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ABSTRACT

In the present study, magnetic graphene oxide nanocomposite (GO/Fe,O,) was synthesized and used
as an efficient adsorbent for the removal of boron from water samples. The removal efficiency was
checked using inductively coupled plasma optical emission spectrometry (ICP-OES). The adsorbent
was characterized by field emission scanning electron microscopy (FESEM), X-ray diffraction (XRD),
Fourier transform infrared (FTIR) spectroscopy, and vibrating sample magnetometry (VSM). The
effective parameters of adsorption process including pH, adsorbent dosage, and contact time were
optimized using a central composite design (CCD). Under the optimal conditions (pH 9.2, adsorbent
dose of 82 mg, and contact time of 14.8 min), the relative standard deviation was 1.87% (C=100 mg L™,
n=9) with the determination coefficient (R?) of 0.9980. The maximum adsorption capacity of GO/
Fe,O, was 35.7 mg g”. The adsorption isotherm was well fitted with the Langmuir model. Finally,
the method was applied to remove boron in tap, mineral and groundwater samples and satisfactory
removal efficiencies (95-97%) were obtained.

Keywords: Boron; Magnetic graphene oxide; Inductively coupled plasma optical emission spectroscopy;

Central composite design; Adsorption isotherm models

1. Introduction

Boron is a nonmetallic element that is widely distrib-
uted in the environment [1]. It is an important micro nutri-
ent for humans, plants, and animals. Moreover, it occurs as
a significant component in various industries such as glass,
steel, ceramics, porcelain, cosmetics, carpets, semiconduc-
tors and fireproofing fabrics [2]. Boron mainly exists in the
form of boric acid (H,BO,) or borate anions (B(OH),") in
nature [3]. The average concentration of boron is approx-
imately 10 mg kg™ in the earth crust [4], 30 mg kg™ in
the soil, 4.5 mg kg™ in seawater, and 0.3-100 mg kg™ in
groundwater [5]. With the frequent use of this volatile ele-
ment, the increase in the boron waste could lead to the pol-
lution of drinking water sources. When discharged to the
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environment, it may volatilize and return to the ground in
the form of acid rainfall, and enters into the soil, and then
could be adsorbed by plants [1]. Eventually, the drinking
water sources will be polluted which could lead to a series
of health and environmental problems. Parks et al. asserted
that the acceptable daily intake of boron is 18 mg/d for
an average body weight of 60 kg [3]. The World Health
Organization [6] has set 2.4 mg L™ as a guideline value for
boron concentration in drinking water while 1.0 mg L™ is
the recommended content for drinking water by the Euro-
pean Union [3].

For such reasons, many methods, such as co-precipita-
tion [7], coagulation [8], solvent extraction [9], membrane
operations [10] and adsorption [11] have been developed
for boron removal from water and wastewater. Among
these methods, the adsorption technique is the most popu-
lar and widely used simple which is simple, cost-effective,
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a compatible procedure for removal of boron from aqueous
solutions. Different materials such as fly ash [12], activated
carbon [13], resins [10], composite magnetic particles [14],
and multi-walled carbon nanotube [15] have been used as
adsorbent for the removal of boron from aqueous solutions.
Graphene, a type of one or several atomic layered graph-
ites, possesses special two-dimensional structure (2D) com-
posed of a single layer of sp* networks of carbon atoms
arranged in a honeycomb pattern with excellent thermal,
mechanical, and electrical properties [16]. Graphene oxide
(GO), which is considered as the oxidized graphene, con-
tains oxygen-containing functional groups such as -COOH,
—-C=0, and -OH on its surface. These groups are essential
for high sorption of heavy metal ions [17].

Lately, magnetic nanoparticles, mainly Fe,O,, have
appeared as efficient advanced composite materials due to
their simplicity and ease in recovering adsorbent from the
liquid phase using an external magnetic field [18]. How-
ever, pure magnetic nanoparticles may suffer from some
inherent limitations as agglomeration that results in their
magnetic properties in complex matrices [19]. Thus, these
nanometer-sized metal oxides are not suitable for samples
with complicated matrices [20]. To overcome such limita-
tions, modification of Fe,O, to produce an efficient nano-
composite is required. In the current work, magnetic GO/
Fe,O, nanocomposite was synthesized by co-precipitation
of iron salts onto graphene oxide nanosheets and used
for the removal of boron before ICP-OES analysis. The
removal procedure was optimized with response surface
methodology.

2. Materials and methods
2.1. Reagents and materials

The graphite powder was purchased from Samchun
Pure Chemical Co., Ltd. (Pyeongtaek, Korea). Potassium
permanganate (KMnO,), ferrous chloride tetrahydrate
(FeCl,-4H,0), ferric chloride hexahydrate (FeCL-6H,0),
concentrated sulfuric acid (H,SO,, 98%), hydrogen perox-
ide (H,0,), hydrochloric acid (HCl), nitric acid (HNO,), and
sodium nitrate (NaNO,), ammonia NH, (25%), boric acid
H,BO,, sodium fluoride (NaF), and all other reagents were
purchased from Merck Chemicals (Darmstadt, Germany).
The stock solution of boron (1000 mg L) was prepared by
dissolving 0.573 g of H,BO, in 1 L of buffered solution of pH
9.2 and stored at 4°C until use. Dilute solutions were pre-
pared by appropriate dilution of stock solutions in double
distilled water (DDW). For determination of boron in aque-
ous samples, only plastic lab-ware should be used from the
time of sample collection to the completion of the analysis.
The laboratory plastic ware was washed with double dis-
tilled water before applications.

2.2. Apparatus

A Varian Vista-MPX ICP-OES (Canberra, Australia)
equipped with a slurry nebulizer and a charge coupled
device (CCD) detector was used for determination of sam-
ples. The instrument parameters and the related emission
line of boron are given in Table S1 (supplementary data file).
X-ray diffraction (XRD) analysis of the synthesized GO/

Fe,O, was carried out by a Philips Analytical Diffractom-
eter X' Pert Pro system, MPD model (Amsterdam, Nether-
lands) with Cu Ko irradiation (. = 1.54 A) operated at 40
kV and 40 mA. The infrared spectrum of GO/Fe,O, was
obtained with a Fourier transformed infrared spectrometer
(FTIR) from Bruker instruments, Equinox 55 model (Bre-
men, Germany) in the wavenumber range of 400-4000 cm™!
using KBr discs. The morphology of GO/Fe,O, nanosheets
was investigated by an FE-SEM using a Hitachi S-4160
machine (Tokyo, Japan) equipped with energy disper-
sive X-ray spectroscopy (EDX) operated at 5.0 kV. The pH
values were measured with a WTW Inolab 720 pH meter
(Weilheim, Germany). The magnetic property of the adsor-
bent was studied using a vibrating sample magnetometer
(VSM/AGFEM Meghnatis Daghigh Kavir Co., Kashan, Iran)
at room temperature. A Eurosonic 4D (Euronda, Montec-
chio Precalcino (Vincenza) Italy) ultrasonic water bath was
employed for dispersion of GO. An orbital shaker (GFL-Ge-
sellschaft fiir Labortechnik mbH, Burgwedel, Germany)
was used to accelerate the adsorption process. Designing
the experiments for CCD, analyzing and modeling the data,
analysis of variance and constructing the related plots were
performed by using a trial version of the “Design-Expert
7.1.3” software package (Stat-Ease Inc., Minneapolis, USA).

2.3. Synthesis of adsorbent

Graphene oxide (GO) was prepared from natural graph-
ite powder by a modified Hummers method [17]. Briefly,
2 g natural graphite powder and 2 g NaNO, were added
to 100 mL H,SO, (98%, w/w) under vigorous stirring at
room temperature for 2 h. Then, 12 g KMnO, was added
slowly into the solution in an ice bath. Next, the mixture
was heated and refluxed for 12 h, and then cooled to room
temperature. In the next step, 20 mL of H,O, (30%) was
gradually dropped in the resulting bright yellow colored
solution. After that, the mixture was washed several times
with HCl/water to remove any inorganic salts until, and
finally, dried in an oven at 60°C.

Chemical co-precipitation of Fe(II) and Fe(IIl) in alkaline
solution was used for the preparation of magnetite GO [21].
Firstly, 0.5 g of GO was dispersed in 40 mL of deionized
water under sonication for 30 min. Under a nitrogen atmo-
sphere, 0.94 g of FeClL,-4H,O, 2.5 g of FeCl -6H,0 and 50 mL
of deionized water were added to the mixture with vigor-
ous stirring. The temperature of the mixture was increased
to about 85°C, with an immediate addition of 7.5 mL of NH,
(25%) under vigorous stirring for 45 min. Then, the mixture
was cooled with continuous stirring until room tempera-
ture. After that, the obtained black sediment was washed
three times using deionized water and dried in an oven at
60°C.

2.4. The procedure

At first, 80 mg of GO/Fe,O, was added into 30 mL of
a buffered sample solution (pH 9.2) containing 100 mg L™
of boron. Then, the mixture was shaken for 15 min on an
orbital shaker at 200 rpm. Next, the adsorbent was sepa-
rated using an external magnet and the supernatant was
analyzed by ICP-OES for determination of boron residue.
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Fig. 1. Scheme of (a) adsorbent synthesis steps; (b) the removal procedure.

The adsorption capacity, amount of the adsorbed boron per
unit of adsorbent mass was calculated using the following
equation:

) ((C,. —cf)v)

1

4. = @
m

where g, is the adsorption capacity (mg g™), C,is the initial

boron concentration (mg L™), C,is the residual boron con-

centration (mg L), m is the adsorbent dose (g) and V' is the

sample volume (L).

3. Results and discussion

3.1. Characterization

The FESEM micro-graphs of GO and GO/Fe,O, are
shown in Fig. 2a. Fig. 2a shows a clear difference between
the surface morphology of GO and the adsorbent GO/Fe,O,.
The GO surface has a layered and sheet like structure with a
large thickness, wrinkled edge, and smooth surface. While
GO/Fe,0, possess a rough surface due to the presence of
Fe,O, nanoparticles that have been appeared as bright spots
distributed on the surface of GO sheets. According to the
micro-graph, the mean diameter of Fe,O, nanoparticles is
approximately 50 nm using the Digimizer software package
version 4.1.1.0, MedCalc Software (bvba, Mariakerke, Bel-
gium). The elemental analysis data of GO/Fe,O, is shown
in Fig. 2b in which the peaks related to the elements such as
carbon (C), oxygen (O), and iron (Fe) can be observed.

The FTIR spectra of GO and GO/Fe O, are displayed in
Fig. 2c. As can be seen, the spectrum of GO shows a broad-
band at 3450 cm™ related to O-H stretching vibrations. The
C=0 and C=C stretching vibrations can be observed at 1738

and 1620 cm™, respectively. The C-O stretching vibrations
of epoxy and alkoxy groups have appeared at 1223 and
1051 em™, respectively. In the FTIR spectrum of GO/Fe,O, a
new absorption band around 578 cm™ that can be ascribed
to Fe-O stretching vibrations, confirms the existence of
Fe,O, on the surface of GO nanosheets [22].

The XRD analysis was used to investigate the phase and
structure of the synthesized GO/Fe,O,. As shown in Fig. 2d,
the XRD plot of GO reveals a sharp peak at 26 = 10.12 cor-
responding to the (002) reflection of GO. This indicates that
the inter-planar spacing was increased due to the oxidation
treatment, while the weak wide peak at 26 = 21° suggests
residual unoxidized graphite. Moreover, the XRD pattern
of GO/Fe,0, shows the peaks at 26 = 30.1°, 35.9°, 43°, 54°,
57.2° and 63.1° related to the (220), (311), (400), (422), (511),
and (440) reflections, respectively. This is in a close concor-
dance with characteristic reflections of the pure cubic spinel
crystal structure of Fe,O, (JCPDS No. 19-629).

The magnetic property of GO-Fe,O, was measured
by VSM technique at room temperature. As can be seen
in Fig. 2e, a high saturation magnetization amount of
55.8 emu g! was observed for the adsorbent. Where the
magnetic hysteresis curve is S-like and passes through
the zero point of magnetization with no coercivity nor
remanence, suggesting a super paramagnetic property of
adsorbent.

3.2. Central composite design optimization

A rotatable and orthogonal central composite design
(CCD) was employed to obtain the conditions at which
the best possible response is achieved. The rotatability
provides constant variance of the predicted response with
the same distance from the center of the design, wherein
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Fig. 2. Characterization of the graphene oxide (GO) and magnetic graphene oxide (GO/Fe,0,): (a) SEM images; (b) EDX analysis of

GO-Fe,O

34

orthogonality each factor is evaluated independently
from all other factors. The design is a combination of a
factorial design (N, = 27) (f is the number of the factors),
a set of center points (N,), and axial points (Na. = 2f).
Center points are usually repeated to get a good estimate
of experimental error (pure error) [23]. The pH (P), adsor-

(c) FTIR spectrum; and (d) XRD pattern of GO and GO-Fe,O,.; (e) VSM magnetization curve of GO-Fe,O,.

bent dose (M), and contact time (t) were recognized as the
main parameters of the boron ion removal. Therefore, f is
equal to 3. The axial points are located at +o and -o. from
the center of the experimental domain. The value of the
axial point “o” needed to ensure the rotatability is equal
to £1.682 obtained from Eq. (2).
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a=4N, )
Then, N, was obtained using Eq. (3) equal to ~9.
®)

az\/\/(Nf+Na+NU)Nf—N/
2

The total number of experiments (N) needed to run the
CCD was calculated using Eq. (4) equal to 23.

N=N;+N,+N, (4)

In order to minimize the effect of uncontrolled factors,
the experiments were randomized. The experiments were
divided into two blocks and carried out in two sequential days
to remove the expected variations caused by some changes
during the course of the experiments [23]. The main factors,

Table 1
Factors, their symbols and levels for the central composite
design

Factor Symbol Level

—ar 1P 0 +14 +oe
pH P 2 425 65 875 11
Time (min) t 2 16,5 31 455 60
Adsorbent (mg) M 10 325 55 775 100

“Minimum axial point. "Minimum level. ‘Central value.
“Maximum level. ‘Maximum axial point.
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their symbols, and levels are given in Table 1. The experimental
design matrix consisted of the number and order of the exper-
iments, levels of the factors in each experiment and the related
responses are shown in Table S2 (supplementary data file).

Analysis of variance (ANOVA) (95% confidence level)
was considered to evaluate the model and the significance
of the effects (Table 2). The F-values show that the model is
significant and the lack of fit is not significant relative to the
pure error, hence confirm the validity of the model. Where
Significant effects should have “probe > F” values less than
0.0500. In this case, P, t, M, Pt, PM, tM, P?, t> and M? were the
significant effects. The second order polynomial with the
most reasonable statistics was considered as the satisfactory
response surface model to fit the experimental data. This
model [Eq. (5)] consisted of three main effects (P, t, and M),
three two-factor interaction effects (Pt, PM, and tM), and
three curvature effects (P2, t* and M?) as follows:

Y =b, +b,P+b,t + b,M + b,Pt + b.PM + b, tM + b,P*
+byt* + b,M?

b0=10.45; b1=-1.96; b2=0.3; b3=-2.10; b4=1.06; b5=0.75; b6
=-0.47; b7=-0.8; b8=-0.29; b9=-0.69.

)

where Y is the response (boron removal percentage), b, is
the intercept and the other b terms (b, - b,) are the coeffi-
cients. The sign of each coefficient (+ or —) shows the direc-
tion of the relationship between the related effect and the
response. Where if the sign is positive, the effect and the
response changes in the same direction, while for the nega-
tive sign the response operates in the opposite direction to
the effect. The absolute amount of the coefficients measures
the strength of the relationship.

Table 2
Analysis of variance (ANOVA) for the central composite design
Source Sum of squares®  df’ Mean square® F- value? p-value
Prob > F¢
Block 0.83 1 0.83
Model 145.89 9 16.21 656.24 < 0.0001 Significant
Pf 5211 1 5211 2109.76 < 0.0001
T® 1.22 1 1.22 49.29 < 0.0001
M* 59.97 1 59.97 242775 < 0.0001
Pt 9.01 1 9.01 364.57 < 0.0001
PM 449 1 4.49 181.97 < 0.0001
tM 1.79 1 1.79 72.35 < 0.0001
P2 1 9.54 386.11 386.11 < 0.0001
t2 1 1.29 52.10 52.10 < 0.0001
M2 1 724 293.02 293.02 < 0.0001
Residual’ 0.3 12 0.03
Lack of fitl 0.02 5 4.26x107 0.11 0.9868 Not significant
Pure error* 0.28 7 0.04
Cor total' 147.01 22

*Sum of the squared differences between the average values and the overall mean. "Degrees of freedom. ‘Sum of squares divided by
d,. “Test for comparing model variance with residual (error) variance. ‘Probability of seeing the observed F-value if the null hypothesis
is true. ‘pH. # Time. "Mass of adsorbent. ‘Consists of terms used to estimate experimental error. 'Variation of the data around the fitted
model. *ariation in the response in replicated design points. 'Totals of all information corrected for the mean.
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The quality of the polynomial model was expressed by
the coefficient of determination (R?, adjusted-R* and ade-
quate precision). R? is a measure of the variations around
the mean defined by the model and it is equal to 0.9980.
The adjusted-R*is adapted for the number of terms in the
model and it decreases as the number of terms in the model
increases whether those additional terms do not add value
to the model. Here, it is equal to 0.9965. Adequate precision
is a signal-to-noise ratio which compares the range of the
predicted values of the design points to the average predic-
tion error. The ratios greater than four elucidate adequate
model discrimination. Here it is equal to 85.58.

The effect of factor interactions on the response was
also studied using three-dimensional (3D) response surface
and counter plots. These plots represent the relationship
between the response and the levels of two factors simul-
taneously, while the third factor is fixed at its central level.
Fig. 3a depicts 3D response surface and counter plots of
pH-contact time interaction on the boron removal %. As it
is obvious, with increasing pH (from acidic to basic condi-
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tions) the removal of boron increases. This can be explicated
as follows. The Pszc of GO/Fe,O, is about 3.5 [24] . There-
fore, its surface charge is positive at pH < 3.5, and is negative
at pH > 3.5 [24]. On the other hand, B(OH), with pK_ of 9.2 is
the main boron species in the solution at pH < 9.2 and it can
bind to hydroxyl ion forming borate anion (B(OH),") [25]
(Fig. 4a). In spite of negative surface charge of the adsor-
bent at pH > 3.5, both boric acid and borate ion react with
hydroxyl groups on the surface of GO/Fe,O,, resulting in
the boric acid ester and the borate monoester, respectively
[25] as shown in Fig. 4b. Fig. 3b shows 3D response surface
and counter plots of adsorbent dosage-pH on interaction
boron % removal. The increase of boron percent removal,
with increasing adsorbent amount, can be attributed to the
increase of the accessible active sites. Finally, the optimal
conditions were obtained based on the model described by
Eq. (5) including pH 9.2, contact time 14.8 min, and adsor-
bent dose of 82 mg.

Repeatability. To study the repeatability of the proposed
method, the experiment was repeated for 9 times under

Boron removal %
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Fig. 3. The 3D response surface and contour plots of (a) the interaction effect of pH-contact time; and (b) pH-Adsorbent dosage on

the boron removal percent.
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Fig. 4. (a) The behavior and the main boron species in an aqueous solution. (b) Adsorption mechanism of boric acid and borate on

GO/Fe,O,.

the optimal experimental conditions. The obtained relative
standard deviation (RSD, n =9, C = 100 mg L) was 1.87%
indicating a good repeatability.

Table 3
Effects of interfering ions on the determination of boron

Interfering Interference to analyte Boron removal
33 F o species ratio (w/w)? (%)°
.3. Effect of coexisting ions X 2000 9799
Under the optimum conditions, the effect of various Na* 2000 9771
coexisting ions .such as K-, Na.*, Ca?, Mg*, Mn*, CI, .C032, Ca2t 2000 98.6
and SO,> was investigated with the procedure mentioned Me2 1000 9776
in Section 2.4. The data in Table 3 show that the presence of gz )
common cations and anions in natural water samples has Mn* 500 97.84
no significant effect on the removal of boron. Cl 2000 96.98
CO» 100 97.85
SO > 100 96.61

3.4. Re usability of the adsorbent

The reusability is one of the main key parameters that
is used to determine the effectiveness of an adsorbent.
Accordingly, after the adsorption process was finished,
GO/Fe,0,was collected from the solution and washed by
NaF solution (0.1 M) for two times, then dried and reused
by the proposed procedure. The results showed that the
adsorbent can be reused at least 10 times without signifi-
cant loss of the removal efficiency (<5%). Therefore, GO/
Fe,O, has a good capability for repeated use in sample
preparation.

3.5. Analysis of real samples

In order to evaluate the applicability of the proposed
method for determination of boron, various real water sam-
ples including tap, mineral and ground waters were also
analyzed with the proposed procedure. The removal per-
centage (R %) was calculated using the following equation

(Eq. (6)):

R% = @ %100 (6)
C

s

where C,, C, and C_ are the concentration of boron in the
real sample after spﬂ(ing with boron standard solution, the
concentration of boron in unspiked real sample, and the con-
centration of boron standard solution added to real sample,

*Concentration of boron solution is 100 mg L™. *"R% = (C,— Cf) /
C, x100; R% is the removal %, C, is the initial concentration of
boron (mg L) and C, " is the final concentration of boron (mg L).

respectively. The obtained results (Table 4) showed accept-
able removal (95-97%) of boron in the real water samples.

3.6. Adsorption isotherms

In the present study, the Langmuir and Freundlich iso-
therm models [26] were used to examine the adsorption
mechanism of boron onto GO/Fe,O,. The Langmuir iso-
therm assumes monolayer adsorption onto a surface that
its linear form is described by Eq. (7):

1 1 1
I . @)
qc qm (quLCE)

where g, is the amount of adsorbed boron per unit mass
of the adsorbent at equilibrium (mg g™), C, (mg L) is the
equilibrium concentration of the boron, g4, (mg g™) is the
maximum amount of adsorbed boron per unit mass of the
adsorbent to form a complete monolayer on the surface,
and K, is the Langmuir constant related to the affinity of
the binding sites (L mg™). The g, and K, were respectively
calculated from the intercept and slope of the linear plot of
1/q,versus 1/C, as shown in Fig. 5a. The essential features
of the Langmuir isotherm could be assessed in terms of
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Table 4
Determination of boron in different real samples

N. Al-Afy, H. Sereshti / Desalination and Water Treatment 153 (2019) 65-75

Sample Ca(mgL?) Cp(mgL™) Cc(mgL™) RR %4
Tap water? + mean SD® nd.f 101.1 £ 0.93 100 9712
Mineral water + SD n.d. 100.24 + 1.11 100 95.24
Ground waters n.d. 121 £ 0.96 100 96.42
River" n.d. 110.5 + 0.83 100 96.49

“The concentration of boron in unspiked real sample. "The concentration of boron in the real sample after spiking with boron standard
solution(100 mg L™).“The concentration of boron standard solution added to real sample. “The tap water was taken from university of
Tehran (Tehran, capital of Iran). *Standard deviation (1 = 3). ‘Not detected. sThe water was taken from university of Tehran (Tehran,

Iran). "The sample was taken from Karaj river (Karag, Iran).

12 @
) /
208
&
a ~ =9
y=2.67x+0.028
9 06 T A= .008s
d /
= 04 e
02 /
v
0.0 01 02 0.3 04 05
1/Ce (L mg1)

Log qe

H ®)
12 °
1.0
038 y=0.76x - 0.2
2 =

0.6 R2=0.9822
0.4
0.2
0.0 . . . : ,

E %05 1.0 15 2.0

Log Ce

Fig. 5. (a) The Langmuir adsorption isotherm; (b) and the Freundlich adsorption isotherm.

equilibrium parameter R, (a dimensionless constant called
separation factor) [26]:

1
(1+(1+K,C)))

®)

where C, (mg L) is the boron initial concentration and R,
indicates the adsorption nature. If R, > 1 the adsorption is
unfavorable, if R, = 1 it is linear, if 0 < R, < 1 it is favorable,
and if R, = 0 the adsorption is irreversible. Herein from the
data in, 0 < R, < 1, indicating that Langmuir isotherm is
favorable (Table 5). However, the Freundlich isotherm can
be applied to non-ideal adsorption on heterogeneous sur-
faces with multilayer adsorption expressed by Eq. (9):

logg, =log K, + [%jlog C, )
where C, indicates the equilibrium concentration of adsor-
bate (mg L), g, is the amount of adsorbate adsorbed per
gram of the adsorbent at equilibrium (mg g7), K, is the
Freundlich isotherm constant (mg'"/» L'/ g-1), and n rep-
resents the adsorption intensity. The K, and n were deter-
mined from the intercept and slope of the plot of log g,
versus log C, (Fig. 5b). The 1/n value ranges between 0 and
1 show the degree of non-linearity between solution con-
centration and adsorption. A favorable adsorption condi-
tion is achieved when n > 1. Herein the #n value for boron
adsorption on GO/Fe,O, was 1.3 (the Freundlich is also
adequate for use). Thus, we conclude that both Langmuir
and Freundlich equations fit the adsorption results.

The Langmuir and Freundlich models were also evalu-
ated regarding correlation coefficients (R*) which are used
as a measure of goodness of fit to the adsorption models
[27]. The R?values show that the experimental data well fit
with the Langmuir isotherm, which implies a monolayer
adsorption of boron on the surface of GO/Fe,O,. According
to the Langmuir equation, the maximum adsorption capac-
ity for boron was 35.7 mg g'. The adsorption isotherms
were constructed with the procedure in section 2.4 in the
concentrations range of 2.5-100 mg L™ boron species.

3.7. Comparison study

A literature survey was made to compare the proposed
method with other published methods for boron removal
and the results were given in Table 6. The adsorption capac-
ity of GO/Fe,O, and the percent removal was higher than
that of the other methods. In addition, the contact time and
adsorbent dose are better than most of the other mentioned
methods. The results clearly indicate that GO/Fe,O, is more
effective and faster than previous studies for the removal of
boron from water sample.

4. Conclusions

In the present study, a magnetic graphene oxide
nanoparticle (GO/Fe,O,) was synthesized and used, for
the first time, as an effective adsorbent for the removal of
boron from aqueous solutions. The sorption isotherms are
fitted better by the Langmuir isotherm suggesting that the
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Table 5
Adsorption constants for the Langmuir and Freundlich isotherm models
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Langmuir Freundlich
Analyte K q,° R R ne K/t R?
Boron 0.011 35.7 0.32-0.49 0.9985 1.3 0.6 0.9822
“Langmuir constant (mg L™). "Maximum adsorption capacity (mg g™). ‘Separation factor. “Correlation coefficient. ‘Adsorption intensity.
fAdsorption capacity.
Table 6

Comparisons of the adsorption capacities for boron adsorption by different adsorbents

Adsorbent Analysis Adsorption Contact time R% Adsorbent (g L)  Ref.
capacity (mg g™ (min)
Fly ash Flame AAS s 6.9 1440 90 750 [12]
AC? UV-vis 0.4 60 40 200 [28]
ACTA® UV-vis 22 60 78.8 200 [28]
AC-M-= UV-vis 2 60 73.4 200 [28]
Mg/Al DLH"-60 ICP-AES™, ICH 1.2-13.0 240 86.6 36 [29]
Mg/Al DLH-450 ICP-AES, IC 5.4-17.3 240 93.5 16 [29]
Mg-Fe HT® ICP-OES 31 10 33 2.5 [30]
Mg-AlHT ICP-OES 9.2 80 92 2.5 [30]
TA-MWCNT f UV-vis 19 60 - 0.3 [15]
GO-Fe,0O, ICP-OES 35.7 14.4 95-97 2.7 This work

*Activated carbon. Activated C impregnated with tartaric acid. “Activated C impregnated with mannitol. ‘Mg/Al double layered
hydroxides. ‘Hydrotalcite. ‘Tartaric acid-multi wall carbon nanotube. éAtomic absorption spectrophotometer. "Inductively coupled
plasma atomic emission spectrophotometer. 'Ion chromatography. /Inductively coupled plasma optical emission spectrophotometer.

sorption of boron on GO/Fe O, nanosheets is of monolayer
coverage. To determine the optimum conditions for boron
removal using GO/Fe,O,, a CCD with the least number of
experiments was used. The proposed sorbent presented
agreeable stability, re usability, adsorption capacity, and rate
of equilibrium for the sorption of boron ions. The method
was successfully applied for the determination of boron in
the several different water samples with the satisfactory
percent removal in the range of 95.24-97.12%.
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Supplementary
Table S1 Table S3
Instrumental parameters of ICP-OES and boron ions emission Effects of interfering ions on the determination of boron
lines
Interfering species  Interference to Boron removal
Parameter Value analyte ratio (w/w)*  (%)°
RF generator power (kW) 1.3 K+ 2000 97.99
Plasma gas flow rate (L min™) 15 Na* 2000 97.71
Auxiliary gas flow rate (Lmin™) 1.5 Ca* 2000 98.6
Nebulizer pressure (kPa) 150 Mg? 1000 97.76
Torch mode Axial Mn? 500 97.84
Analytical lines(nm) B (249.772) Cl- 2000 96.98
CO» 100 97.85
SO, > 100 96.61

Table S2

Design matrix and responses for the central composite design

Run  Block pH t(min) M (mg) Concentration
(mg L)
1 1 6.5 31 55 10.13
2 1 6.5 31 55 10.21
3 1 6.5 31 55 10.36
4 1 6.5 2 55 91
5 1 6.5 31 100 498
6 1 6.5 60 55 10.1
7 1 2 31 55 11.49
8 1 6.5 31 55 10.73
9 1 6.5 31 55 10.48
10 1 6.5 31 55 1045
11 1 6.5 31 10 11.99
12 1 11 31 55 491
13 2 3.8 13.6 82 8.99
14 2 9.2 484 28 9.98
15 2 3.8 13.6 28 13.84
16 2 9.2 13.6 82 4.55
17 2 3.8 484 82 6.61
18 2 9.2 484 82 6.24
19 2 6.5 31 55 10.65
20 2 9.2 13.6 28 6.23
21 2 3.8 484 28 13.17
22 2 6.5 31 55 10.55
23 2 6.5 31 55 10.34

*Concentration of boron solution is 100 mg L™. "R% = (C,—- Cf) /
C, x 100; R% is the removal %, C, is the initial concentration of
boron (mg L) and Ciis the final concentration of boron (mg L™).



