these methods, adsorption is
one of the most popular and widely used techniques for ground-
water depuration, and shows a robust operating configuration, high
reliability and economic advantages [10]. Various adsorbents like
magnetic mesoporous carbon [11], carbon [2], activated alumina
[12], activated carbon [13], sustainable organic mulch [10], acid/ba-
sic oxygen furnace slag [3], pine needle biochars [14] were used for
the removal of Cd(II) ion/TCE. However, many of these adsorbents
have low adsorption capacity and slow process kinetics. Hence, it
is quite necessary to develop some useful adsorbents.

Carbon nanotubes (CNTs), including single-wall (SWCNTSs) and
multi-wall (MWCNTs), have attracted significant attention in
environmental protection. Unlike many adsorbents, MWCNTSs pos-
sess different features that contribute to the excellent removal
capacities; such as fibrous shape with high aspect ratio, large
accessible external surface area, light mass density, easily modified
surfaces and well developed mesopores [15-17]. However, the
strong intermolecular interactions between the tubes can lead to
the formation of aggregates, decreasing their accessible surface
area and hindering the application of MWCNTSs [18]. In order to
solve this problem, the uses of MWCNTSs as support of CeO, [19],
iron oxides [20], TiO, [21], tungsten oxide [22], chitosan [23], cel-
lulose [24], graphene [25] and MnO, [26] have been reported.
Saleh et al. [27] synthesized the nanocomposite MWCNT/alumina
via hydrothermal treatment and investigated the possible chemical
bond formation between functionalized carbon nanotubes and alu-
mina. Previous studies also synthesized the amorphous alumina
supported on carbon nanotubes, the granular carbon nanotubes/
alumina hybrid and the nanofloral clusters of carbon nanotubes/
activated alumina to remove fluoride and lead [9,28], diclofenac
sodium and carbamazepine [29] and Cr(VI) and Cd(Il) ion [12],
respectively. This composites not only possess large surface area,
a better orientation degree [30], but also exhibit excellent charac-
teristics and high adsorption capacities for contaminants. But most
current researches focused on the adsorption of heavy metal or
organic contaminants and failed to consider the potential interac-
tions between heavy metal and organic contaminants in a coexist-
ing system. To the best of our knowledge, there are no reports
about the synthesis of nano-sized Al,O3/MWCNTs composites
and its application in the simultaneous removal of Cd(II) ion and
TCE from groundwater.

In the present work, we synthesized a new Al,03/MWCNTs
adsorbent with an improved approach and investigated the
feasibility and mechanisms of simultaneous adsorption of Cd(II)
ion and TCE from contaminated groundwater. The influences of
solution pH and groundwater constituents on the adsorption prop-
erties were evaluated. The kinetics of Cd(II) ion and TCE adsorption
were analyzed using a pseudo-second-order kinetic model. The

adsorption equilibrium was analyzed using Langmuir and
Freundlich models. The effects of Cd(Il) ion on the sorption of
TCE and vice versa were also investigated. Finally, the feasibility
of Al,03/MWCNTs for Cd(Il) ion and TCE removal was examined
in the synthetic groundwater to simulate the situation in the prac-
tical application.

2. Materials and methods
2.1. Materials

MWCNTSs (purity: >95 wt%; ash: <1.5 wt% outer diameter: 10—
20 nm; length: 10-30 um) were purchased from Chengdu
Organic Chemistry Co. Ltd, Chinese Academy of Sciences. TCE
was purchased from Sigma-Aldrich Chemical Co, and used directly
as received. Different initial concentrations of Cd(II) ion solutions
were prepared by dissolving Cd(NOs),-5H,0 in ultrapure water.
The initial TCE solution was prepared by dilution of the TCE-in-
methanol mixture. Stock solutions were prepared daily.
Glassware was kept overnight in a 10% (v/v) HNOs3 solution. The
synthetic groundwater containing 230 mg/L Na*, 32 mg/L Ca?*,
234 mg/L Cl~, 183 mg/L HCO3, 96 mg/L SOZ~ was used as the back-
ground electrolyte in this study, which was within the typical con-
centrations of natural groundwater [31].

Cl Cl

The chemical structure of TCE

2.2. Synthesis of Al,03/MWCNTs

The preparation of Al,03/MWCNTs was accomplished according
to the previous literature with some modification [9,29]. All glass-
ware was cleaned by aqua regia freshly prepared prior to use. The
purification of the MWCNTs was accomplished by adding 2.5¢g
MW(CNTs into 50 mL concentrated nitric acid (67% by weight) at
70 °C for 24 h, followed by filtering and washing with ultrapure
water, and then adding into 50 mL HF (40% by weight) at 70 °C
for 24 h. After that, the turbid liquid was filtered and washed with
ultrapure water until the pH approach 7.0, and then drying at
105 °C for 6 h. Then, the purified MWCNTs were functionalized
by refluxing with nitric acid (67% by weight) and sulfuric acid
(96% by weight) (volume ratio 5:3) [32] at 140 °C for 2 h under stir-
ring conditions (50 rpm). The product was filtered and rinsed with
ultrapure water until the pH approach 7.0, coupled with drying
overnight in the oven. Typically, 2.5 g functionalized MWCNTs
were dispersed into ultrapure water and magnetically agitated
6 h at which acceptable level of dispersion was observed.
Afterwards, 7.835 g Al(NO3)3-9H,0 was properly dissolved in ultra-
pure water. The Al(NOs)s solutions were drop wised added into
dispersed functionalized MWCNTs. During consecutive drops,
appropriate time should be left for the aluminum to reach, appro-
priately disperse and engage to the surface of functionalized
MWCNTs. After that, the suspension was dried at 105 °C. The
obtained material was heated up to 400 °C for 2 h, where the
pyrolysis process resulted in the alumina formation decorated onto
the surface of functionalized MWCNTSs, and sealed in glass contain-
ers for subsequent testing.

2.3. Characterization methods

The morphologies and sizes of the Al,03/MWCNTs were ana-
lyzed by the S-4800 field emission scanning electron microscope
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(FESEM, Hitachi, Japan) and the transmission electron microscopy
(TEM) using a JEOL-1230 electron microscopy. The BET specific sur-
face areas were determined by Belsorp-Mini Il analyser (Japan), pore
size distribution and the total pore volume were derived from the
desorption branches of the isotherms based on BJH model. The crys-
tal phases of the samples were determined by X-ray diffractometer
with Cu-K radiation (XRD, M21X, MAC Science Ltd., Japan). Infrared
absorption spectra were measured at room temperature on a FTIR
Spectrometer (Nicolet Instrument Corporation, USA).

2.4. Adsorption experiments

Batch adsorption experiments of Cd(II) ion (or TCE) were all
conducted in 100 mL conical flasks (or 50 mL Teflon-lined screw-
capped glass-vials with no headspace to minimize the volatile loss
of TCE) at 150 rpm (Fig. S1) at 25 + 1 °C [26]. The equilibrium time
for Cd(Il) ion/TCE adsorption was 4 h/24 h. The doses of Al,03/
MW(CNTs were 1 g/L (Fig. S2). The influence of solution pH values
on Cd(II) ion/TCE removal was studied by adding Al,03/MWCNTs
into the conical flasks/glass-vials containing 50 mL of 1 mg/L
Cd(Il) ion/TCE solution [33] with pH values ranging from 4.0 to
10.0. The pH values of the solutions were adjusted with 0.1 M
NaOH or 0.1 M HCI. The effect of contact time on the adsorption
of Cd(II) ion/TCE by Al,03, MWCNTSs, functionalized MWCNTs and
Al,03/MWCNTs was also conducted in conical flasks/glass-vials
containing 50 mg of the adsorbent and 50 mL of 1 mg/L Cd(II)
ion/TCE at pH 7.0. The samples were taken using a pipette at
predetermined time intervals (0-16 h and 0-48 h). Adsorption iso-
therms experiments were performed in conical flasks/glass-vials
containing 50 mL Cd(Il) ion/TCE solution of different concentra-
tions (varying from 0.1 to 64 mg/L) at pH 7.0. Competitive adsorp-
tion studies were conducted when both adsorbates were adsorbed
onto Al,03/MWCNTSs simultaneously or one of them was preloaded
at pH 7.0. In the simultaneous adsorption experiments, the concen-
tration of TCE/Cd(II) ion was fixed at 1 mg/L while the concentra-
tion of Cd(II) ion/TCE varied from 0 to 20 mg/L. In the preloading
studies, TCE/Cd(Il) ion was first adsorbed onto Al,03/MWCNTSs
and then different concentrations of Cd(Il) ion/TCE solutions (0-
20 mg/L) were added for further adsorption. A series of concentra-
tions of CaCl, (0-80 mg/L) or humic acid (0-20 mg/L) were added
to the system to study the effect of groundwater constituents,
which was within the typical range in natural groundwater [34].
Finally, the practical application was simulated in glass-vials con-
taining 50 mL of 1 mg/L Cd(Il) ion and TCE. The Cd(II) ion and
TCE stock solution was prepared using ultrapure water and syn-
thetic groundwater. The pH=7.6 of these solutions was not
adjusted to simulate the real situation in practical application.

2.5. Analysis

To assure the accuracy, reliability, and reproducibility of the
collected data, all batch tests were performed in triplicate. The data
analysis was carried out using standard deviation and the average
relative error (ARE%) (Table S1). Blank tests without sorbent addi-
tion showed that the losses resulting from volatilization, sorption
on reactor walls were less than 4% (Table S2). After reaction, the
Al,03/MWCNTs solids were filtered by 0.22 um glass-fiber filter.
Cd(Il) ion concentrations were determined by a Perkin-Elmer
Analyst 700 atomic absorption spectrophotometer (AAS, Perkin-
Elmer, USA) [35]. While the TCE concentrations were measured
by a gas chromatograph (Agilent, GC 6890) equipped with an elec-
tron capture detector (ECD) and a Purge & Trap system (Tekmar
LSC-2000) [10]. The amounts of adsorbed Cd(II) ion and TCE were
determined by the difference between initial and final equilibrium
concentrations.

3. Results and discussion
3.1. Characterization

As shown in the TEM image (Fig. 1a), tangled MWCNTSs possess
a diameter of about 25 nm in the dissolved solutions. Fig. 1b
showed that the functionalized MWCNTSs did not change signifi-
cantly comparing with MWCNTs. This indicates that the func-
tionalization with severe and harsh experimental conditions did
not alter the nanotube structure [36]. However, it was noticeable
that there were more identifiable bright patches on functionalized
MWCNTs than MWCNTSs, suggesting the functionalization created
defect sites and polar groups, such as hydroxyl, carbonyl and car-
boxyl groups (as shown in Fig. 3), which could interact with
Al,03 nanoparticles through the hydrogen bonding [29,37]. From
Fig. 1c and d, it can be observed that the functionalized MWCNTSs
were decorated by Al,0; nanoparticles. The EDAX measurements
(Fig. 1e) shows three components presented in the nanocomposite:
carbon, oxygen, aluminum. TGA further indicates the percent of
functionalized MWCNTs in the Al,03/MWCNTs was around
45 wt¥% (Fig. S3).

Fig. 2 displays the XRD patterns of the MWCNTSs, functionalized
MWCNTs and Al,03/MWCNTs. The two peaks at 26.0°, 42.7° are
identified as the MWCNTSs and the other diffraction peaks (53.5°,
44.0°) can be indexed to the planes of hexagonal graphite structure
in the Fig. 2a and b [38]. Moreover, the broad peaks of the Fig. 2b
were higher intensity than Fig. 2a, indicating functionalized
MW(CNTs was smaller than MWCNTSs [39]. In Fig. 2¢, the diffraction
peaks of both functionalized MWCNTs and alumina can be
observed. The main dominant peaks for Al,O3; were identified at
20 =18.2°, 20.0°, 37.5°, 40.0°, 64.5°, 67.4° [9,27]. The two peaks
(26.0°, 42.7°) reflected MWCNTs in Al,O3/MWCNTs are much
lower than that of functionalized MWCNTs. This is due to the lower
XRD intensity of MWCNTs compared with the crystalline Al,03,
these peaks of functionalized MWCNTs are nearly masked [27].
The result further confirmed the functionalized MWCNTs were
decorated by Al,03; nanoparticles.

FTIR spectroscopic analysis of MWCNTs, functionalized
MW(CNTs and Al,03/MWCNTs were depicted by Fig. 3. For three
materials, the bands spectrum at 1180 cm ™! were assigned to the
stretching vibration of C—O from phenol or lactone groups and
C—C bonds [40]. The peak at around 1580 cm™! could be assigned
to the C=C stretch of the aromatic [27]. Those peaks at 3400-
3465 cm~! corresponded to —OH groups, indicating the existence
of the hydroxyl groups on the surface of materials or the adsorp-
tion of some atmospheric water during FTIR measurements [9],
which become sharper in functionalized MWCNTs. That was
because the functionalization introduced various functional groups
onto their surfaces [37]. Meanwhile, the lower intensity of the
peaks (3400-3465 cm™') of Al,05/MWCNTs comparing to func-
tionalized MWCNTs was probably ascribed to the alumina located
at the sidewalls of the functionalized MWCNTSs through the hydro-
gen bond between Al—OH and carboxyl groups [12]. The two peaks
at 2920 and 2854 cm™! corresponding to the C—H stretch vibra-
tion, which become weak in Fig. 3b, suggesting the surface of func-
tionalized MWCNTs has been decorated by alumina [9]. For
functionalized MWCNTs, the adsorption peak at 1710cm™!
corresponding to the stretching vibration of C=0 from —COOH.
But in the Al,O3/MWCNTs, the peak assigned to C=0 stretching
vibration is shifted from 1710 to 1630 cm ™!, this shift suggests that
the carboxylic acid groups on the functionalized MWCNTs are
involved in an interaction with the alumina. This illustrates that
carboxylic acid groups on the surface of functionalized MWCNTSs
and hydroxyl groups on alumina interacts with each other via
esterification to form the chemical bond [27]. The adsorption band
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Fig. 1. TEM photograph of MWCNTs (a), functionalized MWCNTs (b) and TEM (c), SEM (d), EDAX (e) of Al,03/MWCNTSs.

at around 500 cm™! in Fig. 3b reveals the vibrational properties of
Al—O band, which is obviously caused by the existence of alumina
[27].

The BET of MWCNTs (a), functionalized MWCNTs (b), Al,03/
MWCNTs (c) and BJH (d) are shown in Fig. S4. The corresponding
pore size distribution showed that the main and mean pore diame-
ter of MWCNTs and functionalized MWCNTs centered at 1.0-
10.0 nm and 11.475, 9.769 nm, respectively (Table 1). It could be
seen that the oxidation had no noticeable effects on pore size dis-
tributions, but reduced the mean diameter of functionalized
MW(CNTs, which might be attributed to the removal of the amor-
phous carbon from the surface [41]. However, for Al,03/MWCNTs,

the mean pore diameter was 10.979 nm. It could be ascribed to
their wide polydispersity, entanglement and an open network of
micropores with a pore size distribution from 1.0 to 16.0 nm [42].

3.2. Effect of pH and underlying mechanism

The removal of Cd(II) ion and TCE as a function of pH was shown
in Fig. 4. The amounts of Cd(Il) ion adsorbed onto Al,03/MWCNTs
increased slightly over the pH range of 4.0-6.0, but experienced a
rapid rise at pH 6.0-7.0. This trend was similar to Gupta et al.
[43,44] reported. At pH < pHpzc=6.2 (Fig. S5), the surfaces of
Al,03/MWCNTs having a net positive charge hinder the Cd(II) ion
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Fig. 2. XRD patterns of MWCNTs (a), functionalized MWCNTs (b) and Al,05/
MW(CNTs (c).

adsorption due to the electrostatic repulsion. Also, stiff com-
petitions between H* and Cd(II) ion for the active sites will also
decrease the Cd(Il) ion adsorption [43]. At pH > pHpzc, hydroxyl
groups were progressively deprotonated and a net negative charge
was presented on the surfaces of Al,O3/MWCNTs, which con-
tributed to the Cd(Il) ion adsorption through the formation of
metal-ligand composite complexes with cationic Cd(Il) ion [45].
Over the pH range of 8.0-10.0, the adsorption capacity of Cd(II)
ion increased from 0.961 to 0.973 mg/g, which was attributed to
the critical pH value for Cd(Il) ion hydrolysis (formation of
Cd(OH)* and Cd,(OH)3) and precipitation (Cd(OH), > 8.0) through
the electrostatic interaction and deposition [46]. Meanwhile, the
electrostatic attraction between the pairs of electrons on the oxy-
gen atoms of alumina and the positive cationic Cd(Il) ion also facili-
tated the adsorption of Cd(Il) ion [9]. Moreover, surface
precipitation and complexation between the carboxylic group,
hydroxyl and Cd(Il) ion also contributed to the adsorption of
Cd(Il) ion [47]. Finally, the physical property of the Al,Os3/
MWCNTs and the van der Waals interactions occurring between
the hexagonally arrayed carbon atoms in the graphite sheet and
Cd(II) ion could also conduce to the adsorption of Cd(II) ion [47].
Unlike the Cd(II) ion, TCE was a non-ionic and lipophilic sub-
stance. Therefore, the electrostatic interaction had little effect on

Transmittance
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—ALO,/MWCNTs (b)

-OH

Functionalized MWCNTs (c¢)
T

T T T T T T T
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm”)

Fig. 3. FTIR spectra of MWCNTs (a), Al,03/MWCNTs (b) and functionalized
MWCNTs (c).

Table 1
Pore structure parameters of MWCNTs, functionalized MWCNTs and Al,03/MWCNTs.
Sample Sper (M?/g) V, (cm?/g) Mean pore
diameter (nm)
MW(CNTs 74.21 0.3154 11.457
Functionalized MWCNTSs 115.66 0.3042 9.769
Al,03/MWCNTs 109.82 0.2492 10.979

Sger, BET surface area; V, pore specific volume.

TCE adsorption. It could be verified by the fact that the adsorption
of TCE had no significant change below and over the isoelectric
point (Fig. 4) [48]. These results are consistent with findings of pre-
vious studies, which suggested that pH should not affect the
adsorption of TCE [3,5,10,13,14]. The slightly increased adsorption
of TCE with the pH increasing from 3.0 to 10.0 could be ascribed to
the —Al—OH3 and —AI—OH groups formed by the protonation or
hydroxylation of Al,03, which facilitated the adsorption of TCE
through the hydrogen bonds [29,41]. Because TCE was a planar
molecule having a diameter of 0.56 nm [14], the lower-size
micropores of Al,O3/MWCNTs had stronger adsorption energies
due to more contact with TCE, thus would be preferentially occu-
pied if the pores were not small enough to cause molecular sieving
[49]. Meanwhile, the van der Waals forces could facilitate the
intermolecular attraction between TCE and Al,O3/MWCNTs
regardless of the TCE molecular size, electric charge and
polarizability [41]. Besides, the m-m bonding also takes place
between bulk 1t system of MWCNTSs and TCE molecules with C=C
[16]. Lastly, the sidewall of MWCNTSs has highly hydrophobic prop-
erty because of high 7 electron density of sp? carbons and TCE can
interact with the side wall of MWCNTSs through the hydrophobic
interactions [17,36]. A schematic presentation of Cd(Il) ion and
TCE interaction with Al,O03/MWCNTs was shown in Fig. 5.

3.3. Adsorption kinetics

Fig. 6 shows the time dependent data of Cd(Il) ion and TCE
adsorption by Al,03, MWCNTs, functionalized MWCNTs and
Al,03/MWCNTs. For Al,O3/MWCNTSs, the equilibrium for Cd(II)
ion and TCE was achieved within 4 h and 24 h, respectively. The
pseudo-second-order kinetic model were used to investigate the
adsorption kinetics [50,51], with the parameters calculated and
listed in Table 2. The pseudo-second-order model shows a
linear relationship with very excellent correlation coefficients
(R?> = 0.999) and good agreement between experimental (geca)
and calculated (geexp) values for both contaminant adsorption.

1.00

j——1%

—=—Cd(II) ion — -
TCE 8

- T
T L

i

0.75 H

qe(mg/g)
=
&
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pH values

Fig. 4. Effect of pH on the adsorption of Cd(II) ion and TCE by Al,03/MWCNTs.
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Fig. 5. The schematic presentation of Cd(II) ion (a) and TCE (b) interaction with
Al,03/MWCNTs.

Thus, the adsorption rates of Al,O3/MWCNTs were controlled by
physical force while the chemisorption played a small role due to
the functional groups such as —COOH and —OH [17]. The rate con-
stant of Cd(II) ion was relatively higher than that of TCE, indicating
that the uptake of Cd(II) ion was faster than TCE.

To further evaluate the mechanism and the rate-controlling
steps affecting the adsorption kinetics, intraparticle diffusion model
(Fig. 6¢) has been applied to investigate the adsorption process. The
intraparticle diffusion constants were calculated and listed in
Table 2. As shown in Fig. 6¢ and Table 2, the plots for adsorption
of Cd(II) ion and TCE by Al,O3/MWCNTSs were found to be multi-lin-
ear and the order of adsorption rate was kig1 > Kig2 > kiq3. At the ini-
tial stage, Cd(Il) ion and TCE were adsorbed on the exterior surface
of Al,03/MWCNTs. The instantaneous diffusion period (slope k;g 1)
revealed that there was a strong adsorption occurred between the
external surfaces of Al,03/MWCNTs and Cd(II) ion/TCE, which was
attributed to the electrostatic attractive forces and the SSA
(109.82 m?/g) of Al,O3/MWCNTs [37]. Meanwhile, the intra-particle
diffusion rate constant of Cd(Il) ion (k;z; =0.8912) > that of TCE
(kig1 =0.3919) indicated the adsorption of the Cd(II) ion was more
easy than TCE at the initial stage. With Cd(II) ion and TCE entering
into the micropores of Al,03/MWCNTSs, the lower-size micropores
would be preferentially occupied [49], and then the diffusion resis-
tance increased, leading to the decrease of diffusion rates (kig>).
Finally, the insignificant rise (kiq3) indicated that the Cd(Il) ion
and TCE traveled into the innermost surfaces of Al,03/MWCNTSs
and reached the equilibrium period [51]. In this process, a small
amount of adsorption occurred on the exterior surface [45].
According to this study, we could know the adsorption trends of

the Cd(Il) ion and TCE were almost the same, which were consistent
with the previous works [3,13,35,37,52].

For pH=7.0, the zeta potentials followed the order Al,03>
Al,03/MWCNTs > MWCNTSs > functionalized MWCNTs (Fig. S5).
The point of zero charge of functionalized MWCNTSs was very close
to the oxidized MWCNTs reported in other literature [15].
Therefore, the adsorption capacity of Cd(Il) ion should follow the
order functionalized MWCNTs > MWCNTs (0.4157 mg/g) > Al,03/
MWCNTs > Al,05 (0.6817 mg/g) due to the electrostatic forces.
But the adsorption capacity of Al,O03/MWCNTSs (0.9310 mg/g) was
greater than that of functionalized MWCNTs (0.9113 mg/g) from
Table S1 and Fig. S6. It was attributed to the role of Al,0s,
which could significantly restrain aggregation of functionalized
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Fig. 6. Effect of contact time on the adsorbed amount of Cd(II) ion (a), TCE (b) by
Al,03, MWCNTSs, functionalized MWCNTs, Al,03/MWCNTs and the intraparticle
diffusion model (c) of Cd(II) and TCE adsorption by Al,03/MWCNTs.
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Table 2

Summary of models and best-fit parameters of the sorption kinetics and isotherms (Al,03/MWCNTs).

Adsorbate Model Parameter 1 Parameter 2 Parameter 3 Parameter 4 Parameter 5 Parameter 6
Cd(II) ion Pseudo-second-order (t/q, = l/kq§ +t/q,) K=5.7644 g." =0.9310 q.” = 0.9480 R? =0.9996 ARE (%) =1.87
Intraparticle diffusion (g, = kigt'/?) kig1 = 0.8912 R?=0.9753 Kiq2 = 0.4071 R*=0.8871 kg3 = 0.0091 R*=0.6762
Langmuir (g, = ¢,,K.Ce/(1 + K.Ce)) K; =0.03983 qm=27.21 R?=0.9972
Freundlich (g, = KC}/") Kr=2.0678 n=1.8104 R?=0.9830
TCE Pseudo-second-order K=1.1048 q."=0.8220 q."=0.8430 R?=0.9990 ARE (%) =2.53
Intraparticle diffusion kiq1 = 0.3619 R?>=0.9728 kig2 = 0.1306 R?>=0.9770 kiq3 = 0.0163 R?=0.5559
Langmuir K; =0.03312 qm=19.84 R?=0.9925
Freundlich Kr=1.294 n=1.742 R?=0.9936

2 The measured adsorption capacity at equilibrium.

b The calculated adsorption capacity at equilibrium. ARE (%) is the average relative error.

* k (g/mg h) and ki (mg/g h'/?) are the pseudo-second-order and intra-particle diffusion rate constant, g, and g, are the adsorbed amount of adsorbent at time t and at
equilibrium, respectively (mg/g), ¢, (mg/g) is the maximum adsorption capacity, C. (mg/L) is the equilibrium solute concentration, K; (L/mg) is the Langmuir constant related
to adsorption energy, Kr and n are Freundlich constants and intensity factors, respectively.

MW(CNTs in the aqueous environment [9]. But for TCE, the SSA fol-
lowed the order functionalized MWCNTs (115.66 m?/g) > Al,Os/
MWCNTs (109.82 m?/g) > MWCNTs (74.21 m?/g) (Table 1).
Because the large SSA of the adsorbents could facilitate the adsorp-
tion of TCE, the adsorption capacity of TCE should follow the order
functionalized MWCNTSs > Al,03/MWCNTs > MWCNTs (0.4823 mg/
g). But the adsorption capacity of Al,03/MWCNTs (0.8220 mg/g)
was preponderant when compared with functionalized MWCNTs
(0.7893 mg/g). That was because the functionalized MWCNTs
easily reunite than Al,03/MWCNTs in the aqueous solution [30].
Meanwhile, the hydrogen bond between Al—OH and carboxyls
reduced the functional groups of the functionalized MWCNTSs in
the Al,O3/MWCNTs and facilitated the adsorption of TCE through
the hydrophobic interactions.

3.4. Adsorption isotherms

The nonlinear Langmuir and Freundlich adsorption isotherms of
Cd(II) ion/TCE on Al,03/MWCNTs were presented in Fig. 7. The
results were summarized in Table 2. From the Table 2, the
Freundlich isotherm model of TCE shows the higher correlation
coefficient (R?=0.9936) than the Langmuir model (R?=0.9925).
Since heterogeneous adsorption on adsorbents is assumed in
Freundlich model, better fitting with this model might suggest that
the existence of the heterogeneous distribution on the surfaces or
pores of Al,O3/MWCNTs [48,53,54]. According to other study, the
internal sites, interstitial channels, external grooves and exposed
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Fig. 7. Comparison of the experimental data and model fits of the Langmuir and
Freundlich isotherms for the adsorption of Cd(Il) ion (a) and TCE (b) by Al,05/
MWCNTs.

surface sit of Al;03/MWCNTs were all the adsorption sites of TCE
[17]. Value of 1/n (<1.0) gave an indication of the favorability of
TCE adsorption by Al,O3/MWCNTs [55]. The results were consis-
tent with the previous works, such as iron oxide nanoparticles
[56], activated carbon [13]. However, the correlation coefficient
indicated the adsorption of Cd(Il) ion tended to be fitted better
by the Langmuir model (Table 2). Better fitting with this model
might suggest the existence of homogeneous active sites of Cd(II)
ion on Al,03/MWCNTs [11]. The results were consistent with the
Al,O3 and CNTs [35,57]. The dimensionless constant
(RL =1/(1 + K.Cy)) called the separation factor was used to further
analyze Langmuir model, where K; (L/mg) is the Langmuir constant
and Cp (mg/L) is the initial Cd(II) ion concentration. The R; ranged
from 0.2818 to 0.9960 for Al,O3/MWCNTSs signified that the
adsorption of Cd(Il) ion was favorable [58].

As shown in Table 2, the estimated maximum TCE adsorption
capacity of Al;03/MWCNTs was 19.84 mg/g, which was preponder-
ant when compared with adsorbents such as allophane-TiO, com-
posite (2.52 mg/g) [59], multiwall carbon nanotubes (2.75 mg/g)
[52], granular activated carbon (2.8 mg/g) [60] and was com-
parable to that of activated carbon (23.46 mg/g) [13]. Meanwhile,
the estimated maximum Cd(II) ion adsorption capacity of Al,Os/
MWCNTs was 27.21 mg/g, which was much higher than that of
other adsorbents such as nano-alumina on SWCNT (2.18 mg/g)
[61], carbon nanotubes (HNOs) (2.92 mg/g) [47], aluminum oxide
nanoparticles (8.25 mg/g) [57], multi-walled carbon nanotubes
(H2SO4) (8.7 mg/g) [37], carbon nanotube on micro-sized Al,0O3
(12 mg/g) [62], CNT (amino-functionalization) (25.7 mg/g) [63].

3.5. Competitive adsorption studies

According to Fig. 8, the adsorption capacity of TCE reduced with
the increasing Cd(II) ion concentrations in the simultaneous
adsorption studies, which suggested that Cd(Il) ion could inhibit
TCE adsorption. Two mechanisms might be involved in this fact.
Firstly, Cd(II) ion could form complexation with acidic functional
groups. The complexation hindered the TCE molecule access to
the surfaces of Al,03/MWCNTs [64]. Secondly, Cd(Il) ion could
easily compete with water molecules for functional groups on
Al,03/MWCNTs surface to form strong inner-sphere complexes.
The complexed heavy metal ions were likely to host one or more
hydration shells of dense water, which intruded adjacent Al,05/
MWCNTs surfaces and competed with TCE for surface area, leading
to Cd(II) ion inhibition on TCE adsorption in the local region around
the metal-complexed moieties [49]. For TCE-preloading experi-
ments, little TCE was desorbed at higher concentration of Cd(II)
ion, which showed that Cd(II) ion could compete with TCE for
the same adsorption energies again.
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Fig. 8. Effects of simultaneous adsorption and TCE (Cd(Il) ion) preloading on the
sorption capacity of Al,03/MWCNTs for TCE (Cd(II) ion).

For Cd(II) ion, different concentrations of TCE had a relatively
small suppression effect on the sorption of Cd(Il) ion in the
simultaneous adsorption studies and Cd(II) ion-preloading experi-
ments. The above phenomenon could be explained by a stronger
affinity between Cd(II) ion and Al,O3/MWCNTSs due to the electro-
static attraction and the steric hindrance effect of the formation of
inner-sphere and outer-sphere complexes [55]. Meanwhile, the
higher adsorption amounts were observed in preloading experi-
ments from Fig. 8. That was because only weakly-adsorbed TCE/
Cd(II) ion were desorbed and replaced by Cd(Il) ion/TCE in the
preloading experiments. But in simultaneous adsorption, Cd(II)
ion and TCE could compete with all the adsorption sites [55].

3.6. Effect of groundwater constituents

As shown in Fig. 9, the equilibrium adsorption capacity of Cd(II)
ion on Al,O3/MWCNTs reduced with the increasing concentration
of Ca%*, suggesting that Ca?* had a negative effect on the adsorption
of Cd(Il) ion. The results indicated that Ca** and Cd(lI) ion could
compete for the same adsorption sites due to the complexation
and electrostatic forces [1]. According to the Gupta et al [43], an
increasing ionic strength of solution influenced the activity coeffi-
cient of metal ions that may limit their transfer to the composite
surfaces. However, the presence of HA enhanced the adsorption
of Cd(II) ion. It seemed to be due to the fact that Al,03/MWCNTSs
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Fig. 9. Effect of groundwater constituents (CaCl,, HA) on the adsorbed amount of
Cd(II) ion and TCE by Al,03/MWCNTs.

Table 3
The practical application of Al,O3/MWCNTs in ultrapure water and groundwater.

Adsorbate Initial concentration =~ Mean adsorption capacity (mg/g)
(mg/L) Ultrapure water Groundwater
(pH 7.0) (pH 7.6)
Cd(I1) ion  1.028 0.931 0.942
TCE 1.089 0.821 0.820

surface became more heterogeneous with increasing HA loading,
which might be explained by the variety of functional groups intro-
duced by HA molecules, such as carbonyl, carboxyl, aromatic and
aliphatic groups [34]. These functional groups facilitated the
Cd(II) ion adsorption by the electrostatic attraction. Furthermore,
the rapid surface complexation of Cd(Il) ion on the surface of HA
particles could also contribute to the adsorption. This mechanism
was represented by the following general reaction [1]:

HA—OH + Cd** = HA—O—Cd** + H*

Fig. 9 also showed that the TCE adsorption capacity declined
with the increasing concentration of HA. This could be explained
by the fact that HA coated Al,O3/MWCNTSs were better dispersed
in water forming a loosely coiled network of tubes. The coverage
of Al,O3/MWCNTs adsorption sites reduced the adsorption affinity
of TCE [14]. However, the equilibrium adsorption capacity of TCE
was not sensitive to the presence of Ca%*. It might be resulted from
the functional groups located at tube ends and defected sites on
the tube sidewalls [48]. Similar results have also been observed
in the case of activated carbon [13].

3.7. Application of Al,03/MWCNTs to groundwater samples

Table 3 shows the adsorption capacity of Cd(Il) ion in synthe-
sized groundwater was a little greater than that in ultrapure water.
That was because the higher pH contributed to the Cd(Il) ion
adsorption (Fig. 4). Although the salinity of the synthesized
groundwater hindered the adsorption of Cd(II) ion (Fig. 9), it might
not be enough to cover the increase. Whereas, the adsorption
capacity of TCE in synthesized groundwater was almost equal to
that in ultrapure water. It was because the salinity of the synthe-
sized groundwater slightly affected the adsorption of TCE (Fig. 9).
Meanwhile, the pH would have no impact on the adsorption per-
formance over the pH range of 7.0-9.0 (Fig. 4). From the above
results, we can forecast that Al,03/MWCNTSs exhibit good perfor-
mance in simultaneous removing TCE and Cd(Il) ion from
groundwater.

4. Conclusions

Alumina-decorated multi-walled carbon nanotubes were suc-
cessfully synthesized and used as an effective adsorbent for
simultaneous removal of TCE and Cd(II) ion. The physicochemical
analysis confirmed successful covalent linking of the functional
groups on the Al,O3/MWCNTs and had more active adsorption
sites than MWCNTSs. The BET surface area of Al,O3/MWCNTs was
much larger than MWCNTs. The Al,03/MWCNTs exhibited excel-
lent adsorption performance at neutral pH for both TCE and
Cd(II) ion. Both of the adsorption of TCE and Cd(Il) ion by Al,05/
MWCNTs were well fitted by the pseudo-second-order Kkinetic
model and intraparticle diffusion model. Freundlich model was
most appropriate to fit TCE adsorption, but for Cd(II) ion, the
Langmuir isotherm was more appropriate. Competitive adsorption
experiments showed that the adsorption of TCE and Cd(II) ion by
Al,03/MWCNTs had insignificant impacts on each other. The pres-
ence of Ca®* reduced the equilibrium adsorption capacity of Cd(II)



J. Liang et al. / Chemical Engineering Journal 273 (2015) 101-110 109

ion, and slightly hindered the adsorption of TCE, while the pres-
ence of HA decreased the equilibrium adsorption capacity of TCE,
but facilitated the adsorption of Cd(II) ion. The adsorption mecha-
nisms of Cd(II) ion could be summarized as the electrostatic attrac-
tion, complexation and physical properties of Al,03/MWCNTs, but
for TCE, would be the physical properties of Al,03/MWCNTSs,
hydrogen bond interactions and pore-filling theory. The simulated
practical application indicated that Al,O03/MWCNTs exhibited good
behavior in removing TCE and Cd(Il) ion. Thus, the results and
corresponding sorption mechanisms indicate that the synthesized
nano-sized Al,03/MWCNTSs have the potential to be employed as
multi-sorbents, capable of removing both metallic and organic
contaminants.
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