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ABSTRACT

In recent years, the potential application of carbon nanotubes (CNTs) as sorbent materials
in wastewater treatment has garnered tremendous attention. Concerns that CNTs may be
toxic to living organism, however, necessitate that the containment of CNTs to prevent their
release into the environment in order to realize their practical application in wastewater
treatment. In this study, we immobilized multi-walled carbon nanotubes (MWCNTSs) within
macro-calcium alginate beads. The composite beads were coated with an additional poly-
sulfone (Psf) layer both to provide an external barrier to MWCNTs release into the effluent
and also to improve the mechanical integrity of the beads. The hybrid beads were tested for
their capacity to remove the bio-refractory endocrine disruptor compound bisphenol-A
(BPA) using batch and packed bead column experiments. Maximum BPA removal was
achieved at 22% MWCNTs, which was the dispersion limit of MWCNTs in our study. The
adsorption of BPA followed Langmuir isotherm model with good correlation. The maxi-
mum adsorption capacity of the composite beads of dosage 4gL™" as obtained using the
Langmuir model was 24.69mgg '. Addition of the Psf layer, together with MWCNTSs,
improved the bead compression performance by up to twelvefold at 40% compressive
extension. This study showed that the hybrid alginate-Psf bead may serve as compartment
for encapsulation of MWCNTs for removal of BPA. Improved compression performance
introduced by addition of Psf layer could protect hybrid beads used, for example, in reac-
tors subjected to extreme conditions such as high flow rates.
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1. Introduction

Bisphenol-A (BPA), an endocrine disrupting com-
pound, is a widely used synthesis precursor in the
fabrication of polycarbonate and epoxy resins. Owing
to its bio-refractory nature, however, its removal from
wastewater using conventional treatment processes is
difficult. This has led to the common occurrence of
BPA in treated effluents of municipal and industrial
wastewaters [1,2] which are envisaged as the main
sources for the release of BPA into aquatic system [3].
BPA concentrations of up to 17.2mg/L in waste land-
fill leachates [4] have been reported. Adsorption is one
of the efficient methods for removal of organic pollu-
tants as it is less expensive, simpler, and safer to
maintain than membrane filtration and ion-exchange
processes [5].

In recent decade, carbon nanomaterials, (CNMs)
such as graphene, fullerene, single-walled carbon
nanotubes (SWCNTs), and multi-walled carbon nano-
tubes (MWCNTs), have gained interests in terms of
their potential applications as sorbent materials in
wastewater treatment due to their high adsorption
capacity per unit surface area as well as better adsorp-
tion kinetics and re-usability through higher number
of cycles in comparison to activated carbon [6]. Myriad
of studies have documented the adsorption capacities
of these CNMs and its variants towards various
organic pollutants [7-10], which in some cases were
reported to be higher than activated carbon [9,11] espe-
cially for the adsorption of aromatic organic com-
pounds [12]. Their outstanding adsorption properties
have been attributed to their hydrophobicity and acces-
sibility of adsorption sites [7]. However, their toxicity
effects on human health are still debated [13,14]. More-
over, their lipophilic nature and persistence in the
environment may cause them to accumulate along the
food chain [9-11]. The application of CNMs as sorbent
materials for wastewater treatment, therefore, necessi-
tates the development of suitable compartments to pre-
vent their release into the environment [12].

To date, only few studies addressed the contain-
ment of CNMs for their application in water or waste-
water treatment to prevent their elution into the
effluent [15]. A possible strategy for such containment
exploits their entrapment in a hydrophilic alginate
matrix. Alginate refers to a family of linear biopoly-
mer arranged of 1,4-linked p-D-mannuronic and a-L-
guluronic acid residues [16]. It is able to become
cross-linked in the presence of divalent ions such as
calcium which results in rapid formation of hydrogels.
This property renders them a suitable matrix for
immobilization of material by encapsulation [17]. The
physical degradation of alginate beads due to abrasion
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effects, however, has been reported by several authors
in different applications [18-21]. This degradation may
lead to the eventual release of entrapped materials
into the solution. Addition of robust secondary layer
onto alginate beads is necessary to provide an addi-
tional barrier. Polysulfone (Psf) is a good candidate
for secondary layer as it possesses superior mechani-
cal, oxidative, thermal, and hydrolytic stabilities [22].
In addition, several studies have reported the affinity
of pollutants with high oil/water partition coefficient
towards Psf [23-25].

To the best of our knowledge, the containment of
CNMs in double encapsulated beads for removal of
pollutant has not been previously explored. In this
study, we immobilized MWCNTs, one of CNMs vari-
ants, within calcium alginate gel beads which were
coated with a Psf layer to provide an additional bar-
rier to MWCNTs release and to improve the bead sta-
bility. The simplified illustration of our proposed
hybrid Ca-Alg/MWCNTs/Psf bead is shown in Fig. 1.

The hybrid beads were characterized using FTIR,
BET surface area analysis, and SEM. The effects of
additional Psf layer on the leakage containment of
MWCNTs and the stability of the hybrid beads were
evaluated by means of bioluminescence toxicity assay
and compression test. The batch and column adsorp-
tion studies onto the hybrid beads were conducted
using synthetic BPA solutions by considering parame-
ters, such as solution pH, adsorbent dosage, initial
BPA concentrations, and contact time. The suitability
of adsorption models was assessed and maximum
adsorption capacity was derived based on Langmuir
isotherm model. Adsorption kinetic was studied using
pseudo-first- and pseudo-second-order models to
determine the rate constants.

MWCNT

Bisphenol-A

Polysulfone surface <- -~ -~

adsorption
a— 7 interaction ~

===-> MWCNT

===> Calcium alginate

Fig. 1. Simplified illustration of the composite bead with
Psf layer (Ca-Alg/MWCNTs/Psf).
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2. Experimental materials and methods
2.1. Materials

BPA  ((CH3),C(CeHOH),, M, =228.3gmol ,
Sigma, 239658) stock solution of 100mgL™" was pre-
pared by stirring BPA in distilled water for 2d. The
pH of the stock solutions and all subsequent dilutions
were adjusted to 6.0 with 0.1 M sodium hydroxide and
0.1 M hydrochloric acid. The molecular dimension of
BPA was estimated using ACD/3D viewer to be 0.4 x
0.4 x1.0nm. MWCNTs, Showa Denko VGCEF-X, low
viscosity alginic acid (Alg, Sigma, A2158), calcium
chloride (Sigma, C2661), Psf (Sigma, 428302), N,N-
dimethylformamide (N,N-DMF, Sigma, D4551), and
Luria Bertani broth (Sigma, L3022) were used in this
study. All chemicals were of analytical grade.

2.2. Fabrication of composite beads

Calcium alginate-MWCNTs composite beads (Ca-
Alg/MWCNTs) were prepared by adding a known
amount of MWCNTs into 2.5-wt.% alginate solution as
seen in Table 1. This was followed by sonication
(Elmasonic) and overnight stirring. The resulting mix-
ture was dripped into a magnetically stirred 0.5M cal-
cium chloride solution using a syringe pump (KDS) at
50mL/h through a polyurethane tube with a 3.5 mm
diameter opening. The beads were to age in the cal-
cium solution overnight, washed and stored in dis-
tilled water.

The fabrication procedure for Ca-Alg/MWCNTs
beads with Psf layer (Ca-Alg/MWCNTs/Psf) was
adapted from Ben-Dov et al. [26] which was based on
phase-inversion method [27]. Psf at 10-wt.% was
prepared by dissolving Psf pellets into N,N-DMF.
Each swollen bead was touched to filter paper and
dropped into Psf solution for about 20 s before collec-
tion and immersion in distilled water to complete the
polymerization. The resulting beads were then washed
and stored in distilled water at room temperature. For
wet weight to dry weight conversion, several batches

Table 1
Summary of experimental conditions for bead fabrication
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of swollen beads (wet weight of each 0.5g) were pre-
pared and heated at 80°C. The dry to wet weight con-
version was calculated by measuring the average of
the dry weight divided by the initial wet weight prior
to drying. All calculations for data analysis were then
performed based on the dry weight of the beads.

2.3. Adsorption experiments

Aliquots of swollen beads were added to BPA
solutions at concentrations of 20, 40, 60, 80, and 100
mgL™" in glass containers. For kinetic data, each con-
tainer was placed in shaker set at 120rpm and ali-
quots were taken at each specified time during the
course of the experiment at room temperature of 22°C.
The BPA removal efficiency was calculated as:

R; (%) = (1 — [BPAJ,/[BPAJ,) x 100% o)

where R; (%) represents the removal ratio of BPA at
time t; [BPA], (mg LY is initial concentration of the
BPA solution; and [BPA], (mgL™") is the concentration
of BPA at time f. The adsorption capacity was
calculated as:

q: = ([BPAJ, — [BPA]y) x V/m )

where g, (mgg™') represents the amount of BPA
adsorbed at time t; V (L) is the volume of the BPA
solution; and m (g) is the dry weight of the adsorbent
added. Batch experiments were done in duplicate with
the value reported as mean of the readings.

2.4. Desorption procedure

The desorption experiment was performed using
ethanol. Beads with known adsorbed amounts of BPA
were placed in ethanol in a glass container for 5h at
room temperature of 22°C. Percentage of desorption
was calculated as:

Volume Alginic acid MWCNTs
Sample (mL) (g) (mg) Treatments
Ca-Alg 50 1.25 0 Stir overnight
Ca-Alg/ 2%-MWCNTs 50 1.25 25 Sonicate (2 min)—stir 1.5 h—sonicate 20 min—stir
Ca-Alg/ 7%-MWCNTs 50 1.25 100 overnight—sonicate
Ca-Alg/ 14%-MWCNTs 50 1.25 200
Ca-Alg/ 22%-MWCNTs 50 1.25 350
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Desorption (%) = ([BPA];,,/([BPA],, x 100% 3

where [BPA]y;q represents the amount of BPA remain-
ing in the solution (mg) and [BPAlyy, refers to the
amount of BPA in the adsorbent (mg) x 100%.

2.5. Column adsorption

Column adsorption studies were performed using
column made of borosilicate glass of 1.5cm internal
diameter. The column was filled with the hybrid
beads by tapping method until the final beads” height
was 12.5 cm. BPA solution of 100 mgL™" concentration
was injected in an up-flow direction in order to reduce
the channeling effect into the column at flow rate of
0.5mL min . Fraction of the effluent was collected as
function of time. Breakthrough curves were con-
structed by plotting the time against removal effi-
ciency of BPA from the influent. Desorption was
conducted by injecting ethanol at flow rate of 0.5mL
min~ L. Prior to the start of new cycle, the column was
flushed with distilled water to remove traces of etha-
nol and the remaining solution inside the column was
drained by pumping air through the column. All
experiments were carried out at ambient conditions.

2.6. Characterization

BPA concentrations were determined using a
UV-Vis spectrophotometer (Shimadzu UV3600) at a
wavelength of 276 nm [23,28] and the concentration
was calculated from a calibration curve. Samples of the
composite beads for scanning electron microscope
(SEM, JEOL 6360) imagery were prepared by drying
the beads in an oven at 80°C, mounting them on a sup-
port, and coating them with a platinum layer. Fourier
transform infrared spectroscopy (FTIR, Perkin-Elmer
Spectrum) was used for detection of the functional
groups at transmission spectra in the range of 4,000-
500cm ™" at resolution of 4cm™'. Bead mechanical
strength was measured on an Instron 5848 microtester
connected to an Instron 5800 control unit using a 50-N
load cell. A minimum of six beads were analyzed, for
each type of composite bead. Anvil height was adjusted
to 2.5 mm for all samples followed by 40% compressive
extension. Bead diameters were measured using Mitu-
toyo micrometer 156-101. Zeta potential measurements
were made using Malvern Zetasizer Nano ZS. Calcium
alginate beads (Ca-Alg) were crushed into small
particles using mortar and pestle followed by drying at
70°C. One gram per liter of Ca-Alg particles and
0.05g/L MWCNTs were added into tubes containing
distilled water of different pH values. The pH of the
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solution was adjusted using 0.1 M hydrochloric acid or
sodium hydroxide. Nitrogen adsorption/desorption
measurements were conducted using Quantachrome
Nova 3200E. The surface area was measured using BET
method and the pore size was estimated using BJH
method.

2.7. Probing the leakage of MWCNTs using
bioluminescence bacteria

Carbon nanotubes (CNTs) have been suspected to
induce oxidative stress which eventually contributed
to cell death [29]. In this study, an oxidative stress
sensitive  recombinant bioluminescence  bacteria
DPD2511 [30] was used to detect the presence of
MWCNTs in the solution. In order to study the effect
of addition of Psf layer onto Ca-Alg/22%-MWCNTs
beads towards containment of MWCNTSs, a total of 10
Ca-Alg/22%-MWCNTs beads with and without the
addition of Psf layer were immersed in 2mL of dis-
tilled water and subjected to vigorous vortex at high
rate for 10 min. The aliquots before and after vortex
were then tested using the DPD2511 assay.

As a control, samples of solutions containing
MWCNTs of different concentrations were freshly pre-
pared and sonicated for 1h in ultrasonic bath before
use. The detailed description of growth media and
assay for DPD2511 had been described elsewhere [31].
In brief, overnight culture of DPD2511 was diluted
with fresh Luria Bertani media without antibiotic to
obtain ~10” cells/mL and incubated without shaking
at 37°C for 1.5 h. Ninety micro liters of this suspension
was mixed with 10 uL of samples (1 =3) in white, opa-
que 96-wells microtiter plates and followed by biolu-
minescence measurement (Luminoskan  Ascent,
Thermofisher Scientific) for 150 min. Bioluminescence
signal produced by the bacteria as a response to the
different concentrations of MWCNTSs was presented in
relative light units (RLU). The induction ratio (IR) was
calculated as IR =RLUpaxsample/ RLUmaxblank Where
RLU max,sample corresponds to the maximum RLU pro-
duced by the sample and RLUpaxplank refers to maxi-
mum RLU produced by the negative control (distilled
water). The assays were repeated in triplicate with the
values reported as mean of the readings.

3. Results and discussion
3.1. Characterization of the hybrid beads

FTIR spectrums of MWCNTs, Ca-Alg, and
Ca-Alg/MWCNTs are shown in Fig. 2. As shown in
Fig. 2(a), no significant band is observed for
MWCNTs. The IR spectra of Ca-Alg at 3,426, 1,637,



M.R. Hartono et al. | Desalination and Water Treatment 54 (2015) 1167-1183

()

(b)

(c)

Normalized Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 2. FTIR spectrum of (a) MWCNTs, (b) Ca-Alg, and (c)
Ca-Alg/22%MWCNTs.

1,435, and 1,032cm™! are contributed by -OH, C=0,
C-OH, and OC-OH vibrations. Little discrepancy in
the IR spectrum is apparent between Ca-Alg and Ca-
Alg/22%-MWCNTs, perhaps due to lower amount of
MWCNTs entrapped within the bead.

Fig. 3(a) and (b) shows the SEM images of calcium
alginate beads without addition of MWCNTs (Ca-Alg)
and calcium alginate beads with addition of MWCNTs
(Ca-Alg/MWCNTs). It appears that Ca-Alg/MWCNTSs
bead has rougher surface in comparison to Ca-Alg.
The dimension of MWCNTs used in the study is 10—
15nm in diameter and 3 um in length. The pore radius
of Ca-Alg used in our study was estimated using BJH
adsorption method to be 1.67nm. Hence, it can be
assumed that the pore diameter of the Ca-Alg used in
our study is less than 10nm which was sufficient to
contain the MWCNTs within the alginate matrix.

It is worth noting that one of the concerns in using
solely alginate as entrapment matrix is the possibility
of abrasion and the resulted release of the entrapped
CNMs. In this study, additional Psf layer is intro-
duced as secondary layer for additional protection
and to improve stability. Fig. 3(c) shows the SEM
image of the Psf surface on the outer layer of the bead
which is covered with polydisperse pores of up to
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~10pm in diameter. To coat the Ca-Alg/MWCNTs
bead with Psf, the swollen bead was dropped in Psf
solution and then immersed in distilled water which
propels the rapid phase separation by means of sol-
vent-outflow and/or non-solvent (water) inflow. Fol-
lowing this rapid exchange, dense skin layers [32]
were formed on the outer interface of Psf and another
thinner skin layer on the inner interface as Psf solution
came into contact with the surface of the swollen algi-
nate surface which was predominantly composed of
water with porous structures formed in between these
skin layers (Fig. 3(d)). These macrovoid porous struc-
tures are covered with pores which resulted from
rapid phase separation.

As adsorption occurs mainly in small pores due to
their higher surface area and binding affinity for adsor-
bate, the presence of these pore networks in the Psf
layer may improve the adsorption capacity of the bead.

Table 2 shows the comparison of BET surface area
values of the beads before and after addition of
MWCNTs and Psf layer, respectively. It is shown that
addition of MWCNTs and Psf layer increases the sur-
face area of the beads.

3.2. Effect of MWCNTs content

Before addition of Psf layer, batch experiments
were performed to select suitable MWCNTSs content
for Ca-Alg/MWCNTs beads. The MWCNTs at differ-
ent concentrations were dispersed into 2.5 wt.% algi-
nate solution by varying the total sonication time.
Good dispersions were shown up to MWNCTs con-
tent of 22% with 40min of total sonication time.
Higher MWCNTs content of 30 and 50% were
marked with reduction in the MWCNTs dispersion.
This reduction was observed by agglomeration of
MWCNTs at the bottom of the vessel which necessi-
tated longer sonication time (Table 3). After 3h of
sonication, the resulted mixture of 30 and 50%
MWCNTs became more viscous and difficult to be
handled during the injection of the alginate mixture
into calcium chloride solution. Due to their viscous
nature, the cross-linked composites Ca-Alg/30%-
MWCNTs and Ca-Alg/50%-MWCNTs adopted bigger
and elongated forms as the contents of MWCNTs
increased (Fig. 4).

Since the presence of agglomeration caused fre-
quent inhibition in the syringe’s nozzle, in this study
the MWCNTSs content within Ca-Alg/MWCNTSs beads
was not increased beyond 22% of MWCNTs.
The effects of MWCNTs content immobilized within
the alginate beads, without addition of Psf layer, on
the removal of BPA are shown in Fig. 5. The BPA
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(Inset)

Fig. 3. SEM photographs of (a) surface of Ca-Alg bead, (b) Ca-Alg/ 22%-MWCNTs, (c) Psf surface, and (d) cross-section
of Psf layer. Scale bar for (a) and (b) is 500 um; magnification is 50%; 10kV. Scale bar for (c) is 35%; 5kV (inset) is 20 um;
950x; 10kV. Scale bar for (d) is 10 um; 750%; 5kV (inset) is 10 pm; 2000x%; 5 kV.

Table 2
Comparisons of BET surface area values of the hybrid
beads

Samples BET surface area (m”g "
Ca-Alg 2.93

Ca-Alg/ 22%-MWCNTs 18.63

Ca-Alg/ 22%-MWCNTs/Psf 38.71

MWCNTs 325.86

removal efficiency of Ca-Alg/MWCNTs beads is
higher than pure Ca-Alg beads but lower than pure
MWCNTs. It can be seen that the amount of BPA
adsorbed increased with amount of MWCNTs

embedded inside the alginate beads. Hereafter, the
Ca-Alg/MWCNTs/Psf beads for subsequent experi-
ment is prepared using Ca-Alg/22%-MWCNTs.

As seen on Fig. 5, the removal rates of Ca-Alg/
MWCNTs beads are inferior in comparison to pure
MWCNTs. For pure MWCNTs of the same dry weight
dosage, the equilibrium was reached within 1 h of agi-
tation; whereas contact time of more than 4 h was
required for equilibrium to be established when
MWCNTs were encapsulated within the calcium algi-
nate beads. This result is expected as the porous net-
work of the bead may have limited the diffusion rate
of the pollutant [33]. Despite the slower removal
associated with the Ca-Alg/MWCNTs beads in
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Table 3
Description of MWCNTs dispersion into alginate at different concentration

Total sonication time (degree of agglomeration: +, ++, +++)

Content of MWCNTs in alginate 40 min 60 min 2h 3h
2%-MWCNTs < Good dispersion —
7%- MWCNTs < Good dispersion —
14%-MWCNTs < Good dispersion —
22%-MWCNTs < Good dispersion —
30%-MWCNTs ++ ++ + +
50%-MWCNTs +++ (thick paste) +++ +++ +++

¢ &%

Ca-Alg/ Ca-Alg,
22%- 30%-
MWCNTs MWCNTs
Ca-Alg
50%-
MWCNTs

Fig. 4. Structures formed after cross-linking of alginate/
MWCNTs mixture with calcium chloride.

150

—=— Ca-Alg
—s— Ca-Alg/ 2%-MWCNTs
125 | —+— Ca-Alg/ 7%-MWCNTs

—v— Ca-Alg/ 14%-MWCNTs
—4— Ca-Alg/ 22%-MWCNTs
—
“

Pure MWCNTs
100 -

75

S0

Removal efficiency (%)

25

u i i i L i i i
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Time (h)

Fig. 5. Effect of amount of MWCNTs immobilized in algi-
nate beads on BPA removal (dosage=4gL™" dry weight,
pH=6.0, BPA concentration =100 mg L™Y). Data are
expressed as mean + standard error.

comparison to pure MWCNTs, containment of
MWNCTs is still important to prevent its elution into
purified effluents.

3.3. Effect of addition of Psf layer
3.3.1. MWCNTs containment

The effect of Psf layer addition on the containment
of the MWCNTSs was assessed by subjecting Ca-Alg/
22%-MWCNTs and Ca-Alg/22%-MWCNTs/Psf beads,
immersed in distilled water, to high degree of vortex
which might have resulted in the abrasion of the
beads. The solution was then tested using biolumines-
cence assay to detect the presence of MWCNTs. The
induction factor of bioluminescence released by
DPD2511 at different concentrations of MWCNTs is
shown in Fig. 6(a). It can be observed that the strain is
able to detect the presence of MWCNTs at concentra-
tion as low as 107/ pg/mL with maximum induction
factor at MWCNTs concentration of 0.005 pg/mL. This
finding shows that, indeed, the presence of MWCNTs
induces oxidative stress on Escherichia coli. The oxida-
tive stress-sensitive DPD2511 strain can therefore be
used to imply the presence of MWCNTs in the solu-
tion.

Fig. 6(b) shows the induction factor of lumines-
cence released by DPD2511 after its exposure to the
aliquots taken before and after vortex. It can be seen
that induction factor of the solution immersed with
Ca-Alg/22%-MWCNTs beads without addition of Psf
layer was higher after vortex, indicating the release of
MWCNTs from the bead into the solution; whereas
for Ca-Alg/22%-MWCNTs/Psf beads, the induction
factor was maintained. Fig. 7(a) and (b) depict the sur-
face of Ca-Alg/22%-MWCNTs beads before and after
vortex, it can be seen that several voids were evident
on the surface of the beads after vortex due to abra-
sion.

The results of bioluminescence assay as well as
observation of the surface of the beads using SEM
indicate that the addition of Psf layer onto Ca-Alg/
MWCNTs beads is beneficial to provide better
MWCNTs containment.
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Fig. 6. (a) Induction factor produced by DPD2511 after being subjected to (a) MWCNTs solutions at different concentra-
tions and (b) aliquots taken before and after vortex for Ca-Alg/22%-MWCNTs and Ca-Alg/22%-MWCNTs/Psf beads.

Data are expressed as mean =+ standard deviation.

3.3.2. BPA adsorption and bead stability

The effect of Psf layer addition on the adsorption
of BPA was analyzed by comparing the adsorption
capacity of Ca-Alg/MWCNTs and Ca-Alg/MWCNTs/
Psf beads with different MWCNTs content at equilib-
rium (Fig. 8).

It is shown that the addition of the Psf layer to the
Ca-Alg/2%-MWCNTs beads resulted in the adsorption
of greater amounts of BPA onto Ca-Alg/2%-
MWCNTs/Psf beads relative to the Ca-Alg/
2%-MWCNTs. In comparison to the more hydrophilic
alginate matrix, the hydrophobic property of Psf might

(@)

18kV X188 1868rm 111168

have resulted in higher affinity towards compounds
with high Ko, and low water solubility, such as BPA
which caused the increase in adsorbed BPA amount
onto Ca-Alg/2%-MWCNTs/Psf beads. However, the
effect of Psf layer addition towards improvement in
BPA adsorption is not significant when the MWCNTs
content within the beads was increased. As MWCNTs
content increased, the effect of MWCNTs as “trap”
may have dominated the adsorption process. There-
fore, the improvement in BPA adsorption contributed
by the addition of hydrophobic Psf layer is less
pronounced as the MWCNTs content increased.

(b)

188rm 111088

taky

%188

Fig. 7. SEM photographs of (a) surface of Ca-Alg/ 22%-MWCNTs beads (a) before and (b) after vortex. Scale bar for (a)

and (b) is 100 pm; magnification is 100x; 10 kV.
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Data are expressed as mean * standard error.

Stability of the hybrid beads was examined by
means of compression test at 40% compressive exten-
sion. Table 4 summarizes the compression property
and initial diameter of the hybrid beads before com-
pression.

The results show that compressive load capacity
increased with the MWCNTs content added, this
observation is in accordance with the previous report
which indicated that addition of CNTs as filler
improved the mechanical property of hydrogel [34].
The presence of Psf, together with MWCNTs,
increases the compressive load capacity at 40% com-
pressive extension up to 12 times in comparison to
pure alginate beads.

Although the addition of the Psf layer does not
significantly affect the BPA adsorption, especially at
higher MWCNTSs content, it nevertheless improves the
compressive load capacity, and the stability, of the
swollen bead.

Table 4
Physical properties of the hybrid beads
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3.4. Effect of pH on BPA adsorption to Ca-Alg/22%-
MWCNT/Psf beads

The pH of the aqueous solution is one of the
important parameters affecting the adsorption process
because it influences the speciation and the functional
groups present in the adsorbate-adsorbent system.
The effect of initial solution pH on BPA removal using
Ca-Alg/22%-MWCNT/Psf beads) is shown in
Fig. 9(a). The pH was ranged from 3 to 11.

The pK, value for BPA has been reported to be in
the range of 9.6-10.2 [35], thus BPA will be negatively
charged when pH is higher than pK, and neutral at
pH lower than pK,. From graph 9(a), it can be seen
that there is no significant fluctuation of BPA removal
observed at pH less than 9, however, the removal effi-
ciency decreased at higher pH.

Zeta-potential measurements of Ca-alginate and
MWCNTs particles are shown in Fig. 9(b). The graph
shows the trend whereby the surfaces of Ca-alginate
and MWCNTs became more negatively charged as the
pH increased. Similarly, Psf membrane has also been
reported to become more negatively charged with
increasing pH [33].

If we consider the behavior of individual compo-
nents of the bead, namely Ca-alginate, MWCNTs, and
Psf which become more negatively charged with
increasing pH, then as pH>pKa the electrostatic
repulsion effect might have taken place, as the surface
of BPA become negatively charged, which resulted in
less binding affinity and lower adsorption of BPA onto
the hybrid beads.

Based on the experimental results, the solution pH
of subsequent experiments in this study was adjusted
to 6.0, which is lower than the pKa of BPA. Hence, it
can be assumed that there was no net electrical charge
in the BPA molecules and that the BPA adsorption
onto the hybrid bead occurred mainly via non-electro-
static interaction, namely hydrophobic affinity with
Psf and 7-7 electron coupling between MWCNTs and
the m-electrons of the aromatic compounds [7,9].

Sample Compressive load at 40% extension (IN) Bead diameter (mm)®
Ca-Alg 1.10+0.02 3.37+£0.02
Ca-Alg/Psf 6.46 +£0.39 4.00 +£0.04
Ca-Alg/ 7%-MWCNTs 1.85+0.07 3.59 £0.06
Ca-Alg/ 7%-MWCNTs/Psf 13.48 +1.01 3.92+0.06
Ca-Alg/ 22%-MWCNTs 3.38+0.2 3.53+£0.03
Ca-Alg/ 22%-MWCNTs/Psf 12.95+0.96 4.04+£0.07

AUn-contracted beads were used for measurement.
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Fig. 9. (a) The effect of pH on BPA removal using Ca-Alg/ 22%-MWCNTSs/Psf beads (Dosage=4gL ™' dry weight, BPA
concentration =100 mg. L™") (b) Zeta-potential curves vs. pH of Ca-alginate (o) and MWCNTs (@)Data are expressed
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3.5. Effect of Ca-Alg/22%-MWCNT/Psf beads’ dosage on
BPA adsorption

Effect of hybrid beads’ dosage on the removal of
BPA is shown in Fig. 10. Experimental studies were
conducted at room temperature with 100 mgL™" BPA
concentration using contact time of more than 72h to
ensure that equilibrium condition was achieved.

It is evident that removal of BPA increased with
increasing dosage from 2 to 10gL™" dry weight with
no significant increase in removal as the dosage was
increased further. At the lowest dosage tested (2gL™"

25
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o 3
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54k j
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Fig. 10. The effect of adsorbent dosage on the adsorption
of BPA onto Ca-Alg/ 22%-MWCNTs/Psf beads at equilib-
rium (pH=6.0, BPA concentration=100mg L™!, contact
time=141h), (A) represents adsorption capacity and
(m) denotes %removal. Data are expressed as mean *
standard error.

dry weight), the BPA removal efficiency was 41.3%.
Meanwhile at highest dosage (30gL™" dry weight),
the removal efficiency was 97.9%. The higher adsor-
bent dosage provides more surface active sites
available for adsorption. Further increase in
adsorption active sites, by increasing the dosage, pro-
duces no substantial effect after equilibrium is
reached.

3.6. Adsorption kinetic

The adsorption kinetic depicts the rate of BPA
adsorption on the hybrid beads which controls the
time to reach equilibrium. It is one of the important
considerations in designing water treatment process as
the kinetic parameters can be used for predicting the
adsorption rate and selecting the optimum conditions
for the operation of full-scale batch process. The
adsorption kinetic could be distinguished into differ-
ent stages: surface adsorption and rapid external diffu-
sion occurs at the initial stage of adsorption, which is
indicated by curved portion in the plot of adsorption
capacity against time. The subsequent linear portion
in the plot is attributed to steady intraparticle diffu-
sion. The plot reaches plateau when the adsorbate-
adsorbent system is in equilibrium as the intraparticle
diffusion decreases due to fewer available adsorption
sites and low concentration of adsorbate remaining in
the solution [36].

The effect of contact time on the adsorption of 100-
mgL™" BPA onto Ca-Alg/22%-MWCNT/Psf beads
with dosage of 4gL™" dry weight was analyzed and
shown in Fig. 11.
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Fig. 11. Effect of contact time on the adsorption of BPA on
the Ca-Alg/ 22%-MWCNTs/Psf beads (Dosage=4gL™"
dry weight, pH =6.0, BPA concentration=100mgL™"), the
dotted line and solid lines correspond to simulations based
on pseudo-first-order and pseudo-second-order models.

The adsorption capacity of the hybrid beads rose
rapidly in the first 40h and then increased at slower
rate until the equilibrium was reached within 72h.
The lengthy contact time required to achieve equilib-
rium might have been due to the very slow diffusion
of the BPA compound from the solution into the por-
ous network of Psf and alginate. Based on the result, a
contact time of more than 72h was chosen in all
experiments conducted in this study to ensure that
adsorption equilibrium is established.

To understand the mechanism of the adsorption,
the data were analyzed by using two widely used

kinetic models, namely, pseudo-first-order and
pseudo-second- order [37,38].

The pseudo-first-order model is formulated as:
In (qe,exp - Qt) =In fe,cal — kit 4)

where g, ox, (mg g ") is experimental adsorption capac-
ity of the composite bead for BPA at equilibrium; g,
(mgg™") is the amount of BPA adsorbed at time ¢ (h);
Gecal (mgg ") is the adsorption capacity of composite
beads calculated using the models; k; (h™Y) is the rate
constant for the pseudo-first-order model. Values of g,
cal and k; for the pseudo-first-order model are
obtained from the slope and intercept of the linear
plot In(g,exp—gs) over time. The pseudo-second-order
model is presented as:

t/‘it = 1/(k2q§,cal) + t/qe.cal (5)
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h = ko ©)

where g, exp (mgg™), ¢ (mgg™") and g, ca (mgg ') are
the same as described in pseudo-first-order model
with h (mgg'h™") and k, (gmg 'h™") are the initial
sorption rate and the rate constants for pseudo-sec-
ond-order model. In the pseudo-second-order model,
the values for g, and k, are derived from the slope
and intercept of plot t/q; vs. t. Table 5 and Fig. 12
show the calculated kinetic parameters and plots of
t/q: against t for BPA adsorption onto Ca-Alg/
22%-MWCNT/Psf beads (dosage=4gL™"' dry weight,
pH =6.0) at different initial BPA concentrations.

High correlations (R*>0.95) were obtained for both
kinetic models. However, the calculated equilibrium
adsorption capacity obtained from the pseudo-second-
order model is closer to the experimental adsorption
capacity in comparison to the equilibrium adsorption
capacity calculated using pseudo-first-order model.
The results suggest that the pseudo-second-order
model could be employed to represent the adsorption
of BPA onto the hybrid beads better than the pseudo-
first-order model.

It is observed that when the initial BPA concentra-
tion was increased, the pseudo-second-order rate con-
stant (k,) decreased, while the initial adsorption rate
(h) increased, which suggested that concentration of
both adsorbate and adsorbent was involved in a rate-
determining step.

Weber-Morris kinetic model [39] was utilized to
probe further the rate-controlling steps in the adsorp-
tion process of BPA onto the hybrid beads. The
Weber—Norris kinetic model is described as follows:

g = Kyt + 1 7)

where K, (mg g 'h ") represents the rate constant for
the intra-particle diffusion and value of I (mgg™") give
insight on the effect of the boundary layer. When a
plot of g, vs. t°° is linear, it means that intra-particle
diffusion was involved in the adsorption process. In
addition, if the plot passes through the origin, the
intra-particle diffusion can be regarded as a rate-deter-
mining step [40].

Fig. 13(a) shows the plot of g, against t*° for the
Ca-Alg/22%-MWCNT/Psf beads (dosage=4gL™"' dry
weight, pH = 6.0, BPA concentration of 100 mgL™), it
can be observed that the plot could be divided into
three linear portion representing different sorption
processes, namely: external mass transfer (K;; =4.346
mgg 'h™*%), intra-particle diffusion (K;,=0.9987 mg
g 'h™®%), and active sites binding. Since the active
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Table 5
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Kinetic parameters for BPA adsorption by Ca-Alg/ 22%-MWCNTs/Psf at different initial BPA concentrations (dosage =4

g Lt dry weight, pH =6.0)

Pseudo-first-order

Pseudo-second-order

Concentration of BPA e,exp Ge,cal kq Je,cal (Mg kr (g rng*1 h (mg g{1

(mgL™") (mgg™ (mggh () R gh h™) h™) rR?

100 18.16 13.6 0.058 0.9626 19.31 0.007 2.734 0.9993
60 12.69 9.11 0.052 0.9847 13.37 0.012 2.125 0.9997
20 4.75 4.11 0.082 0.9972 4.96 0.040 0.990 0.9994

n.zu.mleulsn
Time (h)

100 120 140 160

Fig. 12. Pseudo-second-order kinetic plots for the adsorp-
tion of BPA on Ca-Alg/ 22%-MWCNTs/Psf beads (dosage
=4gL™" dry weight, pH=6.0) at BPA concentrations of
m) 20mgL™", (8 60mgL™" and (a) 100mgL™". Data
are expressed as mean.

sites binding was considered to have occurred rapidly,
it could not be a rate-determining step which left
intra-particle diffusion and external mass transfer as
probable rate-controlling processes involved in the
adsorption system.

The plot on Fig. 13(a) does not pass through the
origin which suggested that although intra-particle
diffusion was involved in the adsorption process, it
was not the initial rate-controlling step.

The Boyd plot helps to determine whether the
rate-controlling steps are external mass transfer or
intra-particle diffusion. The Boyd model [41] is
expressed as follows:

By=-In(1—-¢q:/q.) —0.4977 (8
If the plot of B; against time passes through the origin,
the intra-particle diffusion controls the adsorption
otherwise external mass transfer is the rate-controlling

step in the adsorption system. Fig. 13(b) shows the
plot of B; against time for the Ca-Alg/22%-MWCNT/
Psf beads (dosage=4gL™" dry weight, pH=6.0, BPA
concentration of 100 mgL™"). Similar to Weber-Morris
model, the linearized plot did not pass through the
origin which implies that external mass transfer was
the initial rate-controlling process during the adsorp-
tion [42]. Both models infer that the intra-particle dif-
fusion and external mass transfer held important roles
in the adsorption of BPA onto the hybrid beads. The
desorption of BPA released from the Ca-Alg/22%-
MWCNT/Psf beads was estimated by immersing the
used hybrid beads with known adsorbed amount of
BPA into ethanol. The desorption was estimated to be
about 87 +4 % (mean +standard error, n =4), this pre-
liminary result suggested the re-usability potential of
the hybrid beads.

3.7. Adsorption isotherm

The adsorption isotherm correlates the concentra-
tion of adsorbate in the bulk solution and the amount
of solute adsorbed per unit weight of the adsorbent
under equilibrium conditions. Correlation between
batch equilibrium experimental data and theoretical
model is an important consideration as it could be
used in the design and analysis of adsorption system.
The adsorption isotherm studies were performed at
fixed adsorbent dosage of 4gL™ dry weight by
changing the initial BPA concentrations. The equilib-
rium adsorption of BPA onto Ca-Alg/22%-MWCNT/
Psf beads is shown in Fig. 14. It can be observed that
the adsorption capacity of the hybrid beads gradually
increased with the increasing equilibrium concentra-
tion of BPA in the liquid solution as it progressively
reached saturation. The equilibrium data were then
analyzed using two well-known equilibrium models,
Langmuir [43] and Freundlich [44]. The sorption
parameters obtained from the models helped to clarify
the interaction between the adsorbate and the
adsorbent as the system reached equilibrium.
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Fig. 13. (a) Weber-Morris graph and (b) Plot of B; against time for the adsorption of BPA on Ca-Alg/ 22%-MWCNTs/Psf
beads (dosage=4g L! dry weight, pH = 6.0 at BPA concentrations of 100 mg LY. Data are expressed as mean.

Langmuir isotherm is referred as ideal monolayer
model as it assumes that the adsorbate molecules
formed a monolayer on the energetically identical and
structurally homogenous adsorbent sites with the
absence of subsequent interactions between adsorbed
molecules. The Langmuir model for solid-liquid sys-
tem is described as:

CE,exp/qL’,exp = Ce.exp/qm + 1/KL (9)

Ry = l/(l + (XLCO) (10
where C,exp (Mg L™ is the equilibrium concentration
of BPA in solution; geq (mgg™") is adsorption of
BPA by the composite beads at equilibrium; g, (mg
g 1) is the maximum adsorption capacity of the beads
derived from the Langmuir model; Ry is dimension-
less equilibrium constant which indicates the shape of
the isotherm; K (Lg™") and o (Lmg™") are the Lang-
muir coefficients with «; defined as ratio of Ky over
gm- The Langmuir coefficients, g,, and Kj, are obtained
by plotting C,exp/e,exp OVer Ceexp-

Freundlich isotherm is based on the assumption
that multilayer adsorption on heterogenous surfaces
governs the interaction between equilibrium concen-
tration of adsorbate in liquid and solid phase. The Fre-
undlich model is given as:
log geexp = (1/1) % log Ce exp + log K 11
where the definition for C,exp (MgL™), feexp (mgg ")
is the same as described in Langmuir model; Kg
(mg' /" LY" g™ is the Freundlich constant represent-

ing multilayer adsorption capacity and 7 is a constant
representing adsorption strength. The Freundlich coef-
ficients, Kr and n, are obtained by plotting log g, over
log C,exp- For both isotherm models, non-linear
method based on trial and error curve-fitting optimi-
zation procedure was performed using solver add-in
with Microsoft’s excel to determine the corresponding
Langmuir and Freundlich coefficients. The Langmuir
and Freundlich parameters for BPA adsorption onto
Ca-Alg/ 22%- MWCNTs/Psf beads (dosage=4gL™"

25
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E
£ 0} 3
o : ;_,'f * Yo.oxp
- Langmuir: linear
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EY Freundlich: linear
** Freundlich: non linear
0 . 1 N 1 " 1 " 1 .
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K]
Ce_eip{mg.L )
Fig. 14. Isotherm of BPA adsorption onto Ca-Alg/

22%-MWCNTs/Psf beads (dosage=4gL™" drg weight,
pH =6.0, initial BPA concentrations =20 mg L1100 mg LY.
Data are expressed as mean + standard error.
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dry weight, pH=6.0, BPA concentration =100 mgL™")
are shown in Table 6.

The calculated n coefficients in both linear and
non-linear Freundlich models are between 1 and 10
which inferred favorable adsorption [45]. The results
are also supported by the value of the coefficients
obtained from Langmuir model. The maximum
adsorption capacity g,, of the hybrid beads at adsor-
bent dosage of 4gL~" dry weight was predicted using
non-linear and linear Langmuir models to be 24.53 mg
g ! and 24.69 mg g™, respectively. Ry value calculated
for initial concentration of BPA 100mgL™" in this
study was 0.05, it has been suggested that value of R,
between 0 and 1 indicates favorable adsorption [46].

The adsorption mechanism of BPA on the hybrid
beads is complex as the bead is comprised of more
than two materials. However, the correlation coeffi-
cients attained from both adsorption isotherm models
indicated the strong affinity for the BPA adsorption
onto the hybrid beads. The correlation coefficients for
both linear and non-linear Langmuir model are higher

Table 6
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than the Freundlich model which suggested that
Langmuir model fitted the adsorption equilibrium
data better and inferred that BPA adsorption by the
hybrid beads occurred in a monolayer behavior.

3.8. Column adsorption

The adsorption isotherm data may not be a good
representative of scale-up data. To better understand
the adsorption behavior of the hybrid beads under
continuous flow, a packed bed column was con-
structed. Continuous flow of 100mgL™" of BPA was
injected to the column for up to 8h followed by
desorption before the subsequent cycle started. The
breakthrough curves are shown in Fig. 15.

Since the column study was conducted using high
concentration of BPA, it was not possible to remove
all of the BPA in the solution initially. Using the cur-
rent setup (beads height=12.5cm and flow rate 0.5
mL min~!, BPA=100mgL™"), it appeared that longer
contact time was needed for the column to achieve

Langmuir and Freundlich parameters for BPA adsorption by Ca-Alg/ 22%- MWCNTs/Psf at equilibrium (dosage=4g

L™ dry weight, pH = 6.0)

Langmuir Freundlich
G (mg g™ op (Lmg™") Ky (Lg™ Ry R? Kg n R?
Linear 24.69 0.1883 4.650 0.050 0.9808 4.589 1.890 0.9092
Non-linear 24.53 0.2073 5.085 0.050 0.9825 6.745 3.061 0.9297
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Fig. 15. (a) Breakthrough curve in continuous flow column reactor for adsorption of 100 mgL™" BPA on Ca-Alg/22%-
MWCNTs/Psf beads and (b) illustration of up-flow packed bed column setup used in the continuous flow experiment.
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complete saturation. Similar removal patterns with
slight discrepancies were observed for the first three
cycles but at the fourth cycle, the adsorption capacity
started to decrease which was indicated by lower
removal percentage in the beginning of the cycle. This
behavior might be attributed to the decline in desorp-
tion efficiency. Nevertheless, the result highlighted the
re-usability of the packed hybrid beads column under
continuous flow.

4. Summary

A novel hybrid bead comprising of alginate and
MWCNTs core, enveloped in a Psf layer was proposed
and fabricated in this study. The hybrid beads were
investigated for the removal of BPA. The BPA removal
increased with the content of MWCNTs. Addition of
Psf layer improved the adsorbed BPA amount at
lower MWCNTSs amount but less significant at higher
MWCNTs. The hybrid beads were relatively stable at
wide range of pH. The adsorption of BPA by these
beads followed pseudo-second-order kinetic and
Langmuir isotherm models with high correlation, sug-
gesting monolayer adsorption mechanism. The addi-
tion of a Psf layer on composite beads that contained
MWCNTs improved the compressive load capacity of
the composite beads up to twelvefold at 40% compres-
sion. The improved compressive load capacity in
beads layered in Psf could be applicable to shield and
improve stability of the composite calcium alginate-
MWCNTs bead in reactors, whereby the bead sorbents
may be subjected to abrasion which could affect the
bead integrity.
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Symbols

R; — removal ratio of BPA at time ¢, %

[BPA], — initial concentration of the BPA solution,
mg Lt

[BPA]; — concentration of BPA at time ¢, mg Lt

qr — amount of BPA adsorbed at time t, mgg ™"

\% — volume of the BPA solution, L

1181

m — dry weight of the adsorbent, g

[BPAljq — amount of BPA remaining in the solution,
mg

[BPAlsqs — amount of BPA in the adsorbent, mg

e,exp — experimental adsorption capacity at
equilibrium, mg g_1

(e,cal — adsorption capacity calculated using the
kinetic models, mg g™

kq — rate constant for the pseudo-first-order
model, h!

h — initial sorption rate for pseudo-second-order
model, mg g_l h!

ko — rate constants for pseudo-second-order
model, gmg ' h™!

Ky — rate constant for intra-particle diffusion, mg
g Th 05

Ceexp — equilibrium concentration of BPA in
solution, mg L™

Gm — maximum adsorption capacity based on
Langmuir model mg g™

Ry — Langmuir constant

Ky — Langmuir coefficient, Lg ™"

oy, — Langmuir coefficient, defined as ratio of K,
over g,, Lmg™'

Kg — Freundlich coefficient, mg'/" L'/ ¢!

n — Freundlich constant
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