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ABSTRACT

This work presents the application of magnetic multi-walled carbon nanotubes (MMWCNTs) for
the removal of phosphate from aqueous solutions. Prepared nanoparticles were characterized by
TEM, FTIR, VSM, and XRD measurements. The prepared magnetic adsorbent can be well dispersed
in the aqueous solutions and quickly separated from the medium after loading on the adsorbent by
a magnet. The application of response surface methodology (RSM) was investigated for optimizing
the removal of phosphate from aqueous solutions using MMWCNTs. The effects of D/C (adsorbent
dosage per initial concentration of pollutant ((mg) , .  /(mg/l), ) and initial pH on phosphate
removal (%) evaluated by RSM. Using RSM methodology, a quadratic polynomial equation was
used for the removal of phosphate by multiple regression analysis. The optimum removal of phos-
phate was 97.35% at pH = 4 and D/C = 2.50. The experimental data were analyzed by the Langmuir
and Freundlich adsorption models. The Maximum adsorption capacity for phosphate removal was
obtained as 256 mg-g™' from the Langmuir is other mmodel. The present work indicates the novel
nature of the MMWCNT, which can remove the phosphates from the water.
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1. Introduction

As water is a vital resource, water pollution is a serious
issue for human beings ecosystems [1,2]. For different appli-
cations, the water must be free of germs and chemicals and
be clear. The main sources of water available to use are wells,
lakes, rivers, and surface water. Industrials’ wastewater
and effluent from agriculture and animal husbandry activ-
ities contribute to the accumulation of contaminants in soil
and water bodies [3]. Wastewater purification is important
because of generating a great volume of urban and indus-
trials that produce wastewaters in industrialized countries,
and maybe released these wastewaters into environmental

*Corresponding author.

[4]. Among the different contaminants, nutrient pollution
is one of the most widespread, costly and challenging envi-
ronmental problems. Phosphorus (P) is a nutrient that is a
common constituent of agricultural for fertilizer, manure,
and organic wastes in sewage and industrial effluent. Total
Phosphorus (TP) concentration in treating effluents from
municipal and industrial sources is usually less than 2.0
mg-L™, but it is often responsible for eutrophication leading
to short- and long-term environmental and aesthetic prob-
lems in lakes, coastal areas, and other confined water bodies
[5]. Phosphorus is a key nutrient that stimulates the growth
of algae and other photosynthetic microorganisms such as
toxic cyanobacteria [6].

The removal of phosphate from wastewaters and
municipal pollutants is necessary to meet the tough stan-
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dards of WHO [7]. Various technologies, including filtra-
tion, biological, chemical and physical treatment have been
investigated for the removal of phosphate from wastewa-
ters [8]. Phosphor removed from spiked municipal waste-
water using either electrochemical coagulation or chemical
coagulation as tertiary treatment. The researchers indicated
that at least, 97% of total phosphorus in the range of 5-50
mg/l was removed from municipal wastewater. The opti-
mal conditions as energy consumption, electrode consump-
tion, metallic sludge disposal, the amount of MMCNT,
initial concentration, and initial pH should be considered
for P, removal [3,9]. The adsorption method could be a
promising and a novel technology for the removal of pol-
lutants such as phosphate in wastewater compared to other
technologies, because this method can be produced qual-
ity water after wastewater treatment [10]. Hydrated ferric
oxide (HFO) and hydrated zirconium oxide (HZRO) were
able to reduce phosphate in a real wastewater [11]. Zhou
et al. [12] investigated the removal of phosphate by HFO
nanoparticles coated activated carbon fiber. The adsorption
of phosphorus by hydrated ferric oxide (HFO) nanoparti-
cles coated activated carbon fiber (ACF) prepared by Sol-
Gel procedure. The results indicated that the (ACF-HFO)
NPs had a high performance for the adsorption of phospho-
rus from wastewaters. Total phosphorus (TP) adsorption
capacities improved according to increases in loess dosage,
initial concentration, agitation rate and temperature [13].
However, TP removal efficiencies decreased when pH is
high and loess particle becomes large. The results obtained
from this work shown that loess is an applicable adsorbent
for the removal of TP of the municipal wastewater. Gen-
erally, P removal increased with the adsorbent dose rate.
Column flow-through tests using a secondary effluent con-
firmed the results carried out from the batch experiment.
The adsorption rates of dissolved phosphate (DP) and (TP)
by a peat column from the secondary effluent were good.
These results suggested that based on large surface area and
high amorphous Fe and Al contents, peat possessed great
potential for its use as substrate bed material for the adsorp-
tion of phosphorus from secondary wastewaters [3]. Phos-
phorus removal from wastewater by adsorption method
could be more suitable than precipitation in the removal
of phosphorus. As shown, the column experiments, about
65% of phosphorus can be retained through adsorption by
goethite coated silica sand [14].

Among various adsorbents, multi-walled carbon nano-
tubes (MWCNTs)which is one of the types of carbon nano-
tubes [15] have attracted more attention to their unique
structure, excellent mechanical, and thermal properties. Car-
bon nanotubes have attracted researchers’ interest as a new
type of powerful solid-phase extraction adsorbent because
of their relatively large specific area [16]. Magnetic carbon
nanotubes (CNTs) are usually prepared using the chemical
deposition of Fe,O, [17]. Furthermore, magnetic nanoparti-
cles have been recognized as an effective adsorbent with the
small diffusion resistance [10]. Magnetic MWCNTs could
be used for the removal of pollutants from wastewater and
after adsorption, can be separated from the solution by a
simple magnetic process [16]. Adsorption is proven to be
an economical and effective method for the removal of sev-
eral contaminates from wastewater [18-22]. Response sur-
face methodology design is a mathematical technique that

could be useful to analyze various parameters as pH, initial
concentration, and dosage adsorbent to achieve maximum
removal [23]. Several studies investigated the removal of
pollutants from wastewater using MMWCNTs, but there
is not still many reports about the removal of phosphate
from wastewater by magnetic MWCNTs. In this paper, the
authors reported a facile method to prepare MWCNTs/
Fe,O, NPs composite nanotubes. It was to synthesize nearly
monodispersed Fe,O, NPs on the surface of MWNTs by an
in situ method which a fine morphology was obtained. A
simple and efficient method was introduced to remove the
phosphates by MMWCNTs from wastewater. In addition,
MWCNT/Fe,O, NPs from wastewater have carried out the
systematic study for the removal of phosphates.

2. Materials and method

The MWCNTs (the length of 5-15 um and the aver-
age outer diameter was between 10-30 nm) were used
in our experiment. MWCNT were purchased from Nano
port Co. Ltd. (Shenzhen, China). Other reagents were of
analytical grade and used without further purification
including FeCl,-6H,O, FeCl-4H,0O, and NH_H,0O. All
glassware were soaked in dilute nitric acid for 24 h and
finally washed for three times with DDW prior to use. The
neodymium-iron- boron block magnet use in generating
the magnetic field for sulfate water separation was used.
(Maximum field strength: 13.2 KG). Ferric chloride hexa-
hydrate (FeCl,-6H,0O, analytically pure), ferrous chloride
(FeCl,, analytically pure), ammonia solution (28 wt. %) and
KH,PO,were all bought from Merck. The Design Expert 7.5
software was used for regression and graphical analyses of
the experimental data.

2.1. Synthesis of MWCNT/Fe,O, magnetic nanoparticle

The MWCNTs were dispersed in concentrated sulfuric
acid and nitric acid media (a 4:1 volume ratio) to modify the
MWCNTs surface by ultrasonication for 3 h. The oxidized
MWCNTs were filtered with a PTFE (Polytetrafluoreth-
ylene) filter membrane (Alltech, 0.45 pm pore size) with the
aid of vacuum pump then washed by DW (deionize water)
until the filtrate is neutralized. MWCNTs were dried in the
oven at 80°C for 6 h. 30 mg of functionalized MWCNTs
were dissolved in 21 ml of distilled water by ultrasonic irra-
diation for 25 min. Then 23 mg of FeCl-6H,O was added
under stirring. After the mixture was stirred vigorously
for 25 min under N, atmosphere, 35 mg of FeCl -4H,0 was
added and keep stirring under N, atmosphere for 25 min. 8
ml of concentrated NH,-H,O diluted with 17 ml of distilled
water was added to the mixture drop by drop. The addition
of NH,-H,O aqueous solution was finished in 2 h and then
the solution heated to 80°C and reacted for 8 h. The whole
process must be under N, atmosphere. The reaction mixture
was then centrifuged, washed with distilled water for sev-
eral times and dried at 70°C for 12 h.

2.2. Preparation of solution

Phosphate stock solution containing 2000 mg KH,PO, /L
was prepared by dissolving KH,PO, salt (analytical reagent
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grade) in distilled water. Phosphate working solutions in
various initial concentrations were prepared by diluting
the phosphate stock solution with 0.01 M KCl for adjusting
the ionic strength. The pH value of the P working solution
was adjusted with 1 M HCl and 1 M NaOH solutions before
adsorption experiments.

2.3. Instrument

The model of pH-meter is Metrohm-713 for this study.
The concentration of residual phosphate in the flask was
measured calorimetrically using a spectrophotometer (UV-
DR5000, Hach). The absorbance was read at 880 nm. The
method is analogous to EPA 365.2 + 3, US Standard Meth-
ods 4500-P E and ISO 6878.

2.4. Adsorption study

The adsorption of phosphate on MMWCNT was inves-
tigated under batch conditions. For this study, 12 series of
solutions each containing 50 mL aqueous solution sample,
and the various range of concentrations from 40 to 166.67
mg/1 of phosphate with 0.005 g of the nanocomposite was
blended for 60 min in 100 mL bottles kept in a shaker rotat-
ing with at rpm of 100. The temperature was kept at 25°C in
preliminary experiments. The ionic strength of solution was
adjusted to 0.01 mol/L using KCI.

The percentage of phosphate removal was obtained
using the following equation [24]:

R% = @ %100 1)

0

where C and C,are the initial and final concentrations in
mg/ L. The experiments were performed at room tempera-
ture. The supernatant solutions were analyzed spectropho-
tometrically at 880 nm wavelength. The effect of pH on the
removal of phosphate by MMWCNTs was investigated. The
range of initial pH values considered from 4-10. Phosphate
adsorption on MMWCNT was calculated from Langmuir
and Freundlich Isotherms.

2.5. Characterization

Chemical structure of y-Fe,O, nanoparticle functional-
ized with MWCNT was determined by XRD. XRD traces
were recorded from 26 of 20-70° with a 0.02° step size. Pow-
der X-ray diffraction (XRD) patterns were measured using
a Rigaku D/max-cB automatic X-ray diffractometer with a
Cu Ka radiation (k = 0.154056 nm). Transmission electron
microscopy (TEM) experiments were performed on a Hita-
chi 8100 electron microscope (Tokyo, Japan) and a JEM-
2000. EX electron microscope with an acceleration voltage
of 200 kV. Fourier transform infrared (FTIR) spectra of KBr
powder-pressed pellets were recorded on an Agilent Cary
600 series FTIR spectrometer. VSM was employed to deter-
mine the magnetic saturation value of MWCNT-y-Fe,O,
magnetic nanoparticles at room temperature. The specific
surface area and pore size of MWCNTs and MMWCNTs
were determined by nitrogen adsorption/desorption poro-
simetry at (77.4 K) using a porosimeter (Bel Japan, Inc.).

3. Result and discussion
3.1. Characterization of MWCNTs/Fe,O, nanocomposites

The structure of MMWCNTs, y-Fe,O, and MWCNTs
were investigated by powder XRD measurements and the
powder diffraction pattern of MWCNTs are displayed in
Fig. 1a. It is obvious The diffraction peaks at 26 = 25.55°
and 44.49° are consistent with (002), (100) planes of the
MWCNTs. The peaks of y-Fe,O, are shown in Fig. 1b. Fig.
1c represents the XRD pattern of MMWCNTs that contains
all the carbon nanotube and iron oxide nanoparticles peaks.
The crystalline diffraction peaks at 26 = 29.74, 35.25, 43.09,
57.09 and 62.67 corresponded to the (220), (311), (400), (511)
and (440) planes of the spinel phase of Fe,O, (JCPDS No.
65-3107), respectively [25]. The XRD results confirm that
MWCNTs/Fe,O, nanocomposites were successfully synthe-
sized by a facile hydrothermal method and the existence of
MWCNT and Fe,O, in the nanocomposite.

The TEM images of the MMWCNTs presented in Fig.
2. Most of the MWCNTs were loaded with iron oxide
nanoparticles. Fig. 2a shows that no separated nanoparticles
were found on the TEM carbon nanotubes nanoadsorbent,
which suggests that the unattached nanoparticles have
been completely removed from the product. The image of
MMWCNTs nanocomposites (Fig. 2b) confirms the good
fabrication for the MMWCNTs nanocomposites. Some
nanoparticles assembled into nanotubes but still adhered
stably on the tube surface. There is no detected bare surface
area on the surface MWCNTs, showing the high efficiency
of our synthesis method.

Surface functionalities of synthesized MMWCNTs were
investigated by considering the spectroscopic results from
FT-IR studies. Fig. 3a and b of MMWCNTs and MWCNTs
were carried out for a better comprehension of the structure
and composition of these materials. An absorption band
revealing the vibrational properties of the Fe-O bond is
observed around 568 cm™. This band is mainly assigned to
the stretching vibrations of Fe-O-Fe. The broad absorption
peaks between 3400-3500 cm™ correspond to -OH group,
showing the hydroxyl groups on the surface of the compos-
ites or it can be attributed to the adsorption of some atmo-
spheric water during FTIR measurements. The C=C band
of aromatic ring appeared at 1621 cm™ of the functional
groups on the surface of the MWCNTs. The peak at 2940
cm™ corresponds to the C-H stretch vibration, originated
from the surface of MWCNTs.

The magnetic properties of the synthesized MMWCNTs
are shown in Fig. 4a.The sample exhibits no coercivity
and remanence, and its saturation magnetization is about
29.5 emu/g at 30 kOe. As-prepared MWCNT-iron oxide
composites can be easily dispersed in water and form a
stable dispersion which due to magnetic properties, these
MWNT-iron oxide composites could be quickly separated
from their dispersion holding the sample close to a com-
mercial magnet. Fig. 4b indicates that it can be manipulated
by an external magnetic field. From the results it could be
said that MWCNT/Fe,O, can be easily and reliably targeted
through the specific applications.

Specific Surface area (SSA) of the MMWCNTs was
analyzed commonly by The Brunauer, Emmett, and Teller
(BET) method. The SSA of the sample is measured by phys-
ical adsorption of a gas on the surface of the solid and by
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Fig. 1. Power XRD patterns of (a) MWCNTs, (b) y-Fe,O,, (c) MMWCNTs.

Fig. 2. Representative TEM image of MWCNT/Fe,O nanocomposites (a, b).

measuring the amount of adsorbed gas corresponding to a
monomolecular layer on the surface [10]. The BET measure-
ments found that the SSA of MWCNTs and MWCNT/Fe,O,
were 127.91 m?/g and 112.26 m?/g, respectively. When the
Fe,O, particles are filled in the MWCNTs, the surface area of
the MMWCNTs decreases slightly [16].-

3.2. Experimental design

Response surface methodology (RSM) coupled central
composite design (CCD) for two factors was considered
for experimental design. We selected pH (X)) and D/C (X,)
as control variables. D/C means the adsorbent dosage per
initial concentration of pollutant ((mg) ., .../ (mg/1), ...
The design consists of two-level full factorial design (2*=
4), four star points, and one center point. Furthermore, we

carried out three reproduces at the central point to evaluate
the pure error among each experiment. The order of exper-
iments was randomized to lower the uncontrolled effect of
factors. A second order equation was expanded to estimate
the responses as a role of independent variables involving
their quadratic interactions and squared terms. We coded
the variables X as x,according to Eq. (2):

X, - X, .
x,=—2i=1,2,3, ...,k
i AX (2)

i

The basis of forming a second order equation in removal
is given in Eq. (3):

3 3
Y= Byt 2 BX A BXT X BXX €)
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Fig. 3. The IR spectra of (a) MMWCNT, (b) MWCNT.
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Fig. 4. (a) Magnetization curve at 25°C (300 K) of MWCNT-iron oxide composites. (b) Photograph of MWCNT-iron oxide composites

dispersed in water (right) and their response to a magnet (left).

Multiple regression analysis techniques contained in
the RSM were used to predict the coefficients of the mod-
els. The design factors and levels for both CCD studies are
shown in Table 1; meanwhile, the design matrix with their
corresponding results is listed in Table 2.

The resultant second-order models for the phosphate
removal generated as shown in Eq. (4):

R =+4.29301+3.52438 X +12.14310 X, - 6.05088 X, X, +

0.03889X?+ 17.35734 X2 4)

The effects of the design parameters on phosphate
removal can be determined by means of the ANOVA given
in Table 3. The F value is a ratio of the mean square due to
regression to the mean square due to error. P-values are asso-
ciated with F values as they are useful to display whether F

values are large enough to show the statistical significance.
In the model, linear and quadratic parameters were signifi-
cant with P < 0.05. The predicted R-Squared value is found
0.97 for equation. The value of R-squared is a measure of
total variation of observed values about the mean explained
by the fitted model. Therefore, R-squared shows very good
fitting for experimental and estimated data.

The observed versus predicted values are illustrated in
Fig. 5. It can be seen that most of the points of experimen-
tal values lie are close to the straight line as the predicted
values.

3.3. Main factors effect

To observe all factors on one response plot, the pertur-
bation plot can be used, which provides silhouette views of
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the response surface (Fig. 6). For response surface designs,
the perturbation plot shows how the response changes as
each factor moves from the chosen reference point, with all
other factors held constant at the reference value. In Fig. 6,
reference points are set in the middle of the design space
(the coded zero level of each factor). As shown, increasing
pH results in reducing phosphate removal. Fig. 6 shows
that increasing D/C results affect the increasing phosphate
removal. The effect of pH and D/C on phosphate removal
are completely different.

3.4. Contour plots

Authors analyzed the simultaneous effects of two inde-
pendent variables, including pH and D/C on phosphate
removal. Eq. (4) is used to construct the response surface
and contour plots in which the second independent vari-
able is in midpoint level. According to Fig. 7, increasing

Table 1
Coded levels and factors for CCD study

level pH (X)) D/C(X,)

-0 4.00 0.60

-1 4.88 0.88

0 7.00 1.55

+1 9.12 2.22

+0. 10.00 2.50
Table 2

CCD experimental matrix data for removal study

Run Factor Final
pH D/C Removal (%)
1 7.00 1.55 25.96
2 4.88 2.22 72.32
3 4.00 1.55 36.62
4 9.12 0.88 12.35
5 7.00 1.55 25.23
6 7.00 0.60 17.65
7 4.88 0.88 25.32
8 9.12 222 24.86
9 10.00 1.55 15.63
10 7.00 1.55 26.65
11 7.00 2.50 65.23
12 7.00 1.55 2512
Table 3

ANOVA for the removal of phosphate
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D/C and decreasing pH results in increasing phosphate
removal. It approves that the pH and D/C are important
parameters affecting the removal of phosphate. According
to Fig. 8, the higher amount of pH and lower amounts of
D/C lead to a more reduction of phosphate removal. Fur-
thermore, an optimum point exists for pH and D/C. At pH
=10 and (D/C) = 0.6, the removal of phosphate reaches to a
minimum value, and at pH =4 and D/C 2.5 the removal of
phosphate reaches the maximum value.

To validation the model optimization of phosphate
removal, three more runs were performed and the final
optimal points were compared with those from experimen-
tal data at same conditions. Table 4 shows the average rela-
tive error for phosphate yield is 2.75%.
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57.25 —

.
&
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10.16 25.70 41.24 56.78 72.32
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Fig. 5. Actual against predicted values for removal phosphate.

pH

Removal (%4)

T T T T T
-1.414 0.707 0.000 0.707 1414

Deviation from Reference Point (Coded Units)

Fig. 6. Main effects of main parameters for the removal of
phosphate.

Source Sum of squares Degree of freedom Mean square Fove P R?
S.S. regression 372773 5 745.55 35.15 0.0002 097
S.S. error 127.26 6 21.21

S.S. total 3854.99 11
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Fig.8. (a) Effect of pH, and (b) Effect of D/C on the phosphate removal.

Table 4
Result verification of the experiment and predicted values

Phosphate yield (wt %)

Parameters Y el xperiment % Relative error
pH D/C
4.88 2.22 69.37 72.32 4.07
7.00 2.5 63.82 65.23 2.16
7.00 155 2574 25.23 2.02
%Average relative error  2.75

The pH of the solution is one of most controlling
parameter during adsorption process [26], which affects
the surface charge of the MMWCNTs. In order to estab-
lish the effect of pH, the equilibrium studies at various
ranges of initial pH values were considered from 4-10. As
shown in Fig. 8a, the pH of the solution has a high effect
on the removal of phosphate. With an increment of pH
from 4 to 10 at D/C 2.50, the removal (%) decreased from
97.35% to 31.00%. The maximum removal of phosphate by
MMWCNT was obtained at pH 4.00 and D/C 2.50. Fig.
8b shows that with increasing of D/C, the removal of

phosphate increased from 18.03% to 97.35%.Therefore, the
pH and D/C values are important factors for phosphate
removal.

3.5. Adsorption isotherms

The adsorption isotherms of phosphate by MWCNTs/
Fe,O, in aqueous solution can be analyzed using the Lang-
muir and the Freundlich adsorption models. In order to
optimize the use of MMWCNTs adsorbents, it is important
to establish the most suitable adsorption isotherm. Thus,
the correlation of equilibrium data by either theoretical or
empirical model is essential to practical operation. Lang-
muir and Freundlich’s equations were used to analysis the
experimental data of the MMWCNTs adsorbents for phos-
phate in our work.

3.5.1. Langmuir isotherm

The Langmuir isotherm model assumes monolayer
coverage on a homogeneous surface without interaction
between adsorbed molecules and uniform energies of
adsorption onto the surface [27]. The linear form of Lang-
muir isotherm equation is given by:
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where C, is the equilibrium phosphate concentration (mg-1™),
q,is the amount of phosphate adsorbed at equilibrium (mg/g),
K, is constant and g, is the maximum amount of phosphate
adsorbed (mg.g™). The Langmuir adsorption isotherm results
are given in Table 5. As can be observed, the equilibrium data
are well displayed by Langmuir adsorption isotherm, with
maximum monolayer adsorption capacity of 263 mg-g™ for
the MMWCNT. The essential characteristics of Langmuir iso-
therm can be expressed in terms of a dimensionless equilib-
rium parameter (R,). This parameter is defined as:

1
R =——
" 1+K,C, ©)

where K| is the Langmuir constant and C, is the highest ini-
tial adsorbate concentration (mg-1""). The value of R, indi-
cates type of the isotherm to be either unfavorable (R, > 1),
linear (R, = 1), favorable (0 < R, < 1) or irreversible (R, = 0).
As can be observed in Table 5, the dimensionless constant
values, R, lie within the favorable limit for adsorption of
phosphate onto the MMWCNT [27].

3.5.2. Freundlich isotherm

The Freundlich isotherm model is an experimental
equation employed to describe the multilayer adsorption

Table 5
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with a heterogeneous energetic distribution of active sites,
accompanied by interactions between adsorbed molecules
[27]. The well-known logarithmic form of Freundlich iso-
therm equation is given by Eq. (7):

logg, =logK; + (ljlog C, (7)
n

where C, is the equilibrium phosphate concentration (mg-1-
"), q, is the amount of phosphate adsorbed equilibrium
(mg-g™), K. and n are the Freundlich constants. The param-
eters of Egs. (5)—(7) were computed and are presented in
Table 5. As shown, Table 5 includes four initial concentra-
tion range. Higher initial concentration range (125-166.67
mg/1), Moderate initial concentration range (85-125 mg/1),
lower initial concentration range (40-85 mg/1) and whole
initial concentration range (40-166.67 mg/1). These indicate
that Langmuir adsorption isotherm is found more suitable
only to moderate initial concentrations (85-125 ppm and
R?= 0.9938). Therefore, the Langmuir isotherm correlates
better than the Freundlich isotherm with the experimental
data, indicating the adsorbed phosphate does not inter-
act with each other and the adsorption of phosphate by
MWCNTs/Fe,O, nanocomposites is a monolayer adsorp-
tion. The linear plots for Langmuir and Freundlich iso-
therms in four ranges of initial concentration are shown in
Figs. 9-11.

The effect of initial concentration on adsorption of phos-
phate was investigated in the range of (85-125 mg/l) or

Langmuir and Freundlich isotherm model parameters and correlation coefficients for adsorption of phosphate onto MMWCNT

Adsorbent Langmuir isotherm model Freundlich isotherm model
(MMWCNT) q,(mg/g) K,(1/mg) R, R? Log(K,) 1/n R?
Whole con. 285 0.199 0.029 09778 2.5756 0.0783 0.6692
Low con. 238 0.333 0.035 0.9927 2.6072 0.1109 0.9076
Mod con. 278 0.111 0.067 0.9938 2.2243 0.0887 0.6540
High con. 625 0.007 0.465 0.9886 1.3952 0.5055 0.9906
05 i ®
@ y= 00035+ 00176 ' = 0.0783x+ 25756
04 R=09778 | 7= 06692
25 |
B ot
K i
v ¢ . '
L]
13 t

0 20 4 60 80 100 120 140

Comgl)

23

0.00 0.50 100 130 .00 250

Fig. 9. Adsorption isotherms for the whole initial concentration range of phosphate onto MMWCNTs at different initial concentra-
tion: Langmuir (a) and Freundlich (b). (Volume of phosphate solution: 50 mL, initial concentration of phosphate: 40-166.67 mg/L,

adsorbent: 5 mg, pH: 4).
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Fig. 10. Adsorption isotherms for low initial concentration range of phosphate onto MMWCNTs at different initial concentration:
Langmuir (a) and Freundlich (b). (volume of phosphate solution: 50 mL, initial concentration of phosphate: 40 -85 mg/L, adsorbent:

5mg, pH: 4).
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Fig. 11. Adsorption isotherms for moderate initial concentration range of phosphate onto MMWCNTs at different initial concen-
tration: Langmuir (a) and Freundlich (b). (volume of phosphate solution: 50 mL, initial concentration of phosphate: 85-125 mg/L,

adsorbent: 5 mg, pH: 4).
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Fig. 12. Adsorption isotherms for the high initial concentration range of phosphate onto MMWCNTs at different initial concentra-
tion: Langmuir (a) and Freundlich (b). (Volume of phosphate solution: 50 mL, initial concentration of phosphate: 125 -166.67 mg/L,
adsorbent: 5 mg, pH: 4).
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Fig. 13. Equilibrium adsorption uptake of phosphate for
MMWCNT at different initial concentration and pH 4.
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Fig. 14. Equilibrium adsorption uptake of phosphate for
MMWCNT at different pH and initial concentration 125 mg/1.

D/C (0.8-1.19) at pH 4. Results were presented in Fig. 13.
It indicated that the adsorption capacity of MMWCNTs
increases up to approximately 256 mg-g™'. Fig. 14 observed
that phosphate uptake reduces with an increase in solution
pH from 4 to 10. This can be due to the negative charge of
the surface of MMWCNTs in a high pH range. The negative
charge of the surface of the magnetic carbon nanotubes was
also confirmed from the data on the zeta potential [28]. With
the increasing of pH, the adsorption capacity decreased. In
particular, the strong electrostatic attraction was revealed
on the surface of the positively charged adsorbent in low
pH due to the negatively charged phosphate and the relax-
ation of the functional group [29]. At higher pH, the neg-
atively charged parts also increased, but the electrostatic
repulsion from the negatively charged parts of the adsor-
bent does not favor absorption of phosphate [30]. Fig. 14
indicated that lower adsorption capacity was at the higher
pH. The MMWCNTs were positively charged at pH 4.00.
Thus, the increases adsorption of phosphate at lower pH
values (pH = 4.00) could be due to the reduced electrostatic
repulsion between the phosphate anion and the positively
charged on MMWCNTs.

4. Conclusion

In this study, a successful synthetic method to prepare
stable MMWCNTs without using highly toxic chemicals is

reported. The prepared MMWCNTs is well dispersed in
the water and can be easily separated magnetically from
the solution after adsorption. In this study, The MMWCNT
was successfully adsorbed for phosphate removal. The
modeling and the optimization of the removal of phos-
phate were performed by using response surface meth-
odology-central composite design (RSM-CCD). Two
parameters, namely pH and D/C were the control factors
in this study. One quadratic model removal phosphate
was developed. Analyze of variance results confirmed that
there was a significant agreement between the models and
the experimental data. The results show that pH and D/C
were the factors with statistically high significant effect.
The optimum point was found at pH = 4 and (D/C) =2.50
with the predicted removal of 97.35%. Langmuir isotherm
model of phosphate adsorption on MMWCNTs with high
correlation coefficient is a better fit than Freundlich iso-
therm model.
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