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ABSTRACT

The removal of boron from aqueous solutions using nanofibrous adsorbent containing grafted
poly(glycidyl methacrylate) with glucamine ligand was investigated in a batch equilibration mode.
Particularly, the equilibrium isotherms, kinetics, thermodynamics of boron adsorption onto a newly
prepared chelating adsorbent obtained by radiation-induced grafting of glycidyl methacrylate
onto electrospun poly(vinylidene fluoride) nanofibers followed by chemical treatment with
N-methyl-D-glucamine were studied. The equilibrium data were fitted to the Langmuir, Freundlich
and Redlich-Peterson isotherms, whereas the kinetic data were tested with the pseudo-first-order and
pseudo-second-order kinetic models. The adsorption thermodynamic parameters such as Gibbs free
energy change (AG), enthalpy changes (AH), and entropy changes (AS) were also determined. The
adsorption data were best represented by Redlich—Peterson isotherm model, and the kinetics were well
expressed by the pseudo-second-order model. The boron adsorption on the nanofibrous adsorbent
occurred spontaneously on chemisorption basis and is governed by the film diffusion mechanism. The
overall findings suggest that the newly prepared nanofibrous adsorbent have a strong potential for
boron removal from aqueous solutions.

Keywords: Boron chelating nanofibrous adsorbent; Electrospun PVDF; Adsorption kinetics; Adsorption

isotherms; Adsorption mechanism

1. Introduction

The widespread applications of boron in various
industries including nuclear technology, rocket fuel making,
and production of heat-resistant materials, ceramics, glass,
detergents, disinfectants, dyestuff, fertilizers, and food pre-
servatives have left water streams contaminated with exces-
sive amounts of boron causing health and environmental
concerns [1]. A value of 2.4 mg/L was set by the World Health
Organization for drinking water [2] whereas a value <4.0 mg/L
was set by a number of countries across the world for boron
in the wastewater discharge [1]. Therefore, increasing efforts
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to search for efficient, cost-effective boron chelating materials
and robust systems for the removal of boron from different
water streams have attracted worldwide attention.

Various separation techniques such as adsorption-
coagulation [3-5], electrocoagulation [6], electrodialysis [7,8],
reverse osmosis [9], and ion chelation [10] have been applied
for boron removal. Off all, ion chelation with selective resins
containing N-methyl-D-glucamine (NMDG) have been found
highly effective in boron removal and achieving discharge-
able low boron levels in the treated streams compared with
other technologies [11]. The presence of five hydroxyl groups
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in NMDG permits boron binding through a covalent bond
forming a stable coordination complex, and the bound boron
can be released by the treatment with a solution of strong
acid (e.g., HCI) allowing resin’s regeneration. Therefore,
majority of the commercial resins for this application contain
NMDG as the functional group [10,11]. Nevertheless, such
commercial resins are challenged by slow kinetics and
relatively low boron uptake capacity despite their high selec-
tivity to boric acid in regions with neutral pH levels [12,13].
Moreover, such resins have relatively high cost and loss of
capacity upon scaling up [14,15] in addition to limited sur-
face areas, uncontrollable pore structures, and high hydro-
phobicity making the process of boron removal less flexible
and the performance unsatisfactorily [16,17]. This triggered
various research efforts to develop alternative boron chelat-
ing adsorbents with improved performance.

Recent studies showed that boron chelating adsorbents
with fibrous structure have more efficient boron removal
compared with granular resins [18-23]. Particularly,
adsorbents obtained by grafting based on polyethylene-coated
polypropylene (PE-PP) [18,20,21] nylon-6 [19,22], PP, and
viscose [23] microfibers showed higher boron adsorption
capacity and faster kinetics than conventional resins. Among
grafting methods, radiation-induced grafting (RIG) is a
convenient technique to produce precursors that could be con-
verted to boron-selective adsorbents after functionalization
with desired level of ionic groups in large quantities [20,21].
For example, monomers such as glycidyl methacrylate
(GMA) [18] and vinylbenzyl chloride (VBC) [22] were grafted
onto PE-PP microfibers (average diameter of 30-50 um) and
nylon 6 (average diameter of 30 um) by RIG followed by
treatment of both grafted precursors with NMDG yielding
fibrous adsorbents with almost 10 times smaller diameters
than commercial granular resins (average particle diame-
ters >300 pm). This led to more than twofolds faster kinetics
coupled with about 20% improvement in boron adsorption
capacity. Despite such performance improvement, there is
still a room for enhancing the performance and overcoming
mass transfer limitation of boron in microfibrous adsorbents
by grafting onto nanofibrous substrates.

Electrospinning is a promising fiber-forming technique
for obtaining polymeric fibers with controlled diame-
ters ranging from few hundreds of nanometers to a few
micrometers [24]. Thus, various polymers can be electrospun
through this facile and low-cost technique with potential
for applications in chemical treatment of wastewater [25].
Among all polymers, poly(vinylidene fluoride) (PVDF) is a
thermoplastic that is known for its high elasticity and good
processability, polymorphism, chemical stability, formation
of stable radicals when exposed to high energy radiation and
electrospinnability lending this material numerous applica-
tions [26]. Thus, PVDF and its nanofibers were developed
as high-performance membranes for application in distilla-
tion, membrane contactor, and wastewater treatment [27,28].
However, the use of PVDF nanofibers for development of
adsorbents for boron removal from solution is very scarce.
Moreover, applying RIG as technique with its advantages for
preparation of such adsorbent is rather rare. In a preliminary
study, PVDF was electrospun under controlled conditions
[29] followed by RIG of GMA and subsequent treatment with
NMDG [30].

The objective of this study is to investigate the boron
removal characteristics of the new adsorbent having nano-
fibrous structure obtained by RIG of GMA onto electrospun
PVDF nanofibers followed by functionalization with NMDG.
Particularly, the adsorption experimental data obtained
under various conditions such as pH, initial solution concen-
tration, and contact time were investigated systematically to
establish the equilibrium isotherms, kinetics, and thermo-
dynamics for boron adsorption on the new adsorbent. The
mechanism of the boron adsorption by the prepared fibrous
adsorbent was further investigated.

2. Methodology
2.1. Materials

PVDF powder supplied by Aldrich (M = 534,000,
d = 1.74 g/cm®, mp = 165°C) was used for preparation
of electrospinning solutions. N,N-dimethylformamide
(DME, 99.5%) and acetone (99.7%) were purchased form
Merck (Germany). GMA (monomer purity > 99%) and
tetrahydrofuran (anhydrous > 99.9%) were supplied by
Sigma-Aldrich (U.S.A.). Ethanol, propanol, methanol,
and butanol (EMSURE® ACS) were obtained from Merck
Millipore (Germany). NMDG (purity > 99%) was purchased
from Sigma-Aldrich. All the chemicals were used as received
without any further purification. Deionized water (DI)
obtained from a water purifier (NANO purel Diamond™)
was used to prepare all boron solutions.

The synthetic wastewater containing boron with concen-
tration of 1,000 mg/L was prepared by dissolving 5.716 g of
H_BO, in the distilled water and diluted to 1,000 mL and used
as a stock solution. Standard solutions of boron (0.1, 1.0, 3.0,
5.0, 8.0 and 10.0 mg/L) were used to prepare a calibration
curve, which was linear with a correlation coefficient above
0.999. The pH of the solution was adjusted using HCI (1M)
and NaOH (1M) solutions.

2.2. Preparation of nanofibrous adsorbent

The PVDF solution of 15 wt% concentration was pre-
pared by dissolving the polymer powder in a mixture of DMF
and acetone at 8:2 (v/v) ratio under continuous stirring for
an hour at 70°C. The PVDF solution was electrospun under
optimized electrospinning parameters of 0.3 mL/h flow rate,
14.5 kV voltage, 25°C temperature, and 15 cm tip-to-collector
distance following the procedure reported elsewhere [29].

The PVDF nanofibrous samples were immersed in a beaker
containing 10% GMA in methanol for 12 h prior to irradiation.
The GMA-saturated samples were transferred into PE zipper
locked bag and deaerated with N, gas to remove oxygen. The
samples were irradiated to a total dose of 100 kGy using an
EB accelerator (EPS 3000) with an accelerating voltage of 1.0
MeV and beam current of 10 mA. Subsequently, the grafted
samples were washed repeatedly using methanol to remove
the remaining monomer and any formed homopolymer. The
grafted fibers were dried using a vacuum oven for 20 h at
50°C, and their weight increase was calculated. The degree of
grafting (DG) was determined using the following equation:

DG (%) = [(W, - W,)/W,] x 100 1)
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where W, and W, are the weights before and after grafting,
respectively.

Poly(GMA)-grafted PVDF nanofibrous samples were
treated with NMDG under continuous stirring and reflux.
The optimum reaction parameters for poly(GMA)-grafted
PVDF with 150% DG were 15% NMDG concentration,
87.0°C reaction temperature, and 65 min reaction time.
After the reaction completion, the functionalized nanofibers
were washed with DI few times and dried under vacuum
for 20 h at 40°C. Details on the optimization of the reaction
parameters were reported in a previous study [30]. The
density of the glucamine group in the nanofibrous adsorbent
was calculated according to the following formula:

]
= Z %1000 @
M

where Z, and Z_ are the weights of the initial grafted fibers
and final functionalized fibers, whereas M is the molecular
weight of the NMDG.

mmol

Density of glucamine
g, adsorbent

2.3. Adsorption equilibrium studies under different
pH and boron concentrations

The effect of pH of the solution on the boron adsorption
was performed by taking 0.8 g samples of the adsorbent and
adding them to 150 mL of 100 mg/L of boric acid solution in
Erlenmeyer flasks. The desired value of pH was adjusted by
using 1 M HCl and 1 M NaOH solutions and varied in range
of 3-11. A magnetic stirrer which was set to a temperature of
30°C and a speed of 200 rpm was used to stir the solution. All
the reported adsorption data are an average of 3 data point.

The determination of adsorption isotherms under various
concentrations was conducted by adding a fixed weight
of the adsorbent (0.8 g) to Erlenmeyer flasks containing
150 mL boric acid solution with concentrations in the range
of 50-250 mg/L. The mixture in the flask was stirred using
a magnetic stirrer at 200 rpm for 3 h. The temperature and
pH of the solution were fixed at 30°C and 7, respectively.
The following equation was used to calculate the adsorption
capacity at equilibrium, g, (mg/g) [31]:

(C,-C)xV
m

q,(mg/g) = 3)

where C and C, represent boron concentrations in the
liquid phase at initial and equilibrium stages, respectively.
V represents the volume of the solution (L) and m represents
the adsorbent mass (g).

For the kinetic studies, a 0.8 g of the adsorbent was added
to Erlenmeyer flasks. The flasks were filled earlier with 150 mL
boric acid solution with concentrations ranging from 50 to
200 mg/L. The stirring speed was set at 200 rpm, whereas the
pH and the temperature of the solution were maintained at
7 and 30°C, respectively. The equilibration time was var-
ied in the range of 10-180 min. Finally, the samples were
removed and the solution was analyzed for the residual boron

concentration. In all the adsorption experiments, freshly pre-
pared adsorbent samples were used. The boron concentra-
tion in solutions was determined using inductively coupled
plasma, inductively coupled plasma — optical emission spec-
trometry by means of a PerkinElmer, Optima 7300 DV, USA, at
a plasma gas flow of 15 L/min, auxiliary gas flow of 0.5 L/min,
nebulizer gas flow of 0.7 L/min, and pump rate of 0.5 L/min.

3. Results and discussion
3.1. Nanofibrous adsorbent properties

The new fibrous boron chelating adsorbent that was pre-
pared by RIG copolymerization of VBC onto nanofibrous
PVDF substrate yielded poly(GMA)-grafted fibers with a DG
of 150% , which was functionalized with NMDG imparting a
glucamine density of 2.2 mmol/g to the adsorbent. The prop-
erties of the prepared fibrous adsorbent are summarized in
Table 1. The mechanism by which the glucamine group cap-
tures boron from solution through coordination is shown in
Fig. 1.

The effect of solution pH on the adsorption of boron was
investigated to determine the optimum pH value to facili-
tate the determination of the adsorption mechanism. Fig. 2
illustrates the variation of the amount of boron adsorbed at
equilibrium as a function pH. A gradual increase in the boron
adsorption can be observed from pH 3 to 5, beyond which
the increase tend be insignificant up to 7 at which the highest

Table 1
Properties of the prepared fibrous boron chelating adsorbent

Properties Nanofibrous chelating adsorbent
Substrate PVDF nanofibers
Moeity NMDG

Chemical structure T
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Fig. 1. The complexation of boron on NMDG-functionalized
PVDF nanofibrous adsorbent.
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Fig. 2. Effect of pH on boron removal using newly synthesised
nanofibrous adsorbent (concentration: 100 mg/L, adsorbent
dosage: 0.8 g, time: 2 h, volume: 150 mL, stirring speed: 200 rpm
and temperature: 30°C) (SD is in the range of 1.4%-2.3%).

adsorption value was obtained. Further increase in pH led to a
marginal decrease at pH 9 followed by a remarkable decrease
at 11. Similar trend was reported for the adsorption of boron
from solutions onto microfibrous adsorbent containing
NMDG based on radiation-grafted poly(GMA)/polyethylene
(non-woven fabric) [32]. This behavior can be understood
based on the fact that the distribution of B(OH), and B(OH)™
species is controlled by pH of the solution, both of which
compete for the adsorption on NMDG group available.
Therefore, lower boric acid complexation is observed at low
pH values wherein the B(OH), species predominate [33,34].
More boron gets complexed to the adsorbent with the change
of pH from 3 to 7. The decrease in the adsorption capacity of
boron observed after pH 7 and above is most likely caused by
the increase in the amount of the competing hydroxyl ions
in the solution leading to a reduction in the adsorbent affin-
ity toward boron. The results suggest that high selectivity
for boron adsorption on the new adsorbent can be achieved
at pH in the range of 5-9 with the maximum value can be
attained at pH 7. The corresponding pH trend for commercial
resins such as Diaion CRB 02 and Amberlite IRA 743 was in
the range 6-10 [14,35]. It can be suggested that boron could be
removed by the present glucamine-containing fibrous adsor-
bent almost in all pH range, but higher removal efficiency
can be achieved at pH in the range of 6-8 with the maximum
value obtained at pH 7. Therefore, pH 7 was chosen for all
subsequent adsorption experiments. These findings are in
a complete agreement with previous studies applied glu-
camine-functionalized adsorbents of various types such as
macro porous particle [36], resins [37], and fibers [22].

3.2. Adsorption isotherm

The boron adsorption characteristics of the newly
prepared nanofibrous adsorbent were evaluated by
studying the adsorption isotherms using the three most
well-established equilibrium models, that is, Langmuir,
Freundlich, and Redlich-Peterson. The following equation
represents the Langmuir isotherm model [38]:

C, 1 1
P (C._,)+7KLQL 4)

where C, (mg/L) represents the concentration in the liquid
phase atequilibrium, g,is the boron adsorption at equilibrium,
while Q, (mg/g) and K, (L/g) are the Langmuir adsorption
constants related to the adsorption capacity and adsorption
energy, respectively.

The Freundlich isotherm model is described by the
following equation [39]:

1
log(q,) = —logC, +1logK, (5)
n

where g, represents the boron adsorption at equilibrium,
C, (mg/L) is the concentration in the liquid phase at
equilibrium, while K, (mg/g)(L/mg)" and 1/n are the
Freundlich adsorption constant and heterogeneity factor
indicating the adsorption intensity, respectively [40].

The Redlich-Peterson isotherm has incorporated fea-
tures of both Langmuir and Freundlich isotherms [41] and
represented by the following model [39]:

m&%—uwwqwmx> ©

e

where C, (mg/L) is the concentration in the liquid phase at
equilibrium, g, represents the boronadsorption atequilibrium,
while K, (L/g) and A, (1/mg) are Redlich-Peterson isotherm
constants, and g is the isotherm exponent which has values
between 0 and 1.

The equilibrium isotherms for boron adsorption by
the new nanofibrous adsorbents are presented in Figs. 3-5
whereas the best-fit data obtained from the model parame-
ters estimated from Egs. (4)—(6) are presented in Table 2. It
can be observed that the newly prepared nanofibrous adsor-
bent is best fitted to Redlich-Peterson isotherm (r* = 0.993)
compared with the other two models: Langmuir isotherm
(r*= 0.959) and Freundlich isotherm (2= 0.828). The coeffi-
cients obtained from Redlich-Peterson model were used to
verify the fitting provided by the Langmuir and Freundlich
isotherms. The high g value of >0.9 supports the suitabil-
ity of Langmuir isotherm to fit the experimental data [39].
This suggests the presence of a monolayer adsorption on
the homogeneous sites [42]. This is clearly consistent with
the chemical adsorption nature of boron complexation by the
NMDG ligands on Amberlite IRA 743 resin and microfibrous
adsorbent reported earlier [3,22].

3.3. Adsorption kinetics

The adsorption kinetics of boron on the nanoadsorbent
was tested with pseudo-first-order and pseudo-second-order
models. The fitting of the experimental data with
model-predicted value is determined by the correlation
coefficient (%), and the applicability of the kinetic model to
describe the adsorption process was confirmed using the
normalized standard deviation given in Eq. (7):

I (Ferp = Get) / Gorp ) 7)
n-1

Aq:lOOx\/
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where 7 is the number of data points and ¢, , (mg/g) and
q., (mg/g) are the experimental and calculated adsorption
capacities, respectively.

According to the pseudo-first-order model, the
rate of adsorption is proportional to the number of the
unoccupied adsorption sites as represented in the following
expression [43]:

8

[

C/q.
EN W

R2=0.9591

0 50 100 150 200
C

e

Fig. 3. Langmuir isotherm plot of boron adsorption on boron
chelating nanofibrous adsorbent.
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Fig. 4. Freundlich isotherm plot of boron adsorption on boron
chelating nanofibrous adsorbent.

1.50
1.00 A
0.50 A

0.00 A
-0.50 A
-1.00 A

ln(KRCe/qe -1 )

-1.50 A

-2.00 1 R2=0.9929

-2.50

3.50 4.00 4.50 5.00 5.50
InC,

Fig. 5. Redlich-Petterson isotherm plot of boron adsorption on
boron chelating nanofibrous adsorbent.

g, =q,(1-exp™) ®)

where g, is the amount of boron adsorbed at equilibrium
(mg/g), g, is the amount of boron adsorbed at ¢ time (mg/g),
and k, is the rate constant of the pseudo-first-order sorption
(min™).

Fig. 6 shows plots of for the pseudo-first-order model for
the adsorption of boron, and its parameters are presented
in Table 3. The estimated equilibrium sorption values for
solutions with concentrations ranging from 50 to 200 mg/L
were found to deviate from the corresponding experimental
values by 6.5%—-8.7%. This was coupled with a low linearity
as indicated by 7* values that were found to be in the range
of 0.891-0.928. The drop in r* value from 0.904 (for 50 mg/L
concentration) to 0.891 (for 75 mg/L concentration) for the
pseudo-first-order model is likely due to an experimental
error. This suggests that pseudo-first-order model is
inadequate describing the adsorption kinetics of boron on the
new nanofibrous adsorbent.

Table 2
Isotherm models’ parameters for sorption of boron on newly
prepared fibrous adsorbent

Isotherm Fibrous chelating
adsorbent
Langmuir Q, (mg/g) 19.881
K, (L/mg) 0.041
7 0.959
Freundlich K, (mg/g) (L/mg)""  2.769
n 3.159
r? 0.828
Redlich-Peterson A, (mg™) 0.00067
K, (L/g) 0.39
g 1
r? 0.9929
20 1
° °
18 A . ° °
16 A
14 A
12

q.(mg/g)
=y

6 > / ® 50mglL
® 75mg/L
4 1 ® 100mg/L
/ ® 200mg/L
24| — — 50mg/L (Pseudo-first)
0 50mg/L (Pseudo-second)
0 40 80 120 160 200

Time (min)

Fig. 6. Kinetic models for boron adsorption on new nanofibrous
adsorbent.
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Table 3
Kinetic parameters for adsorption of boron on nanofibrous adsorbent
Type Parameters 50 mg/L 75 mg/L 100 mg/L 200 mg/L
Pseudo-first-order r 0.904 0.891 0.928 0.917
q, cac (M8/8) 9.208 13.695 16.329 17.721
k, (g/mg min) 0.030 0.070 0.048 0.055
Aq (%) 8.275 6.522 7.057 8.690
Pseudo-second-order r 0.967 0.996 0.990 0.976
q, cac (M/) 10.512 16.164 19.609 20.894
k, (g/mg min) 0.005 0.005 0.003 0.003
h (mg/g min) 0.524 1.250 1.022 1.341
Ag (%) 4.827 1.949 2.356 4111
Experiment 0, orp (M8/8) 12.04 14.89 17.61 19.32

Pseudo-second-order model [44] described that the rate
of sorption is proportional to the square of the number of the
unoccupied adsorptive sites and can be expressed as follows:

_ kit
I Tkt ©)

where ¢, is the amount of solute adsorbed at equilibrium
(mg/g), g, is the amount of solute adsorbed at ¢ time (mg/g),
and k, is the pseudo-second-order rate constant of sorption
(g/mg min).

The initial adsorption rate, h (mg/g min), of the
pseudo-second-order model at t — 0 is given as follows:

h=kg; (10)

The I (mg/g min) value can be determined experimentally
from the slope and intercept of the plots.

Fig. 6 presents plots of the pseudo-second-order model
for the adsorption of boron, and the rate parameters are
presented in Table 3. The obtained r* values were higher
than 0.96 whereas, the calculated g, values were close to the
experimental ones as indicated by the lower normalized
standard deviation, and Aq values were in the range of
1.9%—-4.8%. This suggests that the adsorption kinetics of
boron onto the fibrous adsorbent can be well described by
the pseudo-second-order model. The consistency of the
adsorption experimental data with the pseudo-second-order
kinetic model signifies that the adsorption is dominated
by chemical adsorption involving monolayer adsorp-
tion in which valence forces through sharing or exchange
of electrons between sorbent and sorbate [45]. This
trend is similar to previous studies, which used various
glucamine-functionalized adsorbents such as resins and
cellulose-based fibers [31], porous particles [46], PE-PP
microfibers [47], and radiation-grafted nylon microfibers [22].

The initial adsorption rate, /1, was found to have a positive
linear relationship against the initial boron concentrations
varying from 50 to 200 mL/L. This suggests that at the low

initial concentration, the numbers of boron molecules to be
adsorbed are limited to the available active sites on the adsor-
bent. As the initial concentrations increased, the numbers of
boron molecules in the solution are also increased leading to
the adsorption of more boron molecules on the active sites.

3.4. Adsorption mechanism

The Weber—Morris intraparticle diffusion model was used
to obtain a better understanding of the boron removal mech-
anism of the prepared adsorbent. The model is expressed by
the following equation [48]:
q,= kpit(’-5 +C, (11)
where kpi (mg/g'min®®) is the intraparticle diffusion rate
constant of stage i, and C, (mg/g) is the intercept of stage
i obtained from the plot of g, vs. t°. The C, values provide
information about the thickness of the boundary layer, that
is, the larger the intercept, the greater the boundary layer
effect. It has been reported that it is essential for the g, vs. t°°
plot to cross the origin if the sole rate-controlling step is the
intraparticle diffusion. If the plot is found to intercept at a
value that is not zero, it can be established that both intrapar-
ticle and boundary layer diffusion are controlling the adsorp-
tion, which has a chemisorption nature.

Because the plot does not intercept at zero, the plot tends
to present a multi-linear behavior as is depicted in Fig. 7.
These results suggest that two or more steps occur in the
adsorption processes, involving instantaneous adsorption
on the external surface, intraparticle diffusion or gradual
adsorption being the rate-controlling stage, and the final
equilibrium stage where the intraparticle diffusion slows
down due to the decrease of adsorption sites and the low con-
centration of adsorbate left in the aqueous solution [49] This
multi-linear behavior exhibited is going along with the étudy
conducted on the removal of anionic dye (eosin Y) using
ethylenediamine-modified chitosan, in which it was estab-
lished that after the first stage (external surface adsorption)
is completed fast and less apparent, only the second stage
(intraparticle diffusion) and the third stage (equilibrium)
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are prevailed [50]. The steps observed in this study are also
similar to the adsorption mechanism reported for boron
adsorption on microfibers grafted with poly(VBC)/NMDG
ligands. This fibrous adsorbent also reached the equilibrium
stage at a faster rate than the granular resin [22].

At all initial concentrations, kpl was higher than kpz/ and
C, was larger than C, as depicted from data shown in Table 4.
This indicates that the rate of boron removal is higher in the
beginning due to the large surface area of the adsorbent avail-
able for the adsorption of borate ions. After the adsorbed mate-
rial formed a thick layer (caused by the interionic attraction
and molecular association), the capacity of the adsorbent
became exhausted and the uptake rate was controlled by the
rate at which the adsorbate was transported from the exterior
to the interior sites of the adsorbent particle [51].

The plots of g, vs. t**show two stages of linearity of boron
sorption onto the adsorbent are associated with intraparti-
cle diffusion and equilibrium stages. The external surface
adsorption was less apparent, and this could be attributed to
rapid diffusion of boron onto the external surface of adsor-
bent. This indicates that the first stage of diffusion is very
rapid and almost instantaneous for nanofibrous adsorbents
when compared with microfibrous and granular adsorbents.
This can be attributed to the decrease in the size and subse-
quent increase in the surface area of the adsorbent. Plots of
g, vs. t** for adsorption of boron on microfibrous adsorbent
showed three stages of linearity representing the diffusion of
onto the external surface, intraparticle diffusion, and equilib-
rium diffusion [22]. It can be suggested that the newly syn-
thesized adsorbent provides higher specific surface area, and
thus lesser time for the diffusion of target ions was reduced.
This coincided with rise in the number of functional groups
caused by higher NMDG density leading to larger number of
sorption sites faster the adsorption rate.
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Fig. 7. Intraparticle diffusion model for boron adsorption on the
nanofibrous adsorbent.

Table 4

3.5. Adsorption thermodynamics

Thermodynamic investigation was performed to deter-
mine the driving force of entropy change in a system that
is kept isolated and to conclude if the adsorption process is
spontaneous or not. The fundamental criterion of sponta-
neity is the Gibbs free energy change, AG°. If AG® is negative
in value, spontaneous reaction occurs at a given temperature.
The Gibbs free energy change (AG®), enthalpy change (AH®),
and entropy change (AS°), which are all thermodynamic
parameters, can be ascertained from the changes in the ther-
modynamic equilibrium constant (K,) and temperature (T).
These can be acquired using Eq. (12) [45]:

AG® =-RTInK, 12)

where R represents a gas constant, which equals 8.314 J/mol K,
K, represents the equilibrium constant, while T (K) represents
the medium temperature. The K, value is acquired using
Eq. (13) as follows [45]:

(13)

where C represents the initial concentration (mg/L),
C, represents the equilibration concentration after adsorption
(mg/L), while V and m represent the volume of the solution
(L) and the dose of the membrane (g), respectively. AH® and
AS° of adsorption are acquired using Eq. (14) [45]:

AG® AH® AS°
InK, =- =- +
RT RT R

(14)

AH® and AS° were calculated from the slope and intercept
of a plot of InK against 1/T.

The free energy changes (AG®) at 293, 303 and 313 K
temperatures were —0.228, —0.153, and -0.81 kJ/mol, respec-
tively. Such negative values suggest that the adsorption
of the borate ions onto nanofibrous adsorbent was ther-
modynamically feasible and spontaneous. This reveals an
increased randomness at the solid—solution interface during
the immobilization of boron on the active sites of the nanofi-
brous adsorbent. The decrease in the negative values of AG®
with the increase in the temperature suggests the adsorption
process of boron on the newly prepared nanofibrous adsor-
bent is spontaneous.

The obtained AH°® was 2.4 kJ/mol, and such positive
value further indicates that the adsorption of boron was

Intraparticle diffusion parameters for the adsorption of boron on nanofibrous adsorbent

Initial concentration C, (mg/L) k, (mg/g min®?) C, Rpl2 k, (mg/g min®?) C, szz
50 1.107 0.59 0.99 0.068 8.145 0.34
75 1.389 3.00 0.96 0.167 12.77 0.83
100 1.825 1.33 0.98 0.207 15.02 0.75
200 1.847 2.89 0.99 0.138 17.59 0.76
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Table 5

Comparison between nanofibrous, microfibrous adsorbents and granular resins

Properties Granular resin, Diaion CRB 03 [22] Microfibrous adsorbent [22] ~ Nanofibrous adsorbent in this study
Physical form Granular Microfibrous adsorbent Nanofibrous adsorbent

Chelating group NMDG NMDG NMDG

Particle/fiber diameter 350-550 pm 30 um 0.5 pm

Highest adsorption 11.6 mg-B/g-ads®

capacity

13.8 mg-B/g-ads®

17.6 mg-B/g-ads®

°Conditions: batch mode, 100 mg/L initial concentration and pH 7 in all experiments.

endothermic in nature, and the adsorption capacity increases
with the temperature increase. The determined AS° value
was 3.1 J/mol-K, and this positive value indicates the pres-
ence of spontaneity at the solid—solution interface during the
adsorption of boron in aqueous solution on the nanofibrous
adsorbent. A similar behavior was also observed for NMDG-
functionalized silica-polyallylamine composites [35] and
microfibers [22]. It can therefore be concluded that the adsorp-
tion of boron on the newly prepared nanofibrous adsorbent
follows a chemical adsorption process which is online with
the investigated adsorption isotherms and kinetics.

3.6. Comparison between fibrous chelating adsorbents
and granular resins

A comparison between the newly prepared nanofibrous
adsorbent, microfibrous adsorbent, and a commercial
granular resin is presented in Table 5. For instance, the
difference in shape and size of the three adsorbents seems
to have remarkable impact the boron adsorption capacity
under the same conditions. Fibrous adsorbents have higher
surface area resulting in higher adsorption capacities than
the granular adsorbent, and such effect is more profound
with nanofibrous adsorbent. The nanofibrous adsorbent
also demonstrated a higher intraparticle diffusion rate
constant of 1.825 mg/g min®* (at initial boron concentration
100 mg/L) compared with 1.134 mg/g min®® for the microfi-
brous adsorbent and 0.662 mg/g min®’for the granular Diaon
CRB 03 [22], respectively. Hence, it can be concluded that the
adsorption operation time can be reduced, and bigger volume
of water contaminated with boron can be treated with the use
of the nanofibrous adsorbent prepared in this study.

The nanofibrous adsorbent showed good stability and
reusability as reported in a previous study involving treat-
ments with 1 M HCl and 1 M NaOH solutions [30]. The
adsorbent retained same boron adsorption capacity after five
cycles of adsorption-desorption cycles (data are not shown
here). It can therefore be suggested that the newly prepared
boron chelating nanofibrous adsorbent has a strong potential
for application in boron removal from aqueous solutions.

4. Conclusion

A new nanofibrous chelating adsorbent with glucamine
density of 2.2 mmol was successfully prepared by RIG of GMA
onto electrospun PVDF nanofibers followed by functionaliza-
tion with NMDG. The obtained nanofibrous adsorbent was
tested for boron removal from solutions and delivered the
highest adsorption value at pH 7. The adsorption equilibrium

data for boron adsorption were well-described by Redlich-
Peterson isotherm model, whereas the kinetic behavior was
well-fitted to the pseudo-second-order model suggesting the
presence of chemisorption. The boron adsorption mechanism
was represented by Weber-Morris model. Hence, it can be
suggested that the adsorption mechanism involves instan-
taneous adsorption on the external surface and intraparticle
diffusion or gradual adsorption (the rate-controlling step)
prior to reaching the final equilibrium stage. The intraparticle
diffusion rate constant of the prepared adsorbent was found
to be higher (1.825 mg/g:min®®) than not only that of micro-
fibrous adsorbent (1.134 mg/g min"®) but also the commer-
cial resin (0.662 mg/g-min®?). The adsorption thermodynamic
investigation suggested that a spontaneous adsorption took
place on the surfaces of the nanofibrous adsorbent. It can be
finally concluded that the nanofibrous adsorbent obtained in
this study has higher adsorption capacity and faster kinetics
than both commercial granular commercial resins and micro-
fibrous adsorbents.
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