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ABSTRACT

The performance of new nanofibrous chelating adsorbent, prepared by radiation induced grafting
of glycidyl methacrylate onto electrospun poly(vinylidene fluoride) (PVDF) nanofibers followed by
functionalization with N-methyl-D-glucamine, for removal of boron from aqueous solutions using
a fixed-bed column was evaluated. The breakthrough curve was studied under various parameters
including initial concentration, flow rate and bed height at pH 7. The column performance was
evaluated with Yoon-Nelson and Thomas adsorption kinetic models. The maximum performance
for boron adsorption was obtained at an initial concentration of 10 mg L™, a space velocity (SV) of
15 h™ and a room temperature of 28°C. The breakthrough capacity was found to be a function of both
initial feed concentration and flow rate. Thomas model was found to best fit the dynamic behaviour
of the column. The newly obtained adsorbent was proven to be capable of removing boron efficiently
from aqueous solutions in continuous fixed-bed systems at high flow rates and has potential for
industrial-scale application.

Keywords: Nanofibrous boron-selective adsorbent; Breakthrough curve; Adsorption kinetic models;
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1. Introduction

The growing environmental and health concerns over
the rise of boron concentration in surface and waste water
streams is prompting the development of new materials
and systems for efficient treatment of the contaminated
streams [1,2]. The surface water gets contaminated by boron
through leakages of urban wastewater containing detergents
and cleaning products [3]. On the other hand, the growing use
of boron in various industries (e.g., heat-resistant materials,
ceramics, glass, dyestuff, fertilizers and food preservatives)
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led to contamination rise in industrial wastewaters [4].
Thus, a stringent control over boron concentrations in
drinking, irrigation and waste waters has been imposed by
environmental authorities in many countries. A value of
2.4 mg B L was set by WHO for drinking water [5] whereas
<4.0 mg B L was set for discharged wastewater in various
countries [6]. Nevertheless, the irrigation water was set at
far lower value (0.5 mg B L™) to prevent plant toxicity [7].
Boron compounds are mostly present in water streams
in boric acid form unlike seawater where boron is in a
form of negatively charged borate ions that can be easily
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removed by soluble ions separation technology (e.g., reverse
osmosis) [8,9]. Technologies such as adsorption—coagulation
[10], electro-coagulation [11], electrodialysis [12], reverse
osmosis [13,14] and ion chelation with resins [2,15-17] have
been considered for boron removal from various solutions
[1,18,19]. Off all, boron removal by selective adsorption
with chelating resins is the most attractive technology for
capturing neutral boron from various streams. Particularly,
N-methyl-D-glucamine (NMDG) containing resins showed
high boron selectivity and ability to bring its concentra-
tion in solutions to few milligrams per liter [4]. The change
of granular resins to fibrous structures increased the
boron removal efficiency which was prompted by higher
adsorption capacity and faster kinetics [20,21]. The fibrous
chelating adsorbents with enhanced performance were
conveniently prepared by radiation induced grafting (RIG)
and subsequent functionalization with NMDG [22,23]. For
example, adsorbents with fibrous substrates of polyethylene/
polypropylene (PE-PP) and nylon-6 were grafted with gly-
cidyl methacrylate (GMA) [24] and vinylbenzyl chloride
[6] and subsequently treated with NMDG. Both adsorbents
showed higher boron adsorption capacity twofolds faster
kinetics than commercial resins [24]. Nonetheless, there
is a room to enhance the mass transfer and overcome the
surface area limitation of the micro-fibrous boron selective
adsorbents by using nanofibers substrates with their small
interfibrous pore size, high permeability with large surface
area per unit mass. This is likely to further reduce the dif-
fusion path of boron ions and provide more chelation sites
for enhancing boron adsorption. A new adsorbent was pre-
pared by RIG of GMA onto electrospun poly(vinylidene
fluoride) (PVDF) nanofibers followed by immobilization of
NMDG. The nanofibrous adsorbent with fine fibres diam-
eters (500 + 100 nm) and NMDG density of 2.2 mmol g-
adsorbent achieved the highest adsorption capacity at pH of
7 under static conditions [25]. However, there is no reports
on performance of such nanofibrous adsorbent in a fixed-
bed system for potential industrial-scale removal of boron
from water streams.

The objective of this study is to evaluate the performance
of NMDG-containing nanofibrous adsorbent for removal of
boron from aqueous solutions under dynamic conditions
using column adsorption method. The effects of system
parameters such as boron concentration, flow rate and bed
height on the breakthrough curve were investigated. The
shape of breakthrough curve was analyzed to correlate
the solid phase loading and exhaustion time of the bed.
The column kinetics was analyzed using Yoon-Nelson and
Thomas models. The column regeneration and reusability
were also evaluated in three cycles.

2. Methodology
2.1. Materials

PVDF powder was supplied by Sigma-Aldrich
(Milwaukee, WI, USA) (Mw = 534,000, d = 1.74 g cm?,
mp = 165°C). N,N-dimethylformamide (DMF, 99.5%) and
acetone (99.7%) were purchased form Merck (Darmstadt,
Germany). GMA (monomer purity 299%) and tetrahydrofu-
ran (anhydrous, 299.9%) were supplied by Sigma-Aldrich

(Milwaukee, WI, USA). Ethanol, propanol, methanol,
and butanol (EMSURE® ACS) were obtained from Merck
Millipore. NMDG (purity > 99%) was purchased from
Sigma-Aldrich. All chemicals were used as received without
any further purification. Deionized water (DI) obtained from
a water purifier (NANOpure Diamond™) was used to pre-
pare boron solution with concentration of 1,000 mg L™ by
dissolving 5.716 g of H,BO, in DI and diluted to 1,000 mL and
used as a stock solution to prepare various solutions with
desired concentrations. The pH of the solution was adjusted
using HCI (1 M) and NaOH (1 M) solutions.

2.2. Preparation of nanofibrous adsorbent

PVDF solution of 15 wt.% concentration was prepared
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 using
electrospinning system operating at 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 [26].

The PVDF nanofibrous samples were immersed in a
beaker containing 10% GMA in methanol for 12 h. 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. The grafted sam-
ples were extracted and washed repeatedly using methanol
to remove the remaining monomer and any formed homo-
polymer. The grafted fibers were dried using a vacuum oven
for 20 h at 50°C and their increase in weight was calculated.
The degree of grafting (DG) was determined using the
following equation:

DG(%) AT 1)
Wo

where W, and W, are the weights before and after grafting,
respectively.

Poly(GMA) grafted PVDF nanofibrous samples with
150% DG were treated with NMDG under continuous stir-
ring and reflux at optimum reaction parameters of 15%
NMDG concentration, 87.0°C temperature, 65 min time as
reported in a previous study [25]. The NMDG-containing
nanofibers were washed with DI few times and dried under
vacuum for 20 h at 40°C. The density of NMDG group in the
adsorbent was calculated according to the following formula:

&
Zf
] = x1000  (2)

M

mmol

Density of glucamine
g,adsorbent

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

2.3. Column adsorption studies

A column made of Pyrex glass with a length of 5 cm
and an internal diameter of 1 cm was filled with 0.687 g
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(0.785 mL) of the nanofibrous adsorbent and the top and
bottom of the column were covered with glass beads and
glass wool layers, respectively. Boric acid solutions with
concentrations of 10, 30 and 60 mg L™ were introduced
upward to the column by a peristaltic pump at desired flow
rates with fresh adsorbent bed used for every flow rate. All
experiments were carried out at room temperature and pH
7 at which the maximum adsorption for grafted NMDG/
poly(GMA) moieties takes place [20,25]. Samples from the
column effluent were collected at regular times using a frac-
tionating collector and the experiments were ended after
the adsorbent in the column reached a complete exhaustion.
Boron concentration in the effluent samples was determined
using inductively coupled plasma-optical emission spectros-
copy (ICP-OES, PerkinElmer-Optima 7300 DV, USA) oper-
ated 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. Standard solutions of boron (0.1, 1.0, 3.0,
5.0, 8.0 and 10.0 mg L) were used to prepare the calibra-
tion curve, which was linear with a correlation coefficient of
above 0.999. The bed volume (BV, mL sample solution/mL
nanofibrous adsorbent) was calculated using the following
equation:

Q
1%

BV = ®)

where Q is the flow rate of feed solution (mL min™), ¢ is
the operating time of adsorption in column (min) and V is
the volume of the wet adsorbent (mL).

The space velocity (SV, h™) was obtained by dividing
the flow rate of the boric acid solution over the nanofibrous
adsorbent wet volume packed in the column using Eq. (4):

_Q
sv="> 4)

The breakthrough point was calculated according to
Eq. (5):

C
—=0.05 5
C ©)

0

where C, and C, are the influent and effluent boron
concentrations, respectively.

The effect of bed height was also studied by varying the
bed heights in the range of 0.5-1.5 cm.

The adsorbed boron in the column was eluted with 1 M
HClI solution at the same flow rate applied for the adsorption
[20]. The elution efficiency is obtained by Eq. (6):

Amount of eluted boron(mg) 100
X

(6)

Elution efficiency (%) =
y( ) Amount of adsorbed boron( mg)

The obtained adsorption data were fitted to Thomas and
Yoon-Nelson kinetic models to study the kinetic adsorption
behaviour and breakthrough performance of the fixed-bed
column.

3. Result and discussion
3.1. Nanofibrous adsorbent properties

The new nanofibrous boron chelating adsorbent showed
a combination of properties as summarized in Table 1.

3.2. Evaluation of boron adsorption under fixed-bed column
conditions

3.2.1. Effect of initial boron concentration

Fig. 1 shows the effect of initial boron concentration on
the breakthrough curves. The breakthrough volume (V)
decreased from 337.5 to 150 mL and the saturation volume
(V) decreased from 600 to 387.5 mL with the increase in
initial boron concentrations from 10 to 60 mg L, which has
also made slope of the breakthrough curve steeper. Bearing
in mind that the main driving force for the adsorption is the
concentration difference between the solute in the solution
and that in the adsorbent, this behaviour can be attributed
to high concentration differences, which provide higher
driving force favouring adsorption process [27].

3.2.2. Effect of solution flow rates

Breakthrough curves for boron adsorption at different
feed flow rates, that is, various SV values (15, 50, 100 and
200 h™) are presented in Fig. 2. The breakthrough curves
were observed to become steeper and reached faster sat-
uration with the increase in the flow rate. This trend is
mostly due to the decrease in the contact time between the
adsorbent and adsorbate leading to a parallel decrease in
the treated volume causing an early breakthrough. This
was confirmed by the data shown in Table 2 revealing an
obvious decrease in both V, and V, from 337.5 and 600 mL
to 250 and 400 mL with the rise in the flow rate from 15 to
200 h', respectively.

The breakthrough point capacity and total saturation
capacity of the breakthrough curves obtained at various
flow rates are presented in Fig. 3. The breakthrough capacity
barely changed with the increase in SV from 15 to 200 h™".
This behaviour is caused by the presence of a large num-
ber of adsorption sites on the adsorbent, which mitigate the
high diffusion rate imparted by short diffusion path in the
nanofibrous structure of the adsorbent. This suggests that the
nanofibrous adsorbent has the potential to remove boron at
high flow rates with high performance.

Table 1
Properties of the prepared fibrous boron chelating adsorbent

Properties Nanofibrous chelating adsorbent
Base material PVDF nanofibers
Moiety NMDG
e
Chemical structure ® ~CH:=N—CH—C—C—C—C— CH:OH
H OH OH H

Density of NMDG
Water content

2.20 mmol g—'-adsorbent
30%—-40%

Average fiber diameter ca. 500 + 100 nm
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Fig. 1. Effect of initial concentration on breakthrough curves.

Experiment conditions are pH, 7; SV, 15 h; bed height, 1 cm and
temperature, 28°C.
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Fig. 2. Effect of flow rate on the breakthrough curve at different
space velocities. Conditions are pH, 7; initial concentration,
10.0 mg L and bed height, 1 cm and temperature, 28°C.
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Fig. 3. Variation of breakthrough point capacity and total
capacity with space velocity. Experiment conditions are as in Fig. 2.

On the other hand, the total saturation capacity was
reduced from 14.76 to 12.17 mg B g™-adsorbent with the
increase in the SV from 15 to 50 h™ beyond which no sig-
nificant change took place with further increase in SV
up to 200 h™'. The initial reduction in the total capacity is

due to the decrease in the contact time despite the large
surface area and this is likely caused by partial restriction
on the boron interaction with the adsorbent to small extent.
However, the nanofibrous adsorbent performance remained
remarkably high even at very high flow rates and therefore,
the present adsorbent is confirmed to have high potential for
application in boron removal at high feed flow rates.

3.2.3. Effect of nanofibrous adsorbent bed height

Fig. 4 shows the breakthrough curves for boron adsorp-
tion of the nanofibrous adsorbent evaluated at an initial
boron concentration of 10 mg L™, pH 7 and flow rate of SV
15 h'. As can be seen, the bed height significantly affected
the column performance. Table 2 shows an increase in
both V, and V; values with the increase in the bed height
and such an increase is likely to be due to the increase in
the adsorbent dosage caused by the increase in the bed
height providing more active sites for adsorption to occur.
The increase in the bed height of the column raised contact
time and resulted in an increase in the binding sites avail-
able for boron adsorption and this agrees very well with the
literature [28-30]. A summary of the effect of variation of the
initial boron concentrations, flow rates and bed heights on
the performance of the column are presented in Table 2.

3.3. Yoon—Nelson model

The Yoon and Nelson equation is expressed as
follows [31-33]:

C exp(KYNt - rKYN)
C, 1+exp(Kyt-1K,)

)

where K, is the rate constant (min™), and T is the time
required for 50% adsorbate breakthrough (min) when C
(mg L) is one-half of C,. As stated by the Yoon and Nelson
model, the rate constant characterizes the shape of the
breakthrough curve. A sharp breakthrough curve always has
a large rate constant [31-33]. The linearized form of the Yoon
and Nelson model is described as follows:
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Fig. 4. Effect of bed height on the breakthrough curve at dif-
ferent bed heights. Conditions are pH, 7; initial concentration,
10 mg L; SV, 15 h™! and temperature, 28°C.
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Table 2
Summary of column performance data for different initial boron
concentrations, flow rates and bed heights

Parameters Values V, (mL) V, (mL)

C, (mgL™) 10 337.5 600.0
30 225.0 437.5
60 150.0 387.5

SV (h) 15 337.5 600.0
50 3125 587.5
100 275.0 500.0
200 250.0 400.0

Bed height (cm) 0.5 200.0 400.0
1.0 337.5 600.0
1.5 425.0 750.0

C
In c_cC =Kt =Ky 8)

0

K, and Tt values can be determined from In (C/(C,-C))
against t plots. Based on the model, the amount of boron
adsorbed is one half of the initial (inlet) boron concentration
passed through the fixed-bed column within the 2t period.
Therefore, the following equation can be written to provide
the sorption capacity, g, (mg g'), where Q represents the
volumetric flow rate (L min™) while m represents the mass
of sorbent (g) [31-33]:

0.5[C,Q(27)] _CQr

m m

9o = )

The calculated parameters, K, (rate constant) and t
(the time required for 50% boron breakthrough), at different
conditions of initial boron concentration, flow rate and bed
height are listed in Table 3. The K value generally decreases
with the increase in the initial boron concentrations whereas,
T increases due to the rapid saturation of the column with
the increase in the inlet boron concentration. Furthermore,

the value of t increases while that of K, decreases with
the increase in bed height.

The correlation coefficients (R?) between the experimental
and predicted values obtained using Yoon-Nelson model
for all tested flow rates were between 0.8278 and 0.9778
for all experimental conditions and the sum of squares
(SS) was greater than 0.0185 for almost all conditions.
The comparison between the experimental and predicted
curves according to the Yoon-Nelson model at different
conditions is shown in Fig. 5. The experimental break-
through curves apparently did not show a good fit with
the predicted counterparts from the model. This suggests
that Yoon—-Nelson model is not adequate for describing the
kinetic adsorption behaviour of boron onto the NMDG-
containing nanofibrous adsorbent.

3.4. Thomas model

The Thomas model is represented by following equation
[33-35]:

c. ! (10)
CO

1+ exp[KT 7(%’” _CUV)J
Q

where K is the Thomas rate constant (mL min™ mg™), Q is the
volumetric flow rate (L min™), m is the mass of the adsorbent
(g) and V is the volume of the solution passed through the
column at any time. C (mg L™) and g, (mg g™) each represents
the adsorbate concentration and the adsorption capacity,
respectively. The linearized form of the Thomas model is
given as follows:

111[C - 1] Ko KG, Ly

11
c 0 Q (11)

0

K, and sorption capacity, g, can be determined from the
plot of In [(C/C)-1] against time (V/Q). Error analysis was
performed by analyzing SS of the differences between the
experimental and the theoretical data obtained from the
model. The relative mathematical formula of SS of error can
be acquired in the following equation [34]:

Table 3
Yoon-Nelson model constants at different initial boron concentrations, flow rates and bed height
Parameters Values K\ (L min™) T (h) q,(mgg™) R? SS
C, (mgL™) 10 0.5268 20.9 6.8576 0.9568 0.0460
30 0.6945 21.6 21.2005 0.9778 0.0929
60 0.3725 46 92.1651 0.9654 0.2867
SV (h?) 15 0.5268 20.9 6.8576 0.9568 0.0460
50 1.6273 5.8 6.0187 0.9623 0.0369
100 3.779 2.7 5.9199 0.8278 0.0185
200 7.219 1.2 5.3039 0.9340 0.0220
Bed height (cm) 0.5 0.5998 14 9.298 0.8469 0.0956
1 0.5268 20.9 6.8576 0.9568 0.0460
1.5 0.4617 27.7 6.1233 0.9606 0.0643
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Fig. 5. Yoon—-Nelson model curves at different (a) initial concentrations, (b) flow rates and (c) bed heights.

gg)H8)]

N

SS =

(12)

where (C,/C), is the ratio of effluent and initial boron
concentrations obtained from calculation according to the
dynamic models, and (C,/C,), is the ratio of the effluent
and initial boron concentrations acquired from experiment,

Table 4

respectively. N is the number of the experimental points. The
best fitting isotherm for the adsorption system was confirmed
by fitting data using SS combined with the values of the
determined coefficient (R?). The column data were fitted to
Thomas model to determine the Thomas rate constant (K,)
and maximum adsorption capacity (g,). A non-linear regres-
sion analysis was used to evaluate the data fitting to Thomas
model. The calculated parameters for different conditions of
the initial boron concentration, flow rate and bed height are
listed in Table 4. The correlation coefficient (R?) values ranged

Thomas model constants at different initial boron concentrations, flow rates and bed heights

Parameters Values K, (L mg™ min™) q,(mg g™) R? SS
C,(mgL™) 10 0.8886 6.3429 0.9803 0.0113
30 0.3563 15.0614 0.9876 0.0074
60 0.1171 22.5068 0.9932 0.0065
SV (h™) 15 0.6166 6.5724 0.9958 0.0035
50 2.5641 6.0187 0.9923 0.0019
100 7.404 5.4964 0.9878 0.0028
200 15.3712 4.9625 0.9940 0.0012
Bed height (cm) 0.5 1.0644 8.5102 0.9969 0.0306
1 0.8459 6.3401 0.9903 0.0108
1.5 0.5679 5.7977 0.9906 0.0028
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from 0.9803 to 0.9969. The values of SS were found to be low
indicating a good agreement between the experimental data
and the theoretical data generated using Thomas model.

Figs. 6a—c depict the breakthrough curves for the
experimental data and the model data generated using
Thomas model at different experimental conditions. The
comparison between the experimental and predicted break-
through curves shows a good fit. This indicates that the
external and internal diffusions are not the rate limiting step.

The value of g, was found to decrease, while the Thomas
rate constant K, increased with the increase in flow rate.
The increase in rate constant (K,) indicates that the mass
transport resistance has a decreasing trend [27]. As the bed
height increased, both the values of g, and K, were found to
decrease. The low SS values together with the close agree-
ment noticed in Fig. 6 further confirms that the breakthrough
curves of Thomas model demonstrated a better agreement
with the experimental data than Yoon-Nelson model. It can
be concluded that boron adsorption behaviour of the newly
prepared NMDG-containing nanofibrous adsorbent can be
best described by Thomas model. Moreover, the external
and internal diffusions are not the limiting steps in boron
adsorption [36].

3.5. Regeneration of adsorbent

The nanofibrous adsorbent was tested and regenerated
in three cycles at 10 mg L initial concentration, 15 h™ SV,

M.L. Nallappan et al. / Desalination and Water Treatment 162 (2019) 134-141

pH 7, 1 cm bed height and room temperature. No significant
reduction in the performance of the bed could be observed
even after 3 cycles as indicated by the negligible changes
in V,, V, and gq,. Particularly, V, recorded a slight shift from
337.5 to 321.5 coupled with no variation in V,, which stands
at 600 and a minor reduction in g, from 13.68 to 13.28 mg g™
after the third cycle. These results indicate that the new
nanofibrous adsorbent is highly efficient for the adsorption
and desorption and the boron uptake is reversed without
significant loss of binding efficiency.

4. Conclusion

A nanofibrous selective boron adsorbent that was pre-
pared by RIG of GMA onto electrospinning nanofibrous
PVDF sheets and subsequent functionalization with NMDG
was evaluated in a fixed-bed column under different ini-
tial concentrations, flow rates and bed heights. The V, and
V, were found to decrease with the increase in the initial
boron concentrations and flow rates whereas they increased
with the rise in bed height. Thomas model was found to be
adequate for describing the adsorption behaviour of boron
on the new glucamine-containing nanofibrous adsorbent
compared with Yoon and Nelson kinetic model. The adsor-
bent was regenerated and used for three cycles without
any significant loss in the adsorption efficiency. The overall
performance suggests that the nanofibrous adsorbent can
achieve high boron removal capacity even at high flow

1.2 1.20
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J06 < 0.60
) |©]
0.4 0.40 A
0.2 1 O Experimental 0.20 1 O Experimental
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Fig. 6. Thomas model curves at different: (a) initial concentrations, (b) flow rates and (c) bed heights.
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rates. It can be finally concluded that the newly prepared
nanofibrous adsorbent has a strong potential for practical
application in boron removal from solutions.
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