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significantly longer reaction time and expensive, complex preparations. Herein, we demonstrate a simple
polymer crosslinking method for efficient and fast removal of Cr(VI) anionic species via adsorption in aqueous
solutions. Specifically, we modified carboxylated multi-walled carbon nanotubes (MWCNTs-COOH) with chit-
osan to enable enhanced adsorption of Cr (VI) in acidic aqueous solutions (pH = 2), resulting in maximum
adsorption capacities of 142.9 + 0.9mgg~',151 + 1mgg 'and 164 = 2mgg~ ' at 293K, 303K and 313K,
respectively. The adsorption process was exothermic, following the Langmuir isotherm model. We found that the
adsorption of Cr (VI) by the composite is caused primarily through physical electrostatic adsorption as well as
chemical redox reactions. Furthermore, the chitosan/MWCNTs-COOH composite was demonstrated to be suc-
cessfully applicable in multiple Cr (VI) adsorption cycles, with none, or limited, loss of performance (98-100%
adsorption up to the 4" cycle). Nonetheless, this chitosan-modified MWCNTs-COOH composite is capable of
enhancing the adsorption capacity, as well as shortening the adsorption reaction time needed for efficient Cr (VI)
removal to occur. Overall, our work presents a simple and rapid methodology in designing and fabricating new
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materials that will find significant utility in a number of environmental applications, such as wastewater
treatment and chemical waste management.

1. Introduction

Heavy metal pollution is one of the most serious environmental
problems encountered by many areas on a daily basis. Extensive in-
volvement of heavy metals in industries such as mining, smelting and
refining of Cr-bearing minerals has posed a threat to the quality of the
aquatic environment and soils [1]. Cr normally exists as Cr (III), based
on valency, in the form of Cr(OH)?*, Cr(OH);° and Cr(OH),~, or as Cr
(VI) in the species of HCrO4~, CrO42~ and Cr,0,2~ [2]. Cr (VI) is 500
times more toxic than Cr (III) and has been reported as a major cause of
various health problems, such as lung cancer, skin irritation, and
kidney, liver and stomach damage [3]. To avoid the harmful effects of
Cr, the maximum allowable Cr (VI) concentration should not exceed
0.05mgL~"! in drinking water, as recommended by the World Health
Organization (WHO) and American Water Works Association (AWWA)
[4]. At the same time, the accumulative release of Cr (irrespective of its
species) from potential Cr dischargers should not surpass the legal
limits of 50mgL ™' in drinking water [4] or 100mgL ™' in surface
waters, as specified by the US Environmental Protection Agency (EPA)
[5].

To abide with the federal regulations, techniques have been devel-
oped recently for removal of Cr from aqueous environments. These
include chemical precipitation, flotation, reduction, ion exchange,
electrodialysis, solvent extraction, biosorption, and membrane separa-
tion, among others [6,7]. Many of these methods proved dis-
advantageous in terms of economic cost, chemical reagents, and in-
ability to comply with the EPA requirements. Conversely, sorption has
shown superior advantages like low initial cost, water recycling, en-
vironmentally-friendly, and simplicity in utility operation over current
removal techniques [8]. This is especially the case for carbon-based
adsorbents, which are often environmentally-friendly and cost-effective
[3].

As a newer member of the carbon family, carbon nanotubes (CNTs)
are characterized by nanometer-scale diameter sizes, large surface area,
high mechanical strength, remarkable electrical conductivity and rela-
tively low cost, making them attractive materials for use in different
applications [9-12]. As a result, CNTs have been recognized for their
high adsorption capabilities, [13] and thus, have been widely studied as
a promising adsorbent alternative for wastewater treatment [3] and
removal of metallic pollutants in the environment [14]. More so, it has
been demonstrated that the adsorption capacity of CNTs can further be
enhanced via chemical treatment or modification with chitosan
[15-22].

Chitosan is an environmentally-friendly and naturally abundant
cationic biopolymer. It is produced industrially through alkaline N-
deacetylation of chitin, the main component of the shells of crab,
shrimp and krill, and is commercially available at low prices. Chitosan’s
high hydrophilicity, owing to a large number of hydroxyl groups in its
glucose units, as well as functional groups such as acetamido, primary
amino and/or hydroxyl groups in its structure, is supposedly useful for
heavy metal adsorption and anion-polluted-water treatment [23]. Pre-
vious studies, however, showed that it was rather inefficient in Cr (VI)
adsorption, [24] because its 3D-ordered structure renders preferential
adsorption of the metal ions in the amorphous region, and thus, restricts
the ability of anion adsorption [25]. The adsorption ability was sig-
nificantly improved by associating with multi-walled carbon nanotubes
(MWCNTs) [26] or other materials like organoclay [23]. Different
drawbacks still characterized these studies, i.e. the complexity involved
in the process of modification and the long reaction time to reach the
adsorption equilibrium [27,23,13,28]. To overcome these problems, a

260

simple crosslinking method was developed in this study. By modifying
MWCNTs-COOH with chitosan, we created a chitosan/MWCNTs-COOH
composite capable of fast and efficient removal of Cr (VI) anionic
species in aqueous solution. Compared to the previous reports, our
strategy considerably shortened the reaction time, as well as simplified
the steps needed for the preparation of the composite, while sig-
nificantly improving the overall adsorption of Cr(VI) in acidic aqueous
solutions. The mechanism of the Cr (VI) removal is also discussed, since
we found that both sorption and reduction processes were involved in
the process.

2. Materials and methods
2.1. Chemicals and materials

MWCNTs-COOH (30-50 nm in diameter) were obtained from Cheap
Tubes Co. Ltd. (Cambridgeport, VT). Chitosan (CS, MW: 310-375 kDa),
potassium dichromate and glutaraldehyde were purchased from Sigma-
Aldrich (St. Louis, MO) and used as received. All reagents used in this
work were of analytical grade. All solutions were prepared in ultrapure
water (18.25MQcm™ ') using a Millipore Milli-Q ultrapure water
purification system.

2.2. Preparation of chitosan/MWCNTs-COOH composite

1 g of chitosan (CS) was dissolved in 400 mL of 2% (v/v) acetic acid
and heated at 40 °C. To this solution, 1 g of MWCNTs-COOH was added
and the mixture was stirred for 15min at 40°C. 0.4 mL of glutar-
aldehyde was then injected into the reaction system with continuous
stirring, while maintaining the solution temperature at 40 °C. After
30 min, 1L ultrapure water was added into the mixture, followed by
120 mL of 0.10 M NaOH and stirred for 30 min. Finally, the mixture was
cooled to room temperature for 15 min, and excess water was removed
using a pipette to achieve a sponge-like mixture made of MWCNTs-
COOH. The samples were oven dried (80°C) for 12h, and sieved
through a 100-mesh screen.

2.3. Characterization of chitosan/MWCNTs-COOH composite

The morphologies of MWCNTs-COOH and chitosan/MWCNTs-
COOH composite were characterized using scanning electron micro-
scopy (SEM, FEI Quanta 600F), the surface chemistries were analyzed
via X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD
system) using monochromatic Al Ka X-ray source and a spot diameter
of 400 mm. pHp,. of MWCNTs-COOH and Chitosan/MWCNTs-COOH
were determined by WMOB-06 through zeta-potential analysis, and the
total Cr present in solution was analyzed using an inductively coupled
plasma-mass spectrometry (ICP-MS, Agilent 7500ce).

2.4. Adsorption and kinetic experiments

The adsorption experiments were carried out in 250 mL flasks,
where 50 mg of the adsorbent was added to 50 mL of Cr (VI) solution
unless otherwise stated. The reaction mixtures were shaken using a
rotary shaker at 150 rpm. The effect of pH on Cr (VI) adsorption by
chitosan/MWCNTs-COOH and MWCNTs-COOH was first studied by
varying the pH of the solution from 2.0 to 8.0. Subsequent adsorption
experiments were then performed at the optimum pH (vide infra) and at
temperatures of 293 K, 303 K, and 313 K. The concentration of Cr (VI)
was varied from 50 mg L~ ! to 600 mg L~ ! and the equilibrium time was
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set to 24 h. Adsorption kinetic experiments were done using Cr (VI)
concentrations of 50, 100, and 200 mg L~! (pH = 2.0), where mea-
surements were taken at varying time points (5-1440 min). In addition,
the effect of background anion on the adsorption of Cr (VI) was studied
using separate 0.01 M solutions of NaCl, KNO3, KH,PO, and Na,SO,
added to the composite.

To determine the amount of Cr(VI) in the residual solution, the
reacted samples were filtered through a 0.45 pm microporous mem-
brane and Cr(VI) concentration was determined by UV-Vis spectro-
scopy at 540nm (Evolution 260 Bio UV-Vis spectrophotometer,
Thermo Scientific).

The amount of Cr (VI) adsorbed per unit mass of the adsorbent was
quantified using the mass balance equation as follows:

_ V(G—Co)
9. = m (1)

where g, is the adsorption capacity (mg g~ 1), C, and C, are the initial
and equilibrium concentration (mg L™~ 1 of Cr (V) respectively, V is the
volume (L) of solution and m is the weight (g) of adsorbent.

2.5. Desorption experiments

To demonstrate the reusability of the chitosan/MWCNT’s-COOH
composite for the removal of Cr (VI), 0.1 M NaOH was used as the
desorption solution. Briefly, 500 mg of the chitosan/MWCNTs-COOH
composite was added to 500 mL of 200 mg L.~ ! Cr solution, and shaken
for 2h at 303K to adsorb Cr(VI). The mixture was filtered and washed
six times with ultrapure water, then mixed with 500 mL of 0.10 M
NaOH solution and shaken for 2h at 303 K to desorb Cr(VI) from the
composite. The mixture was filtered and washed again six times with
ultrapure water. The adsorption capacity was calculated using Eq. (1).

3. Results and discussion

3.1. Characterization of MWCNTs-COOH and chitosan/MWCNTs-COOH
composite

SEM micrographs show that MWCNTs-COOH exhibited fibrous
morphology (Fig. 1, a), and the fibers could clearly be distinguished.
When modified with chitosan, the resulting composite appeared more
homogenous and smoother (Fig. 1b), with MWCNTs-COOH fibers pro-
truding out of the surface of chitosan.

The XPS analysis reveals two significant peaks, C 1s and O 1s, at the
surface of MWCNTs-COOH (Fig. 2, left, black curve). After treatment
with chitosan, a small N 1s peak appeared in the spectra obtained for
the chitosan/MWCNTs-COOH composite (Fig. 2, left, red curve; Fig. 2,
left, inset). XPS analysis of the chitosan-modified composite before
(Fig. 2, right, black curve) and after (Fig. 2, right, red curve) adsorption
of Cr (VI) also show a N 1s peak indicative of the presence of amino
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groups and a Cr 2p peak (~575-580eV), demonstrating successful
modification of the MWCNTs-COOH with chitosan, as well as efficient
adsorption of Cr (VI) by the composite. Moreover, detailed XPS analysis
of Cr shows the presence of Cr (III) (5 peaks in total including the main
peak at ~576eV) and Cr (VI) (broad peak at ~579eV and ~ 580 eV)
[29] on the surface of the composite (Fig. 2, right, inset). However, the
initial solution only contained hexavalent Cr, thus, some of the Cr (VI)
species have been reduced to Cr (III) during the adsorption process. A
summary of the calculated percent compositions of C, N, O, and Cr on
the surface of the composites (Table 1) further support these results, as
the N 1s peak increased by 0.7% after treatment with chitosan, while
the percentage of Cr was found to be ~1.1% (Table 1) on the surface of
the chitosan/MWCNTs-COOH composite after adsorption of Cr (VI).
The amount of Cr (VI) loaded on the surface of the composite is lower
than the removed amount from the solution (51 mg g~ ! for the solution
of 100 mg L™! Cr(VD) at pH2). This is because 1). the Chitosan/
MWCNTs-COOH composite was washed with water at pH 5 before the
analysis, possibly reducing the sorption capacity and 2). part of the Cr
(I11) reduced from Cr(VI) still exists in the solution. After adsorption of
Cr (VI), N on the Chitosan/MWCNTs-COOH was increased from 0.7% to
1.5% (Table 1), rather than being reduced by addition of Cr (VI) as
expected. This is probably a result of uneven distribution of chitosan on
the surface of the MWCNTSs.

Further analysis is conducted based on the deconvolution of Cls
XPS spectra of chitosan/MWCNTs-COOH. The C1s peak is deconvoluted
into four main fitting curves with peaks at 284.5, 285.9, 286.7 and
288.4 eV, which correspond to C—C, C—0, C=0, 0—C=0, respectively
(Fig. 3). The percentage of C—C decreased after Cr(VI) adsorption,
while that of the oxygen-related functional groups C—0O, C=0 and
O—C=0 increased (Table 2). After desorption of Cr, the percentage of
carbon-related groups on chitosan/MWCNTs-COOH remains in the
same ball park. The deconvolution analysis of N1s XPS spectra of
chitosan/MWCNTs-COOH also shows that N—H- decreased significantly
after the adsorption. Meanwhile, a new peak appeared at around
402.0 eV, which is indicative of the group =NH™- (Fig. 3). All these
results suggested that the chitosan/MWCNTs-COOH has been oxidized
significantly after the adsorption of Cr(VI).

3.2. Mechanism of Cr (VI) removal

ICP-MS analysis was also performed, revealing the presence of a
small amount of Cr(Ill) in the solution (in the order of 6-12mg LY,
obtained as the difference between the concentration of total Cr and the
concentration of Cr(VI) detected by UV-vis. Moreover, the reduction of
Cr (VI) to Cr (III) is suggested by XPS results, with the oxidation of C—C,
obtaining C—0, C=0 and O—C=0, and the oxidation of N—H- to =
NH™-. Therefore, the reduction mechanism could be explained by the
fact that at pH 2.0 large amounts of H* could lead to the protonation of
N—H-, formation of more oxygenated groups on chitosan/MWCNTs-

Fig. 1. SEM micrographs of MWCNTs-COOH (left) and
chitosan/MWCNTs-COOH composite (right).
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COOH and the reduction of Cr(VI) to Cr(IIl) as represented by the fol-
lowing Eq. (2):

HCrO; + 7H* + 3e < Cr3* + 4H,0 2)

The adsorption of Cr (VI) by the chitosan/MWCNTs-COOH com-
posite involves three mechanisms, including both physical electrostatic
adsorption and chemical redox reactions [30,31]. This was schematized
in Fig. 4. Physical electrostatic adsorption is caused by the strong
electrostatic interaction between the negatively charged Cr (VI) anionic
species and the positively charged protonated amine and carboxylated
groups at the surface of the composite (Fig. 4a). In this process, a
chemical redox reaction also occurs when some of the Cr (VI) bound to
the protonated amine and carboxylated groups are reduced to Cr (III),
which are then desorbed from the composite and released into the so-
lution due to electrostatic repulsion (Fig. 4b). Finally, a second che-
mical redox reaction can possibly occur via the direct reduction of free
Cr (VI) anionic species to Cr (III), where the latter are subsequently
adsorbed by the chitosan/MWCNTs-COOH composite (Fig. 4c). This
also explains the presence of Cr (III) species in the composite as shown
in the XPS analysis above (Fig. 2, right). pH of the solution and initial Cr
(VD) concentration significantly affects the occurrence of physical
electrostatic adsorption and chemical redox reactions between the Cr
(VI) anionic species and the composite. When the pH is lower than the
net charge of the adsorbent, more protons are available in solution,
which significantly protonate the amine and carboxylated groups of the
composite. This, in turn, promotes physical electrostatic adsorption,
and thus, removal of the Cr (VI) species onto the now positively charged
surface of the composite. A large amount of protons also promote the
reduction of Cr (VI) into Cr (III) [31,32]. Furthermore, electrostatic
adsorption increases with an increase in the initial concentration of Cr
(VD), owing to an increased probability of contact between the Cr (VI)

pu— H*
—‘NH:: H-ﬂ-
i
L &—oH pPH<pHpz:
[ NH;} N H+
H
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H
O H
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species and the positively charged groups on the adsorbent. Park et al.
[30] and Liu et.al [31] also reported that the reduction of Cr (VI) to Cr
(III) could be enhanced with an increase in the initial Cr (VI) con-
centration.

3.3. Effect of solution pH

Since the pH of the solution is an important factor in optimizing the
conditions for efficient adsorption of Cr (VI), we first studied the effect
of pH on our working solutions and determined the best pH to use for
the rest of the adsorption and kinetic experiments. Solution pH gen-
erally influences the surface charge of the adsorbent, as well as the
ionization degree of the materials in solution, [33] thereby affecting the
overall ability of the chitosan-modified composite to adsorb or remove
Cr(VI) in aqueous solution. Fig. 5 shows the result of adsorption by
MWCNTs-COOH (Fig. 5, left, black curve) and chitosan/MWCNTs-
COOH composite (Fig. 5, left, red curve) at varying pHs. As shown, the
adsorption of Cr (VI) by chitosan/MWCNTs-COOH decreased from
~57% to ~0% as the pH increased from 2 to 8. Meanwhile, the ad-
sorption by MWCNTs-COOH decreased from ~ 6% to ~0% as the pH
varies from 2 to 8. In both cases, an acidic environment is preferred for
effective Cr (VI) adsorption, where the maximum adsorption was
achieved at pH 2.0. Moreover, it is evident that the pH affects the ad-
sorption ability of the chitosan/MWCNTs-COOH composite more than
the MWCNTSs-COOH alone.

The observed decrease in Cr (VI) adsorption with increasing pH can
be explained as a result of competitive adsorption induced by OH ™. The
amount of OH™ ions increase with pH, which compete substantially
with CrO42~ for adsorption sites. On the other hand, pH is also asso-
ciated with the net electric charge of the solution, as shown in Fig. 5
(right). The MWCNTs-COOH and Chitosan/MWCNTs-COOH solution

H H
—N-H* — N-H'—Cr(V1)
H H
D0 7
& ot SrvD) —3@—©—H+~©rr(vn)
H H
—NH —N-H"—cr(vI)
H H
- N-H— Cr(li)
o)
Ll

C—O—H—Cr(1n)

— N-H— Cr(1l1)

— N-H—Cxr(ll1)

i
_é':fQ*Cr((ﬂﬂﬂ))

— N-H— Cr(lll)

Fig. 4. Three adsorption mechanisms proposed for the removal of Cr (VI) by the chitosan/MWCNTs-COOH composite. (a) Physical electrostatic adsorption involving the interaction
between the positively charged amine and carboxyl groups at the surface of the composite and Cr (VI); (b) the first chemical redox reaction where bound Cr (VI) is reduced to Cr (III); and
(c) the second chemical redox reaction where free Cr (VI) in solution is reduced to Cr (III) first followed by adsorption of the Cr (III) by the composite.
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—=— MWCNTs-COOH
—— Chitosan/MWCNTs-COOH

Fig. 5. (left) Effect of pH on the adsorption of Cr (VI) on
MWCNTs-COOH (black curve) and chitosan/MWCNTs-
COOH composite (red curve). Adsorption experiments were
carried out at 303 K using an adsorbent dose of 0.05 g and a
concentration of 100 mg L~! in a 50 mL solution. (right)
Zeta potential of MWCNTs-COOH (black curve) and chit-
osan/MWCNTs-COOH (red curve). (For interpretation of the

references to colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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has a zero charge occurring at pH 2.3 and 6.5. At pH’s lower than 6.5,
the surface of Chitosan/MWCNTs-COOH would be positively charged,
while negatively charged at pH’s greater than 6.5. These pH-induced
changes in electric charge consequently influence the adsorption of Cr
(VI) species on the surface of the chitosan-modified nanotube composite
[34]. However, as shown in Fig. 5 (left), Chitosan/MWCNTs-COOH still
remove small amounts of Cr(VI) from the aqueous solution at pH
7(> pHy,c). Moreover, the XPS analysis of Chitosan/MWCNTs-COOH
after treatment by the Cr(VI) solution at pH 7 revealed that the per-
centage of C—C decreased while NH'- increased (Supporting
Information, Fig. S2). Both indicated the mechanism of Cr(VI) removal
is a chemical redox reaction at the solution of pH 7.

The effect of pH on the adsorption ability of the composite can also
be explained thermodynamically. The varying adsorptive capacities at
different pH’s may be related to the adsorption free energies of various
chromium species (i.e. HCrO4~, H,CrO, and CrO,>~) existing at dif-
ferent pH’s. For instance, at pH 1.0-3.0, HCrO4~ is the predominant
species in solution, [35] which is gradually replaced by CrO,>~ as pH
increases. The adsorption free energy of HCrO,~ is lower than that of
Cr04%~, hence, HCrO,~ is more favorably adsorbed than CrO,>~ at the
same concentration [36]. In addition, at low pH, large amounts of
protons have a positive effect for promoting the reduction of Cr (VI) to
Cr (III), thus reducing the Cr (VI) anionic species in the solution [29].
Overall, pH of the solution plays an important role for the fast and
effective removal of Cr (VI).

3.4. Effect of contact time and kinetics of the adsorption

In addition to pH, contact time, or the amount of time that the
adsorbent was incubated with Cr (VI), was also found to markedly af-
fect the adsorption of Cr (VI) anionic species. As shown in Fig. 6, the
removal capacity of chitosan/MWCNTs—COOH drastically increased in
the first 10 min of contact, especially at high Cr (VI) concentrations
(~200mgL~"), and then steadily increased until the adsorption
equilibrium was reached, which was ~ 30 min. Of note, only data from
0 to 120 min is shown in Fig. 6 to better demonstrate the increase in
adsorption capacities during the first 30 min (the point of saturation),
although data points were collected up to 1440 min. These results can
be due to the fact that at the beginning of the experiment, there were
plenty of available active sites on the adsorbent surface, thus facil-
itating adsorption of Cr (VI). Over time, the active sites were mostly
occupied by Cr (VI) until the point of saturation, thereby slowing down
the adsorption process beyond the saturation point [37].

In order to quantify these experimental observations, we calculated
relevant kinetic parameters that can describe the kinetics of the ad-
sorption reactions. The pseudo-first order and pseudo-second order
models are often used to evaluate the kinetics of adsorption [6,38]
using the following equations [28,38,39]:

q, = q,(1—exp(=ki1)) 3)
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where g, (mgg™") and g, (mgg™") are the adsorption capacities of
metal ions at time t (min) and equilibrium time (min), respectively,
while k; (min~!) and k, (g mg ™! min 1) are the pseudo-first-order and
pseudo-second order rate constants, respectively.

Comparing the values obtained using both models, it is evident that
the R? values obtained using the pseudo-second order model are higher
than the values obtained using the pseudo-first order model, and that
the g, values agree well with the g.° using the pseudo-second order
model (Supporting Information, Table S1). Both parameters strongly
suggest that the adsorption process of Cr (VI) by chitosan/MWCNTs-
COOH composite follows a pseudo-second order model even at different
concentrations (Supporting Information, Fig. S1). The pseudo-second
order kinetics model is based on the assumption that the chemisorption
process is the rate-limiting step. Therefore, the adsorption of Cr (VI) by
chitosan/MWCNTs-COOH can then be assumed to be controlled by a
chemical process, and that adsorption and reduction occurred during Cr
(VI) removal [40].

3.5. Adsorption isotherms
To further characterize the adsorption process, we constructed ad-

sorption isotherms based on studies we performed at different tem-
peratures and varying equilibrium concentrations of the adsorbate
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Fig. 6. Effect of contact time on Cr (VI) adsorption using concentrations at 50 mgL ™"
(black curve), 100mgL~" (blue curve), and 200mgL~" (red curve). Adsorption ex-
periments were carried out at 303 K using an adsorbent dose of 0.05 g in a 50 mL solution
(pH = 2.0). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 7. Langmuir isotherm for the adsorption of Cr (VI) on chitosan/MWCNTs-COOH
composite. Adsorption experiments were carried out at 293K (red curve), 303K (blue
curve), and 313K (black curve) using an adsorbent dose of 0.05g and concentrations
from 50 to 600 mgL ™! in a 50 mL (pH = 2.0) solution. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 8. Effect of background anion on Cr (VI) adsorption on chitosan/MWCNTs-COOH
composite. Adsorption experiments were carried out using NaCl (red), KNO3 (green),
KH,PO, (blue), and Na,SO, (blue green) at 303 K using an adsorbent dose of 0.05 g and
concentration of 200mgL~! in a 50 mL (pH = 2.0) solution. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

under analysis [6]. As shown in Fig. 7, the sorption capacity was con-
sistently reduced with increasing temperature from 293K (Fig. 7, red
curve) to 303K (Fig. 7, blue curve) to 313 K (Fig. 7, black curve) and at
varying Cr (VI) concentrations of 50, 100 and 200 mgL~ . Notably,
because the reaction is exothermic (vide infra), high temperatures de-
creased the overall rate of reaction, hence, the adsorption capacity of Cr
(VI) (Fig. 7, blue and black curves). However, the variation of the
sorption capacity with temperature become negligible for high con-
centrations of the contaminants (400 mg L™ 'and 600 mg L™, which
favorably promote electrostatic adsorption, as well as by concomitant
reduction of Cr (VI). Thus, the results indicate that temperature affects
the adsorption process mostly at low Cr (VI) concentrations
(< ~300mgL71).
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Fig. 9. Effect of recycle time on the adsorption performance of chitosan/MWCNTs-COOH
composite. Adsorption capabilities calculated for the 2nd-5" cycle were normalized to
the first adsorption capacity and expressed as percentage (%) adsorption capacity.
Adsorption experiments were carried out at 303K using an adsorbent dose of 0.5g in a
500 mL solution (pH = 2.0).

Langmuir and Freundlich isotherms are often used to better un-
derstand adsorption processes. The former assumes a monolayer cov-
erage of adsorbate over a homogeneous adsorbent surface, and that the
adsorption of each molecule onto the surface has equal adsorption ac-
tivation energy. The latter considers a heterogeneous surface with a
non-uniform distribution of adsorption heat over the surface and that a
multilayer adsorption can be formed [41].

The Langmuir and Freundlich isotherms are mathematically ex-
pressed in terms of concentrations and adsorption capacities as shown
in Egs. (5) and (6), respectively:

& = 1 + ice
9. KLqm 0P (5)
Ing, = InKp + llnC

q, = -F n e (6)

where g,, is the maximum amount of adsorption (mg g_l), K; is the
adsorption equilibrium constant (Lmg~?'), C, is the equilibrium con-
centration of substrates in the solution (mg L™Y, Ky is a constant re-
presenting adsorption capacity, and n is a constant depicting the ad-
sorption intensity. Of note, the Freundlich model indicates a favorable
physical process if the value of (1/n) is close to zero, as well as if n is
higher than unity [42].

Using these 2 models, we calculated relevant adsorption isotherm
parameters (Supporting Information, Table S2), which clearly show
that the Langmuir isotherm model fits the experimental results better
than the Freundlich model, suggesting that the energies of the active
sites on the surface of chitosan/MWCNTs-COOH composite are similar.
The calculated maximum Cr (VI) adsorption capacity also increased
from 142.86mgg ™' + 0.89t0163.93 + 1.88mgg ! at temperatures
of 293K, 303K and 313K.

A comparison of gpq, values for Cr (VI) adsorption by chitosan/
MWCNTs-COOH with those reported previously using different absor-
bents reveal that the removal capacity of chitosan/MWCNTs-COOH was
higher than many other adsorbents, such as carbon nanotubes
[28,42-45] and chitosan-modified adsorbents [23,44,46,47] among
others [39,44,48,49] (Supporting Information, Table S3). Notably, the
removal capacities of MnO,/Fe30,4/0-MWCNTs and chitosan-biochar/y-
Fe,O3 [37,50] were higher than chitosan/MWCNTs-COOH, although
their modification procedures were more complicated and required
longer equilibrium times (~2-6h) compared to the current
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methodology reported. Furthermore, Hu et al. found that 100% Cr (VI)
is removed from solution and adsorbed onto oxidized MWCNTs after
280h [28]. Pillay et al., on the other hand, observed that the equili-
brium is only attained after 12h of contact time [13]. Lu et al. and
Huang et al. both observed that the Cr (VI) sorption reached a plateau
after about 10 h [51,52]. Finally, Kumar et al. reported an the equili-
brium time of 9 h, [45] while Ansari et al. observed an equilibrium time
of 8h [53]. In summary, all the adsorption times that were previously
reported are generally higher than the equilibration time (~ 30 min)
reported in our current work. Therefore, chitosan/MWCNTs-COOH has
a great potential in dealing with Cr (VI) pollution in aquatic environ-
ments.

Another factor to consider in developing novel adsorbent materials
is the cost. The current market price of MWCNTSs is $20 per gram ($/g),
which is higher than other potential adsorbents such as activated
carbon ($0.08/g), synthetic resin ($3/kg-$25/kg), and agricultural
waste ($100/t). However, improved manufacturing techniques, such as
chemical vapor deposition (CVD) and mass production have sub-
stantially reduced the costs when compared to $200/g of adsorbent
decades ago. CVD is considered a promising technique to reduce the
cost of MWCNTs in the future and, thus, increases the potential of CNTs
in practical applications [54].

3.6. Thermodynamics studies

We also calculated thermodynamic parameters (i.e. standard free
energy change (AG°), enthalpy change (AH°) and entropy change
(AS?)) to evaluate the spontaneity of the adsorption process (Supporting
Information, Table S4). Our calculations show that the value of AG®
(—16.93kJ mol™ 1) became less negative with rising temperature, in-
dicating that the adsorption was spontaneous and that the degree of
spontaneity was reduced by increasing temperatures. The negative
value of AH® (—33.30kJmol™?!) indicates that the adsorption was
exothermic, while the negative value of AS® (—0.056 kJ K™ mol™ 1)
shows that while Cr (VI) was adsorbed on the adsorbents, the degree of
disorder decreased at the solid/solution interface. These results are
consistent with the literature, which reports that the adsorption of Cr
(VD) is a spontaneous and exothermic process [37].

3.7. Effect of background anion on Cr (VI) removal

We also studied the effect of background anions on the ability of the
chitosan/MWCNTs-COOH composite in adsorbing Cr (VI). Fig. 8 sum-
marizes the results when the composite was tested in the presence of
NaCl (Fig. 8, red curve), KNO;3 (Fig. 8, green curve), KH,PO, (Fig. 8,
blue curve), and Na,SO, (Fig. 8, blue green curve). Compared to an
adsorption capacity of 101.85 + 0.57mgg~ ! obtained in the absence
of competing anions (Fig. 8, black curve), the adsorption capacity was
reduced to 76.29 + 0.09mgg !, 67.52 + 1.61mgg ",
56.11 + 0.80mgg~ ' and 37.51 * 0.24mgg " in solution containing
NaCl, KNO3, KH,PO,4 and Na,SO,, respectively. As CI~ and NO3;~ are
monovalent anions, their competition with the chromium anions for the
positively-charged sorption sites on the surface of chitosan/MWCNTs-
COOH was relatively small. PO,®>~ and S04~ however, are multivalent
anions, thus competing more aggressively with Cr (VI) for the posi-
tively-charged sorption sites. [37]

3.8. Desorption studies

The ability of an adsorbent to desorb particulates (which we refer to
herein as the “composite reusability”) is a key parameter in assessing its
potential for real-world applications, since it will not only reduce the
overall cost, but also enable the recovery of metals extracted from
aqueous solutions [14]. Hence, an ideal and functional adsorbent
should have higher adsorption capacity, as well as reusable perfor-
mance [3]. To demonstrate the reusability of our chitosan/MWCNT’s-
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COOH composite, we carried out adsorption-desorption experiments
that were cycled five times and calculated the adsorption capacities as
shown in Fig. 9. It is evident that the adsorption performance of the
composite remained essentially unchanged up to the 4" cycle
(~98-100%), although the adsorption capacity slightly decreased to
~91% on the 5 cycle. This could be attributed to the effect of 0.10 M
NaOH, which partially weakened the reactivity of some of the active
sites of the adsorbent.

4. Conclusions

In this study, we describe the development of a rapid and simple
methodology of modifying the surface of MWCNTs-COOH with amino
group-rich chitosan for the effective and fast removal of Cr (VD) in
aqueous solution. Key advantages of this technique include increased
adsorption capacity, shortened adsorption reaction time, as maximum
adsorption capacities (143-164mgg~') were easily achieved within
only 30 min, and reusability of the composite for Cr (VI) removal in
aqueous solution. Our data revealed that the mechanism involved in the
adsorption of Cr (VI) includes physical electrostatic adsorption via the
positively charged amine and carboxyl groups on the surface of the
composite at low pH, as well as subsequent reduction of Cr (VI) to Cr
(III), leading to the fast and efficient removal of Cr (VI) in solution. An
increase in temperature and acidity of the solution were advantageous
to the adsorption process, which was both exothermic and spontaneous,
thus, following a pseudo-second order equation and the Langmuir iso-
therm model. A limited competitive adsorption was also observed in the
presence of CI~ and NO3; ™~ anions, which further increased in the pre-
sence of PO,>~ and SO, 2 Overall, we demonstrate that chitosan/
MWCNTs-COOH composite is a promising adsorbent for the treatment
of Cr pollution in aquatic environments, and its reusability is of extreme
relevance in field applications. Future research should be focused on
the optimization of the working pH range in order to transition from lab
scale studies to industrially useful applications. Additionally, the pos-
sibility of employing this chitosan-modified MWCNTs-COOH composite
for the recovery of other pollutants will also be of notable interest in the
field.
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