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sccepted: 23 May 2018 Phosphorus, a major culprit for eutrophication of aquatic environments, is
Published online: dissolved in water primarily in the form of phosphate; hence, it is difficult to
5 June 2018 remove, and different materials are being investigated, aiming at high removal

capabilities. Meanwhile, recovery capability must also be considered, since
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Media, LLC, part of Springer for the mineral phosphorus. Carbon nanotubes are promising for the treatment

Nature 2018 of phosphate pollution; however, studies about their removal potential are
limited. Herein, multi-walled carbon nanotubes were modified with chitosan
through simply cross-linking to obtain a novel adsorbent for phosphate
removal. Our data show that a maximum adsorption as high as
36.1 + 0.3 mg P g~ ' was achieved in 30 min at pH 3 and 293 K. The adsorption
capacity of the composite (chitosan/multi-walled carbon nanotubes) could be
maintained at 94-98% even after 5 adsorption—desorption cycles. An exothermic
process was obtained, according to the Freundlich isotherm model. Based on the
reported performance, the composite has a great advantage compared with
other novel adsorbents for phosphate removal, indicating that the composite is a
highly potential material to treat phosphorus-induced eutrophication of water
bodies.

eutrophication in favorable conditions, deteriorating
Introduction the water quality through oxygen depletion, light
transmission reduction, and algae blooms [2]. P nor-
In aquatic environments phosphorus represents an ~ mally exists in the environment as phosphate [3],
essential macronutrient [1]. However, when exceed- which is particularly soluble, and thus, is difficult to
ing 0.02 mg L™" in water, it induces the problem of ~ remove. The different approaches used to remove
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phosphate from aqueous solution are characterized
by high costs [4], such as electrocoagulation, biolog-
ical method, ion exchange, chemical precipitation,
membrane process, and adsorption [5]. In the USA
alone, about $44.5 billion are required to lower the
pollutant to the acceptable level (0.1 mg LY [6].
Furthermore, it has to be noted that using conven-
tional technologies it is difficult to recover and utilize
trace phosphate [7], and thus, there is a need for new
strategies to remove phosphate from aquatic envi-
ronments [1]. Adsorption is an appealing alternative
as it allows simple and low-cost operation. Addi-
tionally, if the right adsorbent is used, there is the
potential for phosphate recovery from contaminated
water [7]. Carbon nanotubes (CNTs) are a relatively
new member of materials utilized for adsorption
processes. They are characterized by nanometer-scale
diameter sizes, large surface area, high mechanical
strength, and have an outstanding electrical conduc-
tivity, making them an attractive material for
adsorption of metallic and organic pollutants in the
aquatic environments [8-13]. To date, the use of CNT
for phosphate removal has been reported only in few
studies, which showed good adsorption capability
(154 mg P g™ "), thus making CNT a promising sub-
stitute adsorbent for treating wastewater contami-
nated with inorganic phosphate [14]. However,
phosphate adsorption potential of CNT, together
with adsorption mechanisms, is not fully known.
Chitosan is an environmentally friendly low-cost
biopolymer, characterized by a high amount of amino
and hydroxyl groups, which are particularly impor-
tant when aiming to remove negatively charged
pollutants from aqueous solutions. Some research
demonstrated that when chitosan is loaded onto
multi-walled CNTs, the resulting composite shows
high adsorption capability with good reusability for
heavy metal removal [15]. To the best of the authors’
knowledge, chitosan-modified multi-walled carbon
nanotubes have not been tried for the purpose of
phosphate removal. Therefore, we believe that the
phosphate removal potential of chitosan/multi-wal-
led carbon nanotubes (chitosan/MWCNTSs) is worth
exploring because of its excellent performance.
Herein, we report a novel adsorbent (chitosan/
MWCNTs) for phosphorus removal, aiming to
explore the potential ability of CNTs for effective
phosphate sorption and recycling. Our data show
that the reaction time needed for phosphate adsorp-
tion was considerably shortened (only 30 min),
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demonstrating the effective removal of phosphate
from aqueous solutions. Additionally, phosphate
could by released with a desorption process, showing
excellent regeneration properties.

Materials and methods

MWCNTs (30-50 nm in diameter) utilized for this
study were purchased from Cheap Tubes Co. Ltd.
(Cambridgeport, VT). All other reagents were of
analytical grade and were obtained from Sigma-
Aldrich  (St.  Louis, MO). Ultrapure water
(18.25 MQ cm) was used to prepare all the solutions.

Preparation and characterization
of chitosan/MWCNTs composite

An established method [15] was followed to prepare
the chitosan/MWCNTSs composite. Briefly, MWCNTs
was added in a 2% (v/v) acetic acid solution of chi-
tosan and stirred for 15 min at 40 °C. Then, 0.4 mL of
glutaraldehyde was injected into the mixture and stir-
red for 30 min. After this operation, 1L of water and
120 mL of 0.10 M NaOH were added and stirred for
another 30 min. The supernatant solution was
removed, and the remaining sample was dried at 80 °C
in an oven (Isotemp® Vacuum Oven Model 282A). The
surface chemistries of MWOCNTs and chitosan/
MWCNTs were analyzed by X-ray photoelectron
spectroscopy (XPS, Kratos Axis Ultra DLD system).

Batch studies

We investigated the effect of pH on adsorption pro-
cess, adsorption kinetics and isotherms. In all batch
studies, 0.05 g adsorbent was added in 250-ml
Erlenmeyer flask with 50 ml phosphate solution.

pH of the solution was modified between 2.0 and
7.0 to investigate its effect on phosphate adsorption
by chitosan/MWCNTs and MWCNTs. The following
experiments were investigated at the optimal pH
(pH 3). The pH of solution was changed with 0.1 M
HCI and 0.1 M NaOH solution.

Adsorption kinetics were measured with different
concentrations (25, 50, 100 mg P LY and time (5, 10,
20, 30, 60, 120 min). Adsorption isotherms were
determined at three temperatures (293, 303, and
313 K) and different initial phosphate concentrations
(from 25 to 200 mg P L"),
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Samples were filtered by 0.45-um fiber membranes.
UV-Vis spectroscopy (Evolution 260 Bio UV-Vis
spectrophotometer, Thermo Scientific) was utilized to
determine phosphate concentration in the filtrate, at a
wavelength of 710 nm. The adsorbed phosphate per
unit mass of the adsorbent was then calculated using
the following equation:

V(G —-Ce)

€ 9
m

(1)

where g, is the adsorption capacity (mg P g™"), Cy
and C, indicate initial and equilibrium concentrations
of phosphate (mg P L"), respectively, V is the total
volume (L) of solution, and m indicates weight (g) of
adsorbent.

Desorption experiments

Desorption of phosphate from chitosan/MWCNTSs
was performed using a solution of 0.1 M NaOH. 0.5 g
of chitosan/MWCNTs was added to 0.5 L phosphate
solution (200 mg P L™"). The solution was shaken for
2 h at 303 K to allow the adsorption of phosphate.
The obtained mixture was then filtered using a
Buchner funnel and washed with ultrapure water.
0.5 L of 0.1 M NaOH was added and was shaken for
2 h at 303 K. This step allowed to remove phosphate
from the composite. Finally, the mixture was filtered
one more time using the Buchner funnel and washed
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Figure 1 XPS spectra for the adsorbent composite obtained
before (black) and after modification with chitosan (red), with a
zoom (inset) of the N 1s peak for the modified composite (a).
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with ultrapure water. The adsorption capacity for
phosphate was then calculated according to Eq. 1.

Results and discussion
Characterization of adsorbent composites

Appearance of a small N 1s peak at 400.3 eV (Fig. 1
right, red curve) confirmed the successful modifica-
tion of MWCNTs with chitosan. Focusing on the
spectra obtained for the composite after adsorption
(right insert, red curve), and desorption of phosphate
(right insert, blue curve), it can be noticed that a
P 2p peak (~ 133 eV) appeared and disappeared,
respectively. Thus, the composite was able to perform
an efficient adsorption of phosphate followed by its
complete desorption. Additionally, the N 1s peak
indicates that the amino group remained also after
the desorption process, remarking the excellent
reusability of the composite.

The N 1s core-level spectrum obtained for the
composite (Fig. 2) was deconvoluted into two peaks
with binding energies of about 399.9 and 402.5 eV.
The peaks were attributed to the benzenoid nitrogen
(NH-) present in the Py ring and to the positively
charged nitrogen species (NH™-), respectively [16].
The percent of NH™- after adsorption is significantly
higher than that prior to performing the adsorption
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Comparative XPS spectra after adsorption (red) and after desorp-
tion of phosphate (blue) for the modified composite, with a zoom
of the P 2p peaks (inset) for the P adsorbed (b).
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Figure 2 N 1s XPS spectra of the composite before (a) and after adsorption (b).

(Fig. 2), indicating a physical electrostatic adsorption
between anionic phosphate and chitosan/MWCNTs.

pH influence on adsorption process

pH of the solution to be treated can both influence the
surface charge of the adsorbent and dictate the form
of the adsorbate. Accordingly, the effect of pH on the
adsorption process was selected as the first parameter
to be investigated in this study. Unmodified
MWCNTs showed no adsorption for phosphate
(Fig. 3, red). Conversely, chitosan-modified
MWCNTs have good adsorption capability for
phosphate (Fig. 3, blue), with a maximum adsorption
at pH 3 (19.4 mg g~ ") that gradually decreased as pH
increased.

Based on the presented results, three reaction
mechanisms can be suggested. First, phosphate is
present in the non-ionic form, H;PO, at pH 2,
whereas it exists as H,PO,~, HPO,>~, and PO,>” in
the pH range of 2-7, 7-12.5, and 12.5, respectively
[17], and the adsorption of H,PO,™ is easier than that
of HPO,?~ [17]. Second, the surface charge of chi-
tosan/MWCNTs is positive when the pH < pH,,,,
resulting in a stronger electrostatic adsorption of the
anionic phosphate on the surface. Moreover, phos-
phate anion and OH — compete for the adsorption in
alkaline conditions, resulting in a decrease in phos-
phate removal as pH increased [18].

Adsorption kinetics and modeling

As indicated in Fig. 4, contact time significantly
affected the adsorption process, showing that the
removal process was a series of fast processes. More
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Figure 3 Phosphate adsorption on MWCNTSs (red) and chitosan/
MWCNTs composite (blue) at different pH. All the experiments
were performed at 303 K, with an adsorbent dose of 0.05 g in
50 mL of 100 mg P L™" solution.

than 90% of the adsorption occurs in the first 20 min,
and equilibriums were reached at 30 min at concen-
trations of 25, 50, and 100 mg P L_l(Fig. 4), a con-
siderably shorter time compared to other reports (8 h
[7], 24 h [19], five or more days [20]).

Equations of pseudo-first-order and pseudo-sec-
ond-order rate were utilized to calculate relevant
kinetic parameters [21-23]:

9t = qe(1 — exp(—kit))
t_ 1t
o Kg? o g’

(2)
(3)

where g, (mg P g~") and g. (mg P g~") indicate the
adsorption capacities of ions at time f (min) and



J Mater Sci (2018) 53:12641-12649

—a—25mg L™
—e—50mg L™
—&— 100 mg L™

0 T T T L] T T 1
0 20 40 60 80 100 120

t/ min

Figure 4 Adsorption—time graphs at 303 K for phosphate con-
centrations of 25 mg L™ (black), 50 mg L™' (red), and 100 mg
L™" (blue). The adsorbent dose was 0.05 g in a 50 mL solution
(pH = 3.0).

equilibrium time (min), respectively. k; (min~') and
ky (g mg ' min~") are the pseudo-first-order and
pseudo-second-order rate constants, respectively.

Table S1 reports the obtained values for both
models. It can be seen that the g5 values of the
pseudo-first-order kinetics model were close to
experimental g, although both models gave R>
values higher than 0.9. Accordingly, the pseudo-first-
order kinetics model is considered more appropriate
for the adsorption process. Since a physisorption
process is assumed as the rate-limiting step for the
pseudo-first-order kinetics, it can be assumed that a
physical process controls the adsorption of phosphate
by chitosan/MWCNTs. The k, value was
7.55 x 107%, 3.65 x 107, and 2,24 x 10° gmg™’
min ' for initial phosphate concentrations of 25 mg
L™, 50mg L', and 100 mg L™, indicating the
adsorption rate at low concentration was faster than
high concentration. In conclusion, the chitosan/
MWCNTs is a favorable adsorbent for adsorption of
low concentration phosphate [24], which is an
advantage for the treatment of real wastewater
solutions.

A novel quaternized chitosan-melamine-glu-
taraldehyde resin was reported to have a great
phosphate adsorption capacity (112.5 mg g~') by
Appunni Sowmya et al. [25]. However, the adsorption
rate was higher at 160 mg L™ rather than at 100 mg
L', indicating that the adsorbent worked better at
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high concentration of phosphate, which is less com-
mon in real water sample. Meanwhile, the adsorption
rate of the composite is significantly slower compared
to the chitosan/MWCNTs reported here at phosphate
concentration of 100 mg L™ (5.70 x 10™* < 2.24 x
10~° g mg ™' min~"). Rajeswari et al. [26] synthesized
chitosan—polymer composites for phosphate removal
with maximum phosphate adsorption of 98.8 mg g~ "
obtaining an increase in the adsorption rate with
decreased phosphate concentration as for chitosan/
MWCNTs. However, the adsorption rate of the chi-
tosan—polymer composites remained slower than that
of chitosan/MWCNTs even at phosphate concentra-
tion of 50mg L' (520 x 107*<3.65 x 107°
g mg~' min~ ).

Considering the results discussed above it remains
clear that the adsorption capability of chitosan/
MWCNTs will still have to be improved; however, its
advantageous adsorption rate makes it a promising
adsorbent for the treatment of phosphate pollution.

Identification of the adsorption process is essential
for developing an optimal adsorption system, as well
as for prediction of the rate-limiting step [27].
Adsorption dynamics included three consecutive
steps. The first step is boundary diffusion, where the
adsorbate diffused on the adsorbent exterior surface.
Intraparticle diffusion into the pores of the adsorbent
represents the second step. In the third step adsorbate
was adsorbed into the interior site of the adsorbent.
Weber Morris intraparticle diffusion model (Eq. 4)
was used to investigate the rate-limiting step of
phosphate adsorption. If plotting g; versus t*° a
straight line is obtained, passing through the origin,
intraparticle diffusion is the sole rate-controlling step
[24]. In contrast, the adsorption process was con-
trolled by two or more steps [28].

qr = thO'S + Cv (4)

where g, is the adsorption amount at time t (mg g~ '),
k, is the intraparticle diffusion constant (mg g™’
min~'/?), and C is the intercept (mg g ).

In this study, the multi-linearity of phosphate
adsorption on the composite (Fig. 5) suggested that
the whole adsorption process can be divided into
three steps. Specifically, the slope of each linear seg-
ment in the plot determines the rate of adsorption,
where a higher slope indicates a faster adsorption
process [27]. The k; of three phosphate concentration
was significantly higher than k, and ks, suggesting
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Figure 5 Intraparticle diffusion model for phosphate adsorption
onto chitosan/MWCNTs.

that boundary diffusion was the dominating step,
followed by intraparticle diffusion.

Adsorption isotherms

Adsorption isotherms could be constructed based on
the results obtained at different temperatures and
equilibrium concentrations of the adsorbate and were
analyzed using the Langmuir and Freundlich iso-
therm models [29]:

Ce 1 1

=° _ +—C 5

de  Kigm qm ®)
1

Ing. zanF+ElnCe, (6)

where g, indicates the maximum adsorption

(mg g "), Ky is the adsorption equilibrium constant
(L mg™"), C. is the equilibrium concentration of
substrates in solution (mg Lfl), K is a constant rep-
resenting adsorption capacity, and n is a constant
depicting the adsorption intensity.

It is shown in Fig. 6 that the adsorption capacity of
chitosan/MWCNTs gradually increased with increas-
ing concentration of phosphate. Meanwhile, increasing
the temperature resulted in decreased adsorption
capacity of chitosan/MWCNTs. Table 52 summarizes
the parameters calculated applying Langmuir and
Freundlich models to the adsorption data obtained for
different temperatures. Maximum adsorption capacity
was calculated to be 36.1 + 0.3-31.3 + 0.7 mgP g™ ' in
the investigated temperature range. As indicated, both
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Figure 6 Adsorption of phosphate by chitosan/MWCNTs com-
posite at 293 K (black), 303 K (red), and 313 K (blue). The
adsorbent dose was 0.05 g in a 50 mL (pH = 3.0) solution.
Phosphate concentrations were increased from 25 to 200 mg P L™".

the correlation coefficients (R?) of Langmuir and Fre-
undlich models are > 0.9, suggesting that the adsorp-
tion abides well by the two models. However,
experimental results are better fitted by the Freundlich
isotherm model, suggesting that phosphate is mainly
adsorbed on the surface of the adsorbent in a multilayer
coverage manner. Freundlich isotherm model indicates
a favorable physical process when (1/7) is close to zero,
as well as if 7 is higher than unity. Additionally, values
of 2 <n<10,1 <n <2, and n <1 represent an easy
adsorption, a moderate adsorption, and a difficult
adsorption, respectively [30]. The obtained values of
0.35-0.38 for 1/n,and 2.63-2.86 for 11, shown in Table S2,
confirm that the adsorption process is physical and
favorable.

Different studies that focus on the synthesis of
novel adsorbent can be found in the literature, due to
urgency of phosphate pollution treatment. Among
remarkable reports, Yoon et al. [19] synthesized
magnetic iron oxide nanoparticles, which reached
adsorption equilibrium at 24 h with the maximum
sorption capacity of 5.03 mg P g~ '. Rashid et al. [31]
demonstrate that humic acid-coated magnetite
nanoparticles allow a fast and effective removal of
phosphate, achieving a maximum adsorption capac-
ity of 28.9 mg P g~ ". Qin et al. [1] reported zirconium
oxide as a novel adsorbent that can remove
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phosphate with maximum adsorption capacity of
1.21 mg P g~ '. Beyond these, adsorption capabilities
of other novel adsorbents are summarized in
Table S3. It can be easily noticed that the adsorption
capability of the composite presented in this work is
higher than many other phosphate adsorption sys-
tems recently reported in the literature. Though the
adsorption capability of the presented composite is
lower than that in some reports [7, 18], its extremely
simple modification method, significantly shorter
equilibrium time, and excellent reusability (vide infra)
make it an attractive candidate to deal with phos-
phate pollution in aquatic environments.

Thermodynamic of the adsorption process

Thermodynamic parameters of phosphate adsorption
were studied by performing experiments at 293, 303,
and 313 K. A negative value of AH® (— 7.51 k] mol™")
indicates an exothermic adsorption; thus, it was
reduced at increasing temperatures. Negative values
of AG® (- 16.77, —17.00, and — 17.41 k] mol™?)
indicate that the adsorption was spontaneous.
Finally, a positive value of AS° (0.032) implies
increased randomness at the solid—solution interface,
which helped the adsorption of phosphate on the
surface of chitosan/MWCNTs.

Regeneration studies

In order to be applied for the treatment of real water
samples, an excellent adsorbent should possess both
a high adsorption capacity and excellent reusability
to reduce the overall cost. For the specific case of
phosphate removal, the desorption capability of the
adsorbent is of utmost importance since phosphate is
considered a “non-renewable resource,” and it may
be depleted in less than a century due to world
growing demands [7]. Here, the reusability of our
chitosan/MWCNTs composite was investigated in
five adsorption-desorption cycles. The calculated
adsorption capacities indicate that the composite
maintained good adsorption performance up to the
fifth cycle (~ 94 to 98%). Furthermore, XPS result
indicated a percentage of phosphorus of ~ 3% after
adsorption of phosphate on the surface of the chi-
tosan/MWCNTs composite; however, after desorp-
tion, the percentage of P decreased from ~ 3
to ~ 0%. This result confirms that phosphate was
completely released from the surface of chitosan/
MWCNTs and the composite possess excellent
reusability and potential for phosphate recovery.

Proposed mechanism for phosphate
adsorption

As previously discussed, the adsorption of phos-
phoric ions was considerably influenced by the pH,
due to electrostatic attraction between adsorbent and

@ Springer



12648

adsorbate. A schematic of the mechanism is shown in
Fig. 7. Amine groups of chitosan largely take part in
the overall adsorption process, where they get pro-
tonated at low pH, thus imparting a significant pos-
itive charge on the surface of the adsorbent and
thereby aiding in the effective adsorption of nega-
tively charged phosphate species. This process is
supported by the N 1s XPS spectra obtained for the
chitosan/MWCNTs composite. Moreover, NaOH can
break the electrostatic attraction between chitosan/
MWCNTs and phosphate, thus allowing for the
complete release of phosphate and the recovery of
adsorption site after desorption, suggesting an elec-
trostatic adsorption mechanism for phosphate
removal by chitosan/MWCNTs.

Conclusions

The reported adsorbent for phosphate provides
powerful proof for phosphate removal potential
using carbon nanotubes. The study indicated that the
developed composite showed a good phosphate
adsorption capability in aqueous solutions, as high as
36.10 mg P g at pH 3 and 293 K. The maximum
adsorption was reached in only 30 min with a spon-
taneous and exothermic process, a much shorter time
compared with other reports. Additionally, the
composites showed excellent reusability, retaining
94-98% of the adsorption capacity after 5 adsorption—
desorption cycles. The composite showed a remark-
able performance compared to other novel adsor-
bents reported, further confirming its great potential
for phosphate removal and recycling. Optimization
of the effective pH range for application of the com-
posites will be an important aspect to be considered
in future studies, as well as the use of different
functional groups.
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