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ABSTRACT

In this work, novel environmentally benign nanocomposites, carboxyl functionalized mul-
tiwall carbon nanotubes (MWCNT-COOH) impregnated into calcium-alginate (CA) beads
(CA-MWCNT-COOH), were tested for their abilities to remove a common dye contaminant,
methylene blue (MB), from aqueous solution. Kinetic studies showed that the adsorption
process of CA-MWCNT-COOH had similar speed to that of CA beads but was slower than
that of undispersed MWCNT-COOH. With a Langmuir maximum MB adsorption capacity
of 1189 mg g1, the CA-MWCNT-COOH performed best, outperforming both CA beads alone
(1144.7 mg g~?) and the undispersed MWCNT-COOH (33.4mgg~'). Furthermore, the impreg-
nation also dramatically enhanced the adsorption of MB onto other types of MWCNTs,
indicating CA beads are an excellent supporting material to disperse and stabilize carbon

Sorbents
Contaminant removal
Adsorption

nanotubes for their optimal application as a high-capacity adsorbent.
© 2018 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

With the rapid development of the textile, printing and dyeing industry,
dye wastewater emissions are increasing. The total dye consumption in
the textile industry worldwide is more than 10,000 t/year and approx-
imately 100t/year of dyes is discharged into aquatic systems (Yagub
et al., 2014). Dyes are responsible for water-borne diseases exhibiting
symptoms such as hemorrhage, nausea, dermatitis, ulceration of skin
and mucous membranes, kidney damage, and a loss of bone marrow
leading to anemia (Tung et al., 2013). Therefore, technologies are needed
for the removal of dye from wastewater streams (Crini, 2006; Yagub
et al.,, 2014). The traditional biological processing method is low in
cost, but the degradation process is slow, and the treatment equipment
requires a large land area. Alternative processing techniques adopted
to treat dye wastewater include precipitation, flotation, ion exchange,
solvent extraction, cementation onto iron, membrane filtration, chem-
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ical oxidation, coagulation, flocculation and electrochemical treatment
(Sadri Moghaddam et al., 2010). For many of these technologies, such as
electrochemical treatment, the equipment is simple and can be auto-
mated, but the treatment cost is high. Therefore, development of new
low-cost and effective technologies for treating dyeing wastewater has
become a research priority for governments and environmental engi-
neers globally.

At present, the adsorption method is straightforward and has been
widely used in the treatment of pollutants in water and air (Gupta et al.,
2012b; Rafatullah et al., 2010). But improving adsorption efficiency is
a great challenge. Various adsorbents and methods such as activated
carbon (Ayranci and Duman, 2009), sepiolite (Duman et al., 2015b), ver-
miculite (Duman et al., 2015a), carbon nanotube (Duman et al., 2016a,
2016b) and photo-catalytic degradation (Gupta et al., 2012a, 2011b) were
used to remove dyes from aqueous solution. In addition, activated car-
bon is the most widely used adsorbent to remove pollutants from water
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(Ayranci and Duman, 2009, 2010; Duman and Ayranci, 2006, 2010a,
2010b). On the other hand, the application of activated carbon for a
large-scale wastewater treatment is limited because of its high cost
(Duman et al., 2015a). Therefore, a lot of research has been continued
for inexpensive alternative adsorbents having reasonable adsorption
efficiencies (Duman et al., 2015b). Nanomaterials show great potential
for environmental remediation as they are excellent sorbents due to
their large specific surface areas and high reactivity (Khin et al., 2012;
Qu et al., 2013; Zhang and Gao, 2013). Carbon nanotubes (CNTSs) are a
new type of sorbent with the advantages of large adsorption capac-
ity, fast adsorption rate and are effective on a wide range of sorptive
(Gupta et al.,, 2011a, 2013; Inyang et al., 2014; Kuo et al., 2008; Saleh
and Gupta, 2012; Wu, 2007). There are many kinds of CNTs being pro-
posed as potential adsorbents for the treatment of dyeing wastewater,
each having different characteristics. CNTs are usually between sev-
eral hundred nanometers and tens of micrometers in length. However,
due to the strong van der Waals attractive intermolecular forces, CNTs
often exist in an entangled and aggregated states, lowering their effec-
tive specific surface area. In order to preserve the excellent adsorption
performance of carbon nanotubes, a dispersive agent is required (Xie
etal., 2005). Controversially, it is difficult to separate the well-dispersed
CNTs completely from the water during the conventional water treat-
ment process. A fixation or impregnation method is thus required to
avoid nano-pollution caused by CNTs, which may affect the health of
the environment and the human body (Aschberger et al., 2010; Lam
et al., 2006).

Preparation of CNT nanocomposite materials can overcome the
problems associated with the small size of CNTs, making them more
useful to be used as an adsorbent in the environmental field (junget al.,
2015; Saber-Samandari et al., 2017). Alginate is a natural polysaccharide
product extracted from cold water brown seaweed. It has good sorptive
ability due to its many organic functional groups (e.g. carboxylic and
phenolic) and is environmentally benign. Because of these advantages,
calcium alginate (CA) has been often used as the supporting material
to impregnate a variety of engineered nanomaterials including CNTs to
improve their dispersion and stability for environmental applications
(Jung et al., 2015; Li et al., 2013; Qu et al., 2013).

There are more than 100,000 dyes that are commercially avail-
able, but our current research focuses on the removal of a common
dye, methylene blue (MB), which is regarded as a very dangerous
environment pollutant with negative human health effects even in
small quantities (Nigam et al., 2000; Rafatullah et al., 2010). Because
of its known strong adsorption onto solids, MB often serves as a
model compound for studies of organic contaminant (e.g., organic dyes)
removal from aqueous solutions by various adsorbents (Ding et al.,
2016; Gimbert et al., 2008; Houas et al., 2001; Lyu et al., 2018; Zhang and
Gao, 2013). The objectives of this study are as follows: (1) synthesis dif-
ferent types of CA-based multiwall CNT (MWCNT) nanocomposites; (2)
investigate the adsorption behaviors of MB onto the nanocomposites;
and (3) determine the effect of CA impregnation on the MB adsorption
on different types of MWCNTs.

2. Experimental methods

2.1. Chemicals and reagents

Four different multiwall carbon nanotubes (MWCNTSs) were
purchased from Sinonano (Nanjing, China): (1) carboxylated
(MWCNT-COOH), (2) hydroxylated (MWCNT-OH), (3) elemen-
tal sulfur functionalized (S-MWNT-1020) and (4) pristine
(MWCNT). Sodium alginate from Macrosytica pyrifera (MP
Biomedicals, Inc. Co., USA), calcium chloride (CaCl,) and
methylene blue (Acros Organics) were all purchased from
Fisher Scientific. Stock solutions of MB (1000mgL~1) were
prepared in deionized (DI) water which were further diluted
to achieve desired concentrations. All the chemicals and
reagents used in this study were of reagent grade and used
without any further purification.

2.2.  Preparation of the sorbents

To make beads of CA-MWCNT composites, sodium alginate
was mixed with MWCNT and placed into a CaCl, solution, fol-
lowed by sodium removal and dried. First, the MWCNTSs were
dispersed in DI water (1% w/v) using an ultrasonic cleaner
(Model B3510-MT Branson Ultrasonics Co., USA) which had a
nominal frequency of 40 kHz, for2h at25°C. The MWCNT's dis-
persion was thoroughly mixed with a suspension of sodium
alginate (1% w/v) at the mass ratio of 0.25 (MWCNTs/alginate).
Then, 100mL of this colloidal solution was added dropwise
into 500 mL of 0.1 M CaCl, solution while stirring. The alginate
beads that formed were left overnight to stabilize. The beads
were washed several times with deionized water to remove
sodium, residual MWCNT particles, and non-cross-linked cal-
cium ions. The beads were then dried in an oven at 50°C for
24h and used as the adsorbent in the adsorption experiment.
To serve as controls, MWCNTs, as purchased, were used and
CA beads were made by the above process but without the
addition of MWCNT.

2.3. Characterizations of sorbents

The adsorbents were characterized using scanning electron
microscope (SEM), elemental and surface analysis. The SEM
was carried out to illustrate the surface morphology of the
composites after drying. The samples were imaged with a
beam energy of 20kV on a JSM-6460LV SEM. The specific sur-
face area and pore size distributions of the sorbents were
measured by N sorptometry on a Quantachrome Autosorb
I, at 77 K. Samples were de-gassed under vacuum at least 24h
at 180°C prior to analysis. The specific surface area was cal-
culated according to BET theory using adsorption data in the
0.01-0.3 relative pressure range. Pore volumes were calculated
using Barrett-Joyner-Halenda (BJH) theory using desorption
leg data.

2.4.  MB adsorption

Adsorption capacity and kinetics of MB on the sorbents (i.e.,
CA beads, MWCNTs, and nanocomposites) were all exam-
ined by mixing the sorbent with 40mL of MB solutions in
50 mL centrifuge tubes (Fisher Scientific) at room temperature
(22 £0.5°C). The tubes were shaken on a New Brunswick table
shaker at 60 rpm until sampling. To determine the adsorption
kinetics, at each sampling time (0.083, 0.5, 1, 2, 4, 8, 16 and
24h), the overlying suspensions were removed using a Pas-
teur pipette. Different MB initial concentrations were used to
determine the adsorption isotherms and the sampling time
was 24 h. For MWCNTs, samples were filtered using a 0.22 pm
syringe filter (PVDF syringe filter; Whatman). Concentrations
of MB in the solution were measured using a GENESYS 10S
UV-vis spectrophotometer at 665nm (Thermo Fisher Scien-
tific). Regeneration of the CA-MWCNT-COOH beads was also
tested. The CA-MWCNT-COOH beads were first loaded with
MB of initial concentration of 50 mgL~! (shaken for 24 h). After
filtration, CA-MWCNT-COOH beads were added into 40 mL DI
water and shaken for 24 h to desorb the MB. Four regeneration
cycles were performed.

All the adsorption experiments were conducted in trip-
licate, and the average experimental data and standard
deviation were reported. For comparison, a control experiment
was carried out using the same procedure without adsorbents.
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Table 1 - Basic characteristics of the four MWCNTSs used in this study.

CNTs Diameter (nm) Length (pm) Ash (wt %) Specific surface area (m? g—?)
MWCNT 20-40 1-15 <2 227.3
MWCNT-COOH >50 10-20 <15 86.6
MWCNT-OH <2 5-15 <2 435.7
S-MWNT-1020 10-20 1-2 <2 127.4

|

5 mm
CA beads (Before drying) CAbeads (After drying)

q|

CA-MWCNT-COOH (Before drying)

CA-MWCNT-COOH (After drying)

Fig. 1 - Photographs of alginate beads (CA) and alginate-carbon nanotube nanocomposites (CA-MWCNT-COOH) before and

after drying.

Various models were used to simulate the adsorption kinetics
and isotherms.

3. Results and discussion
3.1. Characterization of sorbents

The characteristics of four types of MWCNTs are listed
in Table 1. All the CA-based sorbents displayed significant
shrinkage after drying (Fig. 1). The diameters of non-dried
and dried (CA and CA-MWCNTSs) beads is 3.3+0.1mm and
0.76 £0.01 mm, respectively. SEM showed that the surface
structures of the dried CA-MWCNT-OH and CA-MWCNT
were relatively compact, while the internal structures of
the dried CA-MWCNT-COOH and CA-S-MWNT-1020 were
relatively more porous in texture, suggesting that the MWCNT-
COOH and S-MWNT-1020 might have better ability to create
pore space within the nanocomposites (Fig. 2).

3.2.  Adsorption kinetics

The adsorption of MB (50mgL~! initial concentration) on
MWCNT-COOH nanoparticles and dried CA and CA-MWCNT-

COOH beads was studied as a function of contact time. The
uptake process of MB for MWCNT-COOH was found to be fast
with 92.8% of the adsorption completed in about 5 min (Fig. 3),
suggesting the relatively fast external mass transfer was the
rate-determining step. However, the adsorption of MB for both
CA and CA-MWCNT-COOH exhibited a slower uptake, remov-
ing 75.5% of the MB within 8 h, and 82.5% within 16 h. This was
due to the adsorption kinetics of MB on the nanocomposites
were mainly controlled by the diffusive transport of the MB
compounds within the pore network of the nanocomposites.
There was no significant change in the amount of MB adsorp-
tion after about 24 h, the equilibration point. The adsorption
capacity of CA-MWCNT-COOH for MB was 100.7 mgg~!, which
corresponded to 75.5% removal efficiency during the initial
8h contact time. The equilibrium time found for CA-MWCNT-
COOCH in this study is longer than has been observed by
others (Bulut and Aydin, 2006; Dogan et al., 2004), probably
because of the differences in pore tortuosity of the nanocom-
posites.

Modeling the adsorption kinetic data helps to under-
stand the potential rate-controlling steps and mechanisms
in the adsorption process (Li et al., 2005). Pseudo-first-order,



238 CHEMICAL ENGINEERING RESEARCH AND DESIGN 133 (2018) 235-242

CA-MWCNT-OH beads

CA-S-MWNT-1020 beads

Fig. 2 - Scanning electron microscope (SEM) images of alginate-carbon nanotube nanocomposites (dried), cut to reveal their
surface morphology. Samples were imaged with a beam energy of 25kV on a JSM-6460LV SEM. See text for abbreviations.

140

® CA

v CA-MWCNT-COOH
1201 @ MWCNT-COOH
Pseudo-second-order

o
o
!

80 -

60

Adsorbed MB (mg g‘1)

40

20 +

Contact time (h)

Fig. 3 - Adsorption kinetics of MB onto CA, MWCNT-COOH,
and CA-MWCNT-COOH at initial MB concentration of
50mgL~!. The solid line is a pseudo-second-order kinetic
model (discussed in the text). Error bars represent standard
error of triplicate samples (n =3). MWCNT-COOH dose
5mg/40 mL, CA and CA-MWCNT-COOH dose 15 mg/40 mL.

pseudo-second-order, Elovich and Ritchie models were used
to simulate the adsorption kinetic data.

ar = qo(1 — e7¥1t),  Pseudo-first-order (1)
2
qt = % Pseudo-second-order 2
1 .
Qi = Bln (@pt+1), Elovich (3)

1

G =qe — (qe“k—“t) 1=n  pitchie ()
1-n

where q: (mgg™?) and qe (mgg!) are the amounts of MB
sorbed at time t and at equilibrium, respectively; k; (h~?),
k; (gmg'h'), and ky (g ! mg' " h1) are the pseudo-first-
order, pseudo-second-order, and Ritchie ny,-order adsorption
rate constants, o« (mgg~! h1) is the initial adsorption rate; and
B (gmg~1) is the desorption constant.

Among all the tested models, the pseudo-second-order
models described the MB adsorption kinetics better than the
other models (Table 2). This suggests that the adsorption of MB
follows pseudo-second-order kinetics and there might be mul-
tiple sites or processes involved. In the initial stage, the higher
driving force allowed external mass transfer resistances to
be overcome, and active sites with a higher affinity were
occupied. Once the high-affinity binding sites are occupied,
residual binding sites with a lower affinity become occupied,
leading to the slow attainment of equilibrium.

3.3.  Sorbent dosage

Given the 24h was found to be sufficient for adsorption to
reach equilibrium all further experiments were carried out
over this duration. The CA-MWCNT-COOH dosage was varied
from 2.5mg to 25 mg with initial MB concentration 50 mgL~1.
On a sorbent weight-normalized basis, the adsorbed MB
amount decreased with increasing sorbents dosage when the
dosage was between 50 and 250 mgL~1, while the removal rate
(%) increased (Fig. 4). When the amount of sorbents dosage
was increased above 250mgL~1, adsorption loading reached a
plateau. Similarly, MB removal rate efficiency increased read-
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Table 2 - Summary of the best-fit parameters of various kinetic models for MB adsorption onto the studied sorbents.

Adsorbent Model Parameter 1 Parameter 2 R?
CA Pseudo-first-order k1=0.399 qe=107.2 0.995
Pseudo-second-order k, =0.00383 qe=122.7 0.998
Elovich a=102.2 B=0.0381 0.981
Ritchie k, =0.0102 qe=114.3 0.998
MWCNT-COOH Pseudo-first-order k1=30.6 qe=32.6 0.995
Pseudo-second-order k) =3.84 qe=32.8 0.996
Elovich a =896 p=0.201 0.440
Ritchie ky,=1.69 qe=32.6 0.996
CA-MWCNT-COOH Pseudo-first-order k1=0.421 qe=109.1 0.996
Pseudo-second-order ko =0.00405 qe=124.3 0.997
Elovich a=113.8 B=0.0383 0.977
Ritchie 2=0.0114 qe=113.8 0.998

Note: Initial MB concentration 50 mgL~!, MWCNT-COOH dose 5 mg/40 mL, CA and CA-MWCNT-COOH dose 15 mg/40 mL. Model equations and

parameters are described in the text.
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Fig. 4 — Effect of CA-MWCNT-COOH dosage on MB
adsorption capacity (circles) and removal rate (triangles) at
initial MB concentration 50 mgL~! (24 h contact time). Error
bars represent standard error of triplicate samples (n=3).

ily with increasing sorbent dosage until about 250 mg L1, after
which removal rate increased to a maximum of 91%. This can
be interpreted as an indicating a surface site adsorption mech-
anism in which binding sites become nearly saturated at a
specificloading (250 mgL~! dosage). A similar mechanism was
also shown in other studies (Jin et al., 2008). Hence, optimum
CA-MWCNT-COOH dosage for removal of MB was found to be
about 250 mgL~! of CA-MWCNT-COOH for initial MB concen-
tration 50mgL~1,

3.4.  Adsorption isotherms

Equilibrium MB adsorption isotherms of CA, MWCNT-COOH,
and CA-MWCNT-COOH were generated using a dosage of
15mg dry weight per 40 mL solution and a 24 h contact time
(Fig. 5). Adsorption of MB increased rapidly up to an equi-
librium MB concentration of about 100mgL~! than leveled
off rapidly. Equilibrium adsorption isotherm modeling was
used to better understand the mechanism of adsorption
and to identify the maximum adsorption capacity of each
material. Several mathematical models have been used for
describing equilibrium studies for the removal of pollutants by
adsorption data were fitted to both Freundlich and Langmuir
isotherm models using the following equations:
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Fig. 5 - Adsorption isotherms of MB onto CA,
MWCNT-COOH, and CA-MWCNT-COOH. Data modeled uses
Langmuir model (solid lines). Error bars represent standard
error of triplicate samples (n =3). Symbols may cover error
bars. Contact time 24h, MWCNT-COOH dose 5mg/40 mL,
CA and CA-MWCNT-COOH dose 15 mg/40 mL.

Langmuir isotherm : e = Qm kp.-Ce/(1 + ki Ce) (5)
Freundlich isotherm : g = ky Cc'/™ (6)

where q. (mgg~') is the adsorption capacity; Qn (mgg~1) is the
maximum adsorption capacity; C. (mgL~?) is the equilibrium
concentration after the adsorption or desorption; k. (Lmg™1)
is a Langmuir constant; ks (mg'~¥n LYn g=1) is the Freundlich
adsorption constant; 1/n (dimensionless) is the adsorption
affinity.

The Langmuir model presumes that adsorption on a
homogenous surface is a monolayer process without any
interactions among adsorbed ions. The Freundlich model is
based on the assumption that the adsorption of sorbent ions
occurs on a heterogeneous surface and may involve multi-
ple mechanisms. Although the Langmuir and the Freundlich
models cannot provide conclusive proofs of the adsorption
mechanisms, they are commonly used in the literature as
a powerful tool to interpret isotherms to reveal adsorption
mechanisms (Liu et al., 2012; Wang et al., 2018). For all three
sorbents, the Langmuir equation simulated the data bet-
ter than the Freundlich equation (i.e. higher R? in Table 3),
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Table 3 - Summary of the best-fit isotherm model parameters for MB adsorption onto the studied sorbents.

Adsorbent Langmuir adsorption model Freundlich adsorption model

Qn (mgMBg™) ki (Lmg) R? ks (mg'~/n LV g=1) 1/n R?
CA 1144.7 0.0544 0.9712 195.4 0.304 0.8308
MWCNT-COOH 334 1.63 0.9978 22.6 0.0816 0.9236
CA-MWCNT-COOH 1189.0 0.0468 0.9752 186.5 0.318 0.8452

Note: Initial methylene blue concentration 30-800 mgL~!, MWCNT-COOH dose 5 mg/40 mL, CA and CA-MWCNT-COOH dose 15 mg/40 mL. Model

equations and parameters are described in the text.

Table 4 - Previously reported adsorption capacities of MB onto various sorbents.

Sorbent Qm (mggt) pH Temperature (°C) Ref.
Activated carbon 454.2 7.0 30 Hameed et al. (2007)
Carbon nanotubes 46.2 7.0 25 Yao et al. (2010)
M-MWCNTSs 48.06 = 25 Ai et al. (2011)
Alg-HNT hybrid beads 222 - 25 Liu et al. (2012)
Ca-alginate/AC beads 892 7.5 20 Hassan et al. (2014)
Calcium alginate beads 800 7.5 20 Hassan et al. (2014)
GO/Ca-alginate composites 181.81 5.4 25 Li et al. (2013)
Montmorillonite clay 289.12 35 Almeida et al. (2009)
MWCNTs 109.31 27 Zohre et al. (2010)
Ca-alginate bentonite AC beads 756.97 30 Benhouria et al. (2015)
CA-MWCNT-COOH 1189 22 This study

Note: M-MWCNT = magnetic magnetite (Fe304)-loaded multiwall carbon nanotubes, Alg-HNT hybrid beads = alginate-halloysite nanotube hybrid
beads, GO/Ca-alginate composites = graphene oxide/Ca-alginate composites.

suggesting that the adsorption process might be monomolec-
ular. The Freundlich constant, 1/n, is the concentration index
that represents the degree of linearity of the isotherm. In
this study, the 1/n constants of the three adsorbens were
less than 1, suggesting that these materials interacted with
MB might be a favorable adsorption process (Li et al., 2013).
The calculated adsorption capacities of CA, MWCNT-COOH,
and CA-MWCNT-COOH were found to be 1144.7, 33.4, and
1189.0mgg~!, respectively. The MB adsorption capacity of
CA-MWCNT-COOH is higher than that of CA and MWCNT-
COOH. This may be because, after impregnating into CA, the
MWCNT-COOH became more stable and was homogeneously
distributed in the beads with larger specific surface area and
thus more adsorption sites for MB. Compared with many other
adsorbents, including other CNT-alginate composites, the CA-
MWCNT-COOH in this work showed higher MB adsorption
capacity (Table 4).

Although the undispersed MWCNT-COOH showed much
lower MB adsorption capacity than CA, the maximum capac-
ity of their composite (CA-MWCNT-COOH) increased by 44.3
and 1155.6mgg-! compared with CA and MWCNT-COOH,
respectively. This result indicated that MB adsorption capac-
ity of the impregnated MWCNT-COOH became higher than
that of CA, confirming impregnation dramatically enhanced
its adsorption capacity. The impregnation enhanced the dis-
persion of the MWCNT-COOH within the CA bead to adsorb
MB through following potential mechanisms: (1) increasing
the carboxyl groups (—COOH) to adsorb the cationic MB com-
pounds through electrostatic attraction; and (2) exposing the
basal-plane of the MWCNT-COOH to adsorb the MB through
m—m interaction (Jeon et al., 2008; Rocher et al., 2008; Zhuang
et al., 2016). In CA-MWCNT-COOH, there are 80% of CA and
20% of MWCNT-COOH. It is reasonable to assume that the
impregnation had little effect on the sorptive property of the
CA and thus the enhanced MB adsorption was mainly from the
contribution of the impregnated MWCNT-COOH. Based mass

balance calculation, the maximum MB adsorption capacity of
the impregnated MWCNT-COOH in the nanocomposite should
be 1366.2mgg~1, which is more than 40 times of that of the
undispersed MWCNT-COOH (i.e., 33.4mgg~?). The adsorption
capacity of MB on CA-MWCNT-COOH nanocomposite in this
work is higher than that of CA/AC (calcium alginate/activated
carbon) beads and CA beads that have been reported previ-
ously in other studies (Hassan et al., 2014).

3.5. Regeneration

To evaluate the regeneration of CA-MWCNT-COOH nanocom-
posite, desorption experiments were conducted repeatly using
40mL DI water (each time) to desorb the extract MB from
post-adsorption samples (initial concentration of 50mgL~1).
Most of the adsorbed MB was desorbed by water after four
cycles. In the first three cycles, about 90% of the adsorbed
MB was extracted, and less than 10% was extracted for the
fourth cycle (Fig. 6). This result indicates that the nanocom-
posite can be used as a regenerative absorbent. Meanwhile,
there was no obvious change in the shape of the CA-MWCNT-
COOH nanocomposite after the extraction. This suggests that
the regeneration of adsorbents is feasible.

3.6. Other MWCNTSs

Finally, MB adsorption capacities of all the undispersed and
CA-impregnated MWCNTs were compared at sorbate con-
centrations near their maximum adsorption capacity (initial
MB concentration of 500mgL~1) (Fig. 7). While two of undis-
persed MWCNTSs had greater MB adsorption capacities than
undispersed MWCNT-COOH (52.44mgg~' and 71.84 mgg~* for
MWNT-1020 and MWCNT, respectively), they did not perform
as well as MWCNT-COOH when impregnated within CA beads.
CA-impregnated MWNT-OH, MWNT-1020 and MWCNT sorbed
MB significantly less than MWCNT-COOH by 12.7%, 3.25%, and
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Fig. 6 - Water-extracted MB from different extraction cycles.
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time 24 h.
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Fig. 7 - Adsorption of methylene blue (MB) at near
maximum adsorption capacity (initial MB concentration of
500 mgL-1, contact time 24 h) by calcium alginate beads
(CA) and undispersed and CA-impregnated MWCNTs. Error
bars represent standard error of triplicate samples (n=3).
Different letters denote samples with significant
differences in sorbed MB (mgg~1) at p <0.01. MWCNT dose
5mg/40 mL, CA and CA-MWCNT dose 15 mg/40 mL.

3.66%, respectively. This result suggested that, while alginate
beads severed as a good supporting material for all the tested
MWCNTs, it might disperse the carboxyl-functionalized one
better than the others.

4, Conclusions

Kinetic studies showed that MB adsorption by CA-MWCNT-
COOH reached equilibrium within 8 h, which is similar to the
adsorption kinetics of the CA but much slower than that of
the undispersed MWCNT-COOH. This confirmed the impreg-
nation of MWCNT-COOH into the pore networks of CA beads.
Isotherm studies showed that MB adsorption by the sor-
bents followed the order of CA-MWCNT-COOH > CA » MWCNT-
COOH, indicating the impregnation dramatically enhanced
the sorptive ability of the MWCNT. The Langmuir maximum
MB adsorption capacity of the impregnated MWCNT-COOH in
the nanocomposite (1366.2mgg-1) was more than 40 times
of that of the undispersed MWCNT-COOH (33.4mgg~!). The

impregnation also dramatically enhanced the adsorption of
MB onto other types of MWCNTs and the CA-MWCNT-COOH
showed the best performance. Because only immobilized
CNTs are likely stabilized to the degree needed for water or
soil treatment, CA bead as a supporting material thus provides
an excellent way for these applications. Further studies are
needed to explore the removal of other contaminants by CA-
CNT nanocomposites and to measure their long-term stability.
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