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Abstrak

Kajian ini bertujuan untuk membangunkan membran cecair berpenyokong dengan kestabilan
yang tinggi dengan menggunakan kertas-bucky sebagai substrat berliang dan diperangkap
dengan cecair ionik 1-butil-metilimidazolium tetrafluoroborat [Bmim][BF,] untuk membentuk
membran cecair ionik berpenyokong kertas-bucky. Untuk meningkatkan lagi kestabilan
membran, [Bmim][BF,] telah dicampur dengan polivinil alkohol sebelum diperangkap dalam
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kertas-bucky. Prestasi membran cecair ionik berpenyokong kertas-bucky dalam proses
penyejattelapan yang melibatkan campuran perduaan yang terdiri daripada etilena glikol dan air
menunjukkan keupayaan membran tersebut dalam penyahhidratan larutan akueus etilena glikol.
Membran cecair ionik berpenyokong kertas-bucky telah menunjukkan prestasi penyejattelapan
yang tinggi dengan fluks penelapan yang bernilai 102 g-m™-j*, faktor pemisahan setinggi 1014,
kebolehtelapan air yang bernilai 13106 GPU dan kememilihan membran untuk air yang bernilai
13 dengan berat air dalam kepekatan larutan suapan sebanyak 10% pada suhu 30 °C dan 5
mmHg tekanan hiliran. Di samping itu, membran cecair ionik berpenyokong kertas-bucky juga

mampu untuk memisahkan campuran pertigaan; etil asetat, etanol dan air yang membentuk
azeotrop. Fluks penelapan sebanyak 385 g-m?j*, faktor pemisahan yang bernilai 247,
kebolehtelapan air 4730 GPU dan kememilihan membran untuk air yang bernilai 39 telah

diperolehi pada suhu 30 °C dan 5 mmHg tekanan hiliran.

Abstract

In the present research work, it is aimed to develop a high stability supported liquid membrane
(SLM) by employing buckypaper (BP) as supporting membrane and immobilized with an ionic
liguid 1-butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF;] to form a buckypaper
supported ionic liquid membrane (BP-SILM). In order to further enhance the membrane stability,
the [Bmim][BF,;] was blended with polyvinyl alcohol (PVA) prior to the immobilization in the BP.
The pervaporation performances of the BP-SILM in the binary mixture of ethylene glycol and
water showed an excellent capability to dehydrate ethylene glycol aqueous solutions. The BP-
SILM exhibited high pervaporation performance with a permeation flux of 102 g-mZh?,
separation factor as high as 1014, water permeance of 13106 GPU and membrane selectivity of
13 for water with 10 wt.% feed concentration of water at 30 °C and 5 mmHg downstream
pressure. On the other hand, the BP-SILM was also capable to break ternary azeotropic mixtures
of ethyl acetate, ethanol and water. A permeation flux of 385 g-mZ-h™, separation factor of 247,
water permeance of 4730 GPU and membrane selectivity of 39 for water were obtained at 30 °C
and 5 mmHg downstream pressure.
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A novel synirﬁefrfé supported
ionic liquid membrane (SILM)
was prepared by infiltrating 1-

To develop SILM by immobilizing an organic liquid butyl-3-methylimidazolium
1 phase in the CNT pores before incorporating into the | tetrafluoroborate [Bmim][BF4]
MMM into a buckypaper (BP) to

form a so-called buckypaper

supported ionic liquid

membrane (BP-SILM)

v The role of BP as a support

can effectively entrap the

infiltrated

2 | To investigate the role of CNTs in the developed SILM Er?;‘;':i]tllear ;!)_rzzgr:: tst:lepply

the necessary mechanical

stability for the resulting

BP-SILM.

The BP-SILM exhibited high

pervaporation

performance for dehydration

3 To optimize the organic-organic pervaporation of ethylene glycol with a
separation by using SILM permeation flux of 102 g/m?h,

“ a separation factor as high as
1014, and a water permeance
of 9046 gpu.
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2016, 109, 116-126.
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Reusability and Kinetic Study. BioEnergy Res. 2015,
8, (2), 605-617.

5. [Ong, Y. T.; Yee, K. F.;Cheng, Y.K.; Tan, S. H., A Published
Review on the Use and Stability of Supported Liquid
Membranes in the Pervaporation Process. Sep.
Purif. Rev. 2014, 43, (1), 62-88.

6. | Cheng, Y. K,; Yeang, Q. W.; Mohamed, A. R.; Tan, | Published
S. H., Study on the Reusability of Multiwalled
Carbon Nanotubes in Biodegradable Chitosan
Nanocomposites. Polym.-Plast. Technol. Eng. 2014,
53, (12), 1236-1250.

7. | Shuit, S. H.; Tan, S. H., Feasibility Study of Various | Published
Sulphonation Methods for Transforming Carbon
Nanotubes into Catalysts for the Esterification of
Palm Fatty Acid Distillate. Energy Conv. Manag.
2014, 88, 1283-1289.

8. | Shuit, S. H.; Yee, K. F.; Lee, K. T.; Subhash, B.; Published
Tan, S. H., Evolution Towards the Utilisation of
Functionalised Carbon Nanotubes as a New
Generation Catalyst Support in Biodiesel
Production: An Overview. RSC Advances 2013, 3,
(24), 9070-9094.
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2. | Chemeca 2012, 23 - 26 Structure Modification of Multi- | International
September 2012/The walled Carbon Nanotubes
Museum of New Zealand Buckypaper Using Polyvinyl
Te Papa Tongarewa, alcohol: Fabrication and
Wellington, New Zealand Characterization
3. | International Conference Separation of Etherification International
on Enviropment 2012 Reaction Mixture Using
(ICENV 2012), 11 -13 MWCNTs
December 2012/ Parkroyal | Buckypaper/Polyvinyl Alcohol
Hotel, Penang Membrane via Pervaporation
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In this study, the pervaporation separation characteristic of a buckypaper sup-
ported ionic liquid membrane (BP-SILM-70) in a ternary azeotropic mixture of ethyl
acetate/ethanol/water was investigated. The sorption characteristics of the membrane were
assessed through a liquid sorption study, and the preference of the membrane to inter-
act with the components in the feed mixtures was evaluated based on binary interaction
parameters. Prior to the pervaporation of the ternary mixture system, pervaporation stud-
ies of binary mixture systems composed of ethyl acetate/water, ethanol/water and ethyl
acetate/ethanol were performed to evaluate the inter-molecular interaction between these
components and their tendency to interact with the BP-SILM-70. The membrane was sub-
sequently applied to the pervaporation separation of the ternary azeotrope system, and
the effects of the feed temperature and downstream pressure on the pervaporation perfor-
mance of the membrane were systemically investigated. The BP-SILM-70 exhibited a good
pervaporation performance with a total permeation flux of 385.33 gm-2-h-? and a separa-
tion factor as high as 247 at a temperature of 30°C and a downstream pressure of 0.667 kPa.
The pervaporation result suggests that the use of BP-SILM-70 has great potential to attain a
good balance in the trade-off between the permeation flux and the separation factor.

® 2016 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

1. Introduction

distillation to separate azeotropic mixtures. Thus, this process
is more economically attractive. Furthermore, pervaporation

Pervaporation is one of the most studied membrane separa-
tion processes in the past several decades. The characteristics
of pervaporation make this process particularly useful for
the separation of close-boiling-point and azeotropic liquid
mixtures. These characteristics are mediated by the chemi-
cal activity difference across the membrane and a selective
control of the mass transfer based on the affinity of the mem-
brane to interact with a specific component. Pervaporation
offers the advantages of lower energy consumption and sim-
plified downstream processing because it avoids the addition
of an entrainer, which is commonly used in conventional

* Corresponding author. Tel.: +60 4 5996475, fax: +60 4 5941013.
E-mail address: chshtan@usm.mmy (S.H. Tan).
http://dx.coi.org/10.1016/j.cherd.2015.10.051

can be combined with other separation methods, such as dis-
tillation, to form a hybrid system that can improve the overall
performance of separation processes (Del Pozo Gomez et al,,
2008; Koczka et al., 2007). In fact, pervaporation has found its
most viable application in the dehydration of organic solvents,
the removal of organic compounds from their aqueous solu-
tion and the separation of organic-organic mixtures. However,
recent interest in the separation of multi-component liquid
mixtures represents a challenge to the pervaporation process.
The presence of multiple components in liquid mixtures gives
rise to a strong competition among the components to interact

0263-8762/@ 2016 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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with the membrane. In addition, there is also the possibil-
ity of the co-permeation of the multi-component mixtures,
which would critically affect the separation performance of
the membrane in the pervaporation process.

Ethyl acetate is an important solvent for many applications
in the chemical industry, such as coatings, adhesives, plast-
cizers and pharmaceuticals (Hasanoglu et al., 2007), because
it is relatively non-toxic, non-hygroscopic and soluble in most
organic liquids. The industrial production of ethyl acetate is
primarily based on the classical Fischer esterification process
of acetic acid with excess ethanol (McMurry, 2000; Monick,
1968). The resultant ethyl acetate forms an azeotrope with the
water and the residual ethanol (Yongquan et al., 2012), which
may result in difficulties associated with the purification of
ethyl acetate through the conventional distillation process.
The conventional process requires the use of an entrainer
to effectively separate the azeotropic mixtures. The presence
of the entrainer may contaminate the product and compli-
cate the purification process. Therefore, several studies have
attempted to break the azeotropic mixture of ethyl acetate,
ethanol and water through a pervaporation process (Hu et al,,
2012; Xia et al., 2012; Yuan et al., 2011; Zhang et al., 2009), and
the outcome seems promising.

Buckypaper supported ionic liquid membrane (BP-SILM-70)
is a type of supported ionic liquid membrane. It was prepared
by blending an ionic liquid, 1-butyl-3-methylimidazolium
tetrafluoroborate ([Bmim][BFs]), with polyvinyl alcohol (PVA)
to form a [Bmim][BF4}-PVA compound and was subsequently
immobilized into the interstitial pores of the buckypaper
(BP). The [Bmim][BF4] served as a liquid membrane phase to
selectively regulate the mass transfer while PVA stabilized
the ionic liquid through the formation of [Bmim][BF4]-PVA
compound, whereas the BP served as a porous support
to held the [Bmim][BF4]-PVA in its pores and supply the
mechanical stability for the resulted BP-SILM-70. In our pre-
vious study, the BP-SILM-70 was successfully applied for the
pervaporation-based dehydration of a binary liquid mixture
system consisting of ethylene glycol and water (Ong and
Tan, 2015). It demonstrated excellent pervaporation perfor-
mance in the separation of water from the binary mixture
system. Thus, in this study, our aim was to investigate the
pervaporation performance of the BP-SILM-70 for the separa-
tion of a ternary mixture system consisting of ethyl acetate,
ethanol and water. As mentioned previously, these three com-
ponents form an azeotrope; hence, the ability to use the
BP-SILM-70 to break the azeotropic mixture via a pervapor-
ation process was studied at different feed temperatures and
downstream pressures. Prior to separation of the ternary mix-
ture, pervaporation studies were performed on binary mixture
systems composed of two of the three components, i.e., ethyl
acetate/water, ethanol/water and ethyl acetate/ethanol. These
studies helped elucidate the components’ inter-molecular
interactions.

2. Experimental

2.1, Materials

Multi-walled carbon nanotubes (MWCNTs) manufactured via
the chemical vapour deposition technique were supplied by
Chengdu Organic Chemical Co. Ltd, China. These had an outer
diameter in the range of 8 to 15nm, an inner diameter in
the range of 3 to 5nm and a length of approximately 50 um.

4_5 F
TR F—B=F
AN ]
2
(Bmim]" [BF4J

Fig. 1 - Chemical structure of [Bmim]* and [BF4]" in

[Bmim][BF4).

PVA (95% hydrolysed) with an average molecular weight of
95,000 and [Bmim|[BF4] (98%), which consists of a 1-butyl-3-
methylimidazolium cation ([Bmim]*) and a tetrafluoroborate
anion ([BF4]"), as illustrated in Fig. 1, were purchased from
Acros, Sulphuric acid (95-97%), hydrogen peroxide (30%), glu-
taraldehyde (25% aqueous solution) and ethyl acetate were
procured from Merck. Ethanol (96%) and acetone were sup-
plied from HmbG and Fine Chemicals, respectively. Distilled
water was used throughout the experiments.

2.2.  Membrane preparation

The preparation of BP-SILM-70 has been described elsewhere
(Ong and Tan, 201S). In brief, the MWCNTs were chemi-
cally oxidized in piranha solution (80vol.% sulphuric acid
and 20 vol.% hydrogen peroxide) and transformed into the BP
sheet via a wet processing technique. This step was followed
by blending the [Bmim][BF,;] with PVA at a weight ratio of
70/30 and immobilizing the [Bmim)][BF;]-PVA solution into the
BP sheet using a vacuum filtration technique. Subsequently,
the resultant BP-SILM-70 was dried at room temperature and
cross-linked with glutaraldehyde.

2.3.  Liquid sorption test

The BP-SILM-70 was weighed using a digital balance and was
then immersed into four different sealed vessels containing
pure ethyl acetate, ethanol, water, and an azeotropic mix-
ture composed of 82.6wt.% ethyl acetate, 8.4wt.% ethanol
and 9.0wt.% water. The membranes were allowed to stand
immersed at room temperature for 72h to enable the mem-
brane sorption to attain equ.ilib'rium. The swollen membranes
were then rapidly removed from the vessel and weighed
immediately after blotting the excess adhered liquid. The total
amount of liquid sorbed was determined using the following
equation:

Degree of swelling = Map-stwr = Vop-snse )
BP-SILM

where Mgp.snm and Mpp sy Tepresent the weights of the dry
and swollen BP-SILM-70, respectively. The binary interaction
parameter y;, between component i and the BP-SILM-70 was
calculated using the following gquation (Guo et al., 2007):

- _ [In(1- :2,,.) + VUm] @
m

where vy, denotes the volume fraction of the membrane in the

swollen BP-SILM-70, which can be calculated by the swelling

of the BP-SILM-70 in pure solutions.
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Fig. 2 - Schematic diagram of pervaporation test rig.

2.4.  Pervaporation experiments

The pervaporation experiments were conducted using a
laboratory-scale pervaporation test rig as shown in Fig. 2.
Feed solutions containing different concentrations of binary
and ternary mixtures composed of ethyl acetate, ethanol and
water were circulated between the feed tank and the perme-
ation cell at a constant flow rate. The operating conditions
for the pervaporation of the binary mixtures were fixed at
30°C and 0.667 kPa. Moreover, for the pervaporation of the
ternary mixture, the operatintg temperature of the feed solu-
tions was varied between 30°C and 70°C, and the downstream
Ppressure was varied within a range of 0.667 to 3.333kPa. The
permeate vapour was condensed and collected in a cold trap
that was immersed in liquid nitrogen. The collected permeate
sample was weighed, and its composition was analysed using
a Shimazdu Gas Chromatograph (GC)-2014 equipped with a
thermal conductivity detector and using a Supelco Porapak-Q
(50/80) packed column 3m in length and 3.175 mm in diam-
eter with helium as the carrier gas. The temperature of the
GC injector was set to 110°C, and the temperature of the
GC oven and detector were set to 180°C. The pervaporation

performance of the BP-SILM-70 was evaluated in terms of the
permeation flux, J, and the separation factor for component i,
B, as expressed in the following equations:

Axt @)

p= (s2) (529

where Qrefers to the mass (g) of the permeate collected at time
t (h), A (m?) is the effective surface area of the membrane, and
X; and Y; represent the weight fractions of component i in the
feed and permeate, respectively.

The sorption selectivity, fsorp, and the diffusion selectiv-
ity, Baisr, of the membrane can be defined by the following
equations:

pem = (=5) (50) g

e B
Baiee Frorp (6
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where Y, and X; denote the weight fraction of component
i in the membrane and feed mixtures, respectively, whereas
B denotes the separation factor. The sorption selectivity was
calculated based on the data collected from liquid sorption
test.

Additionally, the intrinsic properties of the membrane were
evaluated through an analysis of the permeance, P, and the
membrane selectivity, o, which were calculated using the fol-
lowing equations:

Ji

Bt =
© MW (yxipft — yip)

@)

Pi
i @)

where MW, is the molar mass (g/mol) of component i, y;, x; and
pi™t are the activity coefficient, molar fraction and saturated
vapour pressure (kPa), respectively, of component i at the feed
side, y; is the mole fraction of componentiat the permeate side
and p is the total downstream pressure (kPa). The y; value for
each component was estimated based on the UNIFAC theory
(Xia et al,, 2012; Randhol and Engelien, 2000).

3. Results and discussion
3. Liquid sorption study

As illustrated in the column chart presented in Fig. 3, the
degrees of swelling of the BP-SILM-70 in pure ethyl acetate,
ethanol and water were 0.27, 0.54 and 1.55g/g membrane,
respectively. The results indicate that the sorption capac-
ity of the membrane was the highest in water, followed by
ethanol and ethyl acetate. The interaction parameters of the
membrane with ethyl acetate, ethanol and water, which were
calculated using Eq. (2), were 1.32, 0.84, and 0.77 for ethyl
acetate, ethanol and water, respectively. This finding indicates
that the affinity of the membrane for these three components
is in the following descending order: water, ethanol and ethyl
acetate. Thus, the differences in membrane sorption capacity
are simply due to the preference of the membrane to interact
with these components, The sorption behaviour of BP-SILM-
70 in water can be explained by the hydrogen bonds formed

between [BF4]~ with a hydrogen in water and the hydrogen
at C-2 of the imidazolium ring in [Bmin]* with an oxygen in
water. As the BP-SILM-70 was immersed in pure water, the
presence of a greater number of water molecules would facili-
tate the dissociation of [Bmin]* and [BF4]~ in [Bmim][BFs]. The
dissociation of [Bmim]|[BF;] would cause the structure of the
[Bmim](BF4] to become unstable and cause volumetric expan-
sion in the membrane, thereby enabling a higher amount of
water to be accommodated and leading to a high sorption of
water in the BP-SILM-70. A similar interaction behaviour may
also occur in ethanol. The hydrogen of the hydroxyl groups in
ethanol could interact with [BF4]~ and form strong hydrogen
bonds. Additionally, the oxygen of the hydroxyls in ethanol
may form hydrogen bonds with the hydrogen at C-2 in [Bmim]*
(Wu et al., 2009). A relatively low sorption of ethyl acetate was
observed in BP-SILM-70 due to its lower affinity with the mem-
brane. This finding can be credited to the poor miscibility of
ethyl acetate in [Bmim][BF4]. It is hypothesized that a weak
polar-r interaction may form between the [Bmim]* and ethyl
acetate (Cao et al., 2014).

When the BP-SILM-70 was immersed in the azeotropic mix-
ture of ethyl acetate/ethanol/Water, the membrane became
swollen with a swelling degree of 0.55g/g membrane. As
clearly shown in Fig. 3, the composition of the sorbed lig-
uid predominantly consisted of water, which constituted
91.8wt.% of the total composition of the sorption, whereas
ethanol and ethyl acetate appear as minor components of the
composition, with contents of 6.9 and 1.3wt.%, respectively.
This result can be attributed to the higher affinity of BP-SILM-
70 for water as a result of the presence of [Bmim][BF;], which
improves the hydrophilicity of the membrane (Ong and Tan,
2015). Moreover, the strong interaction between ethyl acetate
and ethanol would also weaken their capability to interact
with the membrane (Zhang et al., 2008), hence favouring the
sorption of water. It can be noted that the swelling degree
of BP-SILM-70 in the ternary azeotropic mixture is consid-
erably lower than that in water. The main reason for this
phenomenon may be due to a significant reduction in the sorp-
tion of water. In the ternary azeotropic mixture, the low water
content (approximately 9.0 wt.%) limits the sorption of water
in BP-SILM-70 because the interaction of water molecules with
[Bmim]* and [BF4]~ may not be ufficient to cause the dissoci-
ation of [Bmim]|[BF4], thereby reducing the sorption capacity
of water. In addition to this result, the sorption of ethanol
was found to be approximately five-fold higher than that of
ethyl acetate. This finding can be explained by the fact that
ionic liquids tend to exhibit a greater attractive interaction
with molecules of greater polarity (Mutelet et al., 2006). In this
case, the polarities of ethyl acetate and ethanol are 0.520 and
0.656, respectively (Li et al.,, 2006). Hence, ethanol is prone to
exhibit a greater interaction with [Bmim][BF4] in BP-SILM-70
than ethyl acetate.

3.2.  Pervaporation of a binary mixture of ethyl acetate
and water ‘

The pervaporation of a binary mixture composed of ethyl
acetate and water using BP-SILM-70 was studied using vari-
ous concentrations of water in the feed ranging from 10 to
50 wt.%.

The pervaporation performances of BP-SILM-70 as a func-
tion of the feed concentration of water are illustrated in
Fig. 4. The permeation fluxes of both water and ethyl acetate
shown in Fig. 4(a) were increased with an increase in the feed



120 CHEMICAL ENGINEERING RESEARCH AND DESIGN 109 (2016) 116-126

1000

-
£

300 1
700

500 1
——Total

—&— Water
—dr—Ethyl scetate

400 1
300 4

Permeation flux (g'm3-ht)

200 4
100 1

k.

0 10 ) Py 50 60
Feed concentration of water (wt.%)

® ® r\‘\. -
50 200
80
3 - 600
g 70
- L 500 [
_E_ 60 —@=Watcr g
g 50 —dr— Ethyl acctate L 400 &
B ~3¢=Scparation factor 3
g 300 &
S [ 2
s 3 s
] 200
§ 20
g 10 + 100
0 v 0
0 10 20 30 40 50 60
Feed concentration of water (wt.%)
(c) 12000 1200
—&—Water
10000 4 —A—Ethyl zcctate 1000
-)t—sqccﬁvily
8000 800
=)
B
S £
& 6000 L 600 g
=2
3 s
3
B <
& 4000 400
2000 200
0 + r g v A 0
0 10 20 30 40 50 60

Feed concentration of water (wt.%)

Fig. 4 - Effect of the feed contentration of water on the (a)
permeation flux, (b) permeate concentration and separation
factor and (c) permeance and selectivity in the separation of
ethyl acetate/water by pervaporation.

concentration of water, which eventually increased the total
permeation flux. From the aspect of the intrinsic properties
of the membrane, as shown in Fig. 4(c), an approximately
five-fold increase from 1991.22 to 10,693.58 gas permeation
unit (GPU) was observed in the permeance of water when
the feed concentration of water was increased from 10 to
50 wt.%, whereas an approximately twenty-five-fold increase
from 1.90 to 46.60 GPU was observed in the permeance of ethyl
acetate. However, as shown in Fig. 4(b), increasing the feed
concentration of water was found to decrease the concentra-
tion of water in the permeate but to increase the permeate

concentration of ethyl acetate, thereby decreasing the sepa-
ration factor of the membrane for water. The more notable
increment obtained for the permeance of ethyl acetate even-
tually decreased the selectivity of the membrane for water.
The marked increase in both the permeation flux and the per-
meance of water with an increase in the feed concentration of
water may be attributed to the stronger affinity of BP-SILM-70
for water. Additionally, as mentioned previously in the discus-
sion of the liquid sorption study, ethyl acetate is not favoured
to form any interaction with [Bmim]([BF4] in BP-SILM-70; there-
fore, the competition between the water and ethyl acetate
molecules to interact with the membrane becomes negligi-
ble, causing a rapid permeation of water molecules. However,
the high tendency of [Bmim][BF4] in BP-SILM-70 to interact
with water molecules is expected to increase the amount of
water sorbed with an increase in the feed concentration of
water. This effect would reduce the electrostatic attractions
between the [Bmin]* and [BF4]~ in [Bmim][BF,] and cause an
expansion of the free volume of the membrane to accommo-
date a higher amount of water molecules (Seddon et al., 2000).
The increased sorption of water molecules in the membrane
would certainly increase the amount of dissolved ethyl acetate
in water, even though ethyl acetate has a limited solubility in
water of approximately 8.3 g in 100 g of water (Altshuller and
Everson, 1953). Furthermore, the increased sorption of water
would reduce the cohesive energy in [Bmim][BF4] and increase
the membrane’s free volume (Seddon et al.,, 2000). This has
an effect in reducing the mass transport resistance offered by
[Bmim}{BF4] and easing the permeation of molecules across
the membrane. Because of the combined effects of an increase
in the concentration of dissolved ethyl acetate and an increase
in membrane’s free volume, the permeance and permeation
flux of ethyl acetate increased with anincrease in the feed con-
centration of water, but the separation factor and selectivity
of BP-SILM-70 for water decreased.

3.3.  Pervaporation of a binary mixture of ethanol and
water

Similarly, the pervaporation of a mixture of ethanol/water
using BP-SILM-70 was also conducted with various feed con-
centrations of water ranging from 10 to 50wt.%, and the
pervaporation performances demonstrated by BP-SILM-70 are
plotted in Fig. 5.

As shown in Fig. 5(a), the total permeation flux increased
with an increase in the feed concentration of water. Inter-
estingly, a further analysis of the permeation flux of the
individual components revealed that increasing the feed con-
centration of water from 10 to 50wt.% led to an increment
of approximately 300% in the permeation flux of water but
a decrement of approximately 25% in the permeation flux of
ethanol. The permeate concentration of water, as depicted
in Fig. 5(b), was found to increase with an increase in the
feed concentration of water, whereas the opposite trend was
observed for the permeate concentration of ethanol. Despite
the increased permeate concentration of water, the separa-
tion factor of BP-SILM-70 for water decreased with an increase
in the feed concentration of water. The permeance plot
presented in Fig. 5(c) shows a significant increase in the per-
meance of water, whereas only a slight increase was observed
in the permeance of ethanol. Overall, the permeance of water
was higher than that of ethanol over the tested range of feed
concentrations. This result indicates that the intrinsic proper-
ties of the membrane favoured the permeation of water rather
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than ethanol. For this reason, the selectivity of the membrane
for water increased with an increase in the feed concentration
of water.

The available data on the performance of BP-SILM-70
for the pervaporation of an ethanol/water binary mixture
suggest the existence of competition between the water and
ethanol molecules for interaction with the [Bmim]|[BF4] in
BP-SILM-70. As observed in Fig. 5(a) and (b), ethanol molecules
demonstrate a favoured position over water molecules by
attaining a higher permeation flux and appearing as a major

component in the permeate at a feed concentration of water
of 10 wt.%. However, the competitive position of the ethanol
molecules becomes feeble when the feed concentration of
water is further increased to SOwt.%. This effect enables
water to demonstrate a higher permeation flux and become
a major component in the permeate. Because the intrinsic
properties of BP-SILM-70 favours the permeation of water, it
can be inferred that the high permeation flux of ethanol at
a low feed water concentration, as observed in Fig. 5(a), is
mostly due to the driving force created across the membrane.
Based on Henry's law, the high saturated vapour pressure
and high concentration of ethapol in the feed mixture would
create a higher partial pressure on the feed side, thereby
inducing a greater driving force for the permeation of ethanol.
However, with an increase in the feed concentration of water,
the partial pressure of ethanol created on the feed side would
be relatively lower. This result would eventually weaken the
driving force for the permeation of ethanol and benefit the
water molecules in their competition for permeation across
the membrane, which will lead to an increased permeation
flux of water and a decreased permeation flux of ethanol.

3.4.  Pervaporation of a binary mixture of ethyl acetate
and ethanol

Unlike the previous ethyl acetate/water and ethanol/water
systems, which characterized the ability of BP-SILM-70 to
dehydrate an aqueous solution, the pervaporation separation
of an ethyl acetate/ethanol mixture explores the separation
characteristics of BP-SILM-70in an organophilic pervaporation
system. In this case, pervaporation was performed by vary-
ing the feed concentrations of ethanol from 10 to 50 wt.%.
The main concern regarding se?ting the feed concentration of
ethanol to a value in the range of 10 to 50 wt.% was to approx-
imate the conditions of the ternary azeotropic mixtures such
that ethyl acetate appears as a major component.

As depicted in Fig. 6(a), the permeation fluxes of ethanol
and ethyl acetate were both increased when the feed concen-
tration of ethanol was increased from 10 to 50 wt.%, thereby
increasing the total permeation flux, However, as shown in
Fig. 6(b), an increase in the feed concentration of ethanol was
found to decrease the permeate concentration of ethanol but
toincrease the permeate concentration of ethyl acetate. These
effects eventually decreased the separation factor of the mem-
brane for ethanol. The permeance values of both ethanol and
ethyl acetate, as observed in Fig. 6(c), were increased with an
increase in the feed concentration of ethanol. It is interesting
to note that the permeance of ethanol is significantly higher
than that of ethyl acetate over the tested range of feed con-
centrations of ethanol. This finding implies the preferential
nature of the membrane for the permeation of ethanol com-
pared with ethyl acetate. However, the membrane selectivity
for ethanol was found to decredSe with an increase in the feed
concentration of ethanol.

Based on the permeance plot presented in Fig. 6(c), BP-
SILM-70 demonstrated a stronger affinity to interact with
ethanol molecules. This result is indeed consistent with the
earlier finding detailed in the discussion of the results of the
liquid sorption study, which showed that the stronger polari-
ties of ethanol molecules permit their greater interaction with
the [Bmim]{BF4] in BP-SILM-70. However, the inter-molecular
interaction between ethanol and ethyl acetate is rather strong
because ethanol molecules preferentially interact with the
carbonyl oxygen of the ethyl acetate (Grunwald and Coburn,
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1958). Thus, at lower feed concentrations of ethanol (high feed
concentrations of ethyl acetate), the presence of an exces-
sive number of ethyl acetate molecules would weaken the
interaction between ethanol molecules and [Bmim)][BF4] in BP-
SILM-70 because the ethanol molecules become the primary
interactors with ethyl acetate. Moreover, the ethyl acetate
molecules are not likely to form any interaction with the mem-
brane due to their limited solubility in [Bmim][BF4]. Hence,
the above-mentioned effects explain the low permeation flux

Table 1 - Performance of BP-SILM-70 for the
pervaporation of the ternary azeotropic mixture of ethyl
acetate/ethanol/water at 30 C and 0.667 kPa.

Ethyl acetate/etha_ﬂol/wate'r

Feed concentration (wt.%) 82.6/8.4/9
Permeation flux (g-m-2-h=1) |
Total ks 38533
Ethyl acetate 5.09°
Ethanol 10.09
Water 370.16
Permeate con_centration
(wt.%) sy
Ethyl acetate 1,32
Ethanol . 2,62
Water 196.06 | .
Permeance (GPU) 1
Ethyl acetate ! 3.94
Ethanol 118.56
Water ‘ 4729.93
Separation factor, - : .. 246.65
gt S 113.20
(R R 218
Selectivity for water 38.61

and permeance of both components at a feed concentra-
tion of ethanol of 10 wt.%. Moreover, the increased number
of ethanol molecules obtained with an increase in the feed
concentration of ethanol to 50 wt.% would intensify the inter-
action between ethanol and [Bmim][BF4], hence increasing
the membrane permeance and permeation flux of ethanol.
However, the increased permeation of ethanol in BP-SILM-70
may also increase the mutual solubility of [Bmim]|[BF4;] and
ethyl acetate, thereby causing an increase in the permeation
flux and permeance of ethyl acetate, but eventually trade-off
the separation factor and the selectivity of the membrane for
ethanol.

3.5.  Pervaporation of a ternary azeotropic mixture of
ethyl acetate, ethanol and water

The pervaporation data summarized in Table 1 clearly demon-
strate the capability of BP-SILM-70 to dehydrate the ternary
azeotropic mixture of ethyl acetate, ethanol and water via
a pervaporation process. The permeation flux and concen-
tration of water showed that water appeared to be a major
component in the permeate, followed by ethanol and ethyl
acetate. Moreover, the separation factor as well as the intrinsic
properties of the membrane expressed in terms of perme-
ance and selectivity also indicate the high preference of
the membrane for the permeation of water compared with
the permeation of ethanol and ethyl acetate. According to
the solution-diffusion mechanism, the separation ability of
the membrane is dependent on both its sorption selectiv-
ity and diffusion selectivity (Ma et al., 2010). However, the
data shown in Table 1 clearly suggest that the permeation
in BP-SILM-70 is governed by the sorption process because
the sorption selectivity of BP-SILM-70 for water is apparently
higher than the diffusion selectivity. The separation behaviour
demonstrated in BP-SILM-70 in the pervaporation process is
consistent with the outcome obtained in the liquid sorption
study. Indeed, the separation behaviour exhibited by BP-SILM-
70 in the pervaporation of the ternary azeotropic mixture of
ethyl acetate/ethanol/water can be traced from the binary per-
vaporation performed previously. The weight percentage ratio
of ethyl acetate to water in the ternary azeotropic mixture is
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almost equivalent to the binary mixture of 30/10 wt.% ethyl
acetate/water. As shown in Fig. 4, the permeation flux and per-
meance of water are significantly higher than those of ethyl
acetate in a 90/10 wt.% ethyl acetate/water mixture. This find-
ing can be attributed to the limited interaction between ethyl
acetate with water and [Bmim][BF4] in BP-SILM-70, which pro-
motes the permeation of water in BP-SILM-70. On the other
hand, the weight percentage ratio of ethanol to water in the
ternary azeotropic mixture is approximately equivalent to
50/50wt.% ethanol/water. As observed in Fig. 5, the perme-
ation flux and permeance of water are considerably higher
than those of ethanol in 50/50 wt.% ethanol/water due to the
lower driving force for the permeation of ethanol created
on the feed side and the intrinsic properties of BP-SILM-70,
which favours the permeation of water. Moreover, the weight
percentage ratio of ethyl acetate to ethanol in the ternary
azeotropic mixture is almost equivalent to 90/10wt.% ethyl
acetate/ethanol. As depicted in Fig. 6, the results revealed an
extremely low permeation flux and an extremely low perme-
ance for both ethanol and ethyl acetate at a ratio of 90/10 wt.%
ethyl acetate/ethanol, which is caused by the tendency of
ethanol to form interactions with ethyl acetate. This finding
would diminish the interaction of ethanol with [Bmim][BF,4]
in BP-SILM-70. Thus, in the ternary azeotropic pervaporation
system, this phenomenon would reduce the ability of ethanol
to compete with water for interaction with the membrane.
Therefore, the above-mentioned inter-molecular interactions
among the feed components and the membrane actually
enhance the permeation of water molecules in BP-SILM-70
and enable the membrane to effectively dehydrate the ternary
azeotropic mixtures of ethyl acetate/ethanol/water.

3.5.1. Effect of the feed temperature on the pervaporation

of the temary azeotropic mixture

The effect of the feed temperature was examined by vary-
ing the temperature of the feed solution from 30 to 70°C
with a constant downstream pressure of 0.667 kPa. The perva-
poration performances of BP-SILM-70 in terms of permeation
flux, separation factor, permeance and selectivity are plotted
as a function of the feed temperature in Fig. 7. As shown
in Fig. 7(a), the permeation fluxes of ethyl acetate, ethanol
and water gradually increased as the feed temperature was
increased from 30 to 70°C, thereby increasing the overall per-
meation flux. On the other hand, as observed in Fig. 7(b), the
permeate concentration of water was steadily decreased and
the concentrations of ethyl acetate and ethanol were slightly
increased with elevations in the feed temperature. This even-
tually caused a decline in the separation factor of BP-SILM-70
for water with an increase in the feed temperature.

In general, an increase in the feed temperature would
increase the partial pressure of ethyl acetate, ethanol and
water on the feed side as a result of increases in their vapour
pressures at higher temperature. This increase would there-
fore induce a greater driving force for the permeation of
these three components across the membrane. Moreover, an
increase in the feed temperature may also supply the neces-
sary energy to break the cohesive forces within the molecules
in the feed mixtures and accelerate their mobility in the mem-
brane. In addition, thermal expansion in the membrane would
generate free volume in the membrane, which would allow
easier permeation of the molecules. Thus, the combination of
all of these effects explains the increase in permeation flux
obtained with an increase in the feed temperature at the cost
of reducing the separation factor of the membrane for water.
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through pervaporation.

Based on the plot of the permeance as a function of the feed
temperature presented in Fig. G?(c), the permeance of water
is apparently higher than the permeance of ethanol and ethyl
acetate, which implies the preference of the membrane for the
permeation of water compared with ethanol and ethyl acetate.
However, with an increase in the feed temperature, the per-
meance of water steeply decreased, whereas slight decreases
in the permeance values of both ethanol and ethyl acetate
were obtained. The steep decrease in the permeance of water
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obtained with an increase in the feed temperature eventually
decreased the selectivity of the membrane for water.

The temperature dependence of the permeation flux and
permeance were then expressed through Arrhenius relations
as follows:

Ji=Joexp (-2) ©
P; = P, exp (— %) (10)

where Ej; represents the activation energy for the permeation
of component i, which takes iito account the impact of driving
force, Ep; represents the permeation activation energy, which
characterises the dependence of the membrane permeance
on the temperature, J;, and P;, represent the pre-exponential
factor of the permeation flux and permeance, respectively, R
denotes the gas constant, and T denotes the absolute tem-
perature. The activation energies, Ej; and Ep;, were determined
from the slope of the Arrhenius plot presented in Fig. 8 and
are summarized in Table 2.

Based on the data shown in Table 2, the highest Ej
value obtained in ethyl acetate imply that the permeation
flux of ethyl acetate is more sensitive to variation in feed

Table 2 - Activation energy, Ej; and Ep;, for ethyl acetate,
ethanol and water.

Abti\:atﬁon energy (kJ/mol)

Eji } i Epi
Ethyl acetate 30.87 —3.24
Ethanol 28.78 —=13.:27,
—36.69

Water - 8.64

temperature. On the other hand, the lowest Ep; value obtained
in water indicates a strong temperature dependence on the
permeance of water. Note that the lower activation energy val-
ues for Ej; and Ep; obtained for water may also reflectits higher
affinity for the membrane. This phenomenon may arise from
the fact that the activation energy can be considered the min-
imum energy required for permeation, and a lower activation
energy enables the water to more easily permeate through
the membrane. As mentioned by Feng and Huang (1997), Ep;
involves the combination of the activation energy of diffu-
sion and the enthalpy of dissolution of the component in the
membrane. Thus, the negative Ep; value obtained denotes the
dominance of the dissolution process in permeance, revealing
an eventual decrease in the permeance with anincrease in the
feed temperature because the dissolution process decreases
with an increase in temperature.

3.5.2. Effect of the downstream pressure on the
pervaporation of the ternary mixture

The effect of the downstream pressure on the pervapor-
ation performance of BP-SILM-70 in the dehydration of the
ternary azeotropic mixture of ethyl acetate/ethanol/water was
investigated by varying the downstream pressure from 0.667
to 3.333kPa. As clearly demonstrated by the data shown in
Fig. 9(a), the permeation flux of water was markedly decreased
and the permeation fluxes of ethanol and ethyl acetate were
slightly increased with increases in the downstream pressure.
The permeate concentration of water, as observed in Fig. 9(b),
was found decrease from 96.1 to 78.7 wt.%, whereas the per-
meate concentrations of ethyl acetate and ethanol increased
from 1.7 to 5.4wt.% and from 2.2 to 15.9wt.%, respectively.
Accordingly, the separation factor of the membrane for water
decreased with an increase in the downstream pressure.

Decreases in the downstream pressure are essential for
the creation of a chemical potential gradient and for induc-
ing a driving force for mass transfer across the membrane. An
increase in downstream pressure will increase the pressure in
the permeate side and lower the driving force created between
the feed and permeate sides of the membrane. The lower driv-
ing force would exert a weaker dragging force, which may
slow the diffusion and desorption rates of a component across
the membrane and may cause a reduction in the permeation
flux, as observed for the permeation flux of water. However,
the increases in the permeation fluxes of ethyl acetate and
ethanol obtained with increases in the downstream pressure,
as observed in Fig. $(a), can be explained by the intrinsic prop-
erties of the membrane.

The plot of the permeance as a function of the down-
stream pressure, which is shown in Fig. 9(c), demonstrates
that the permeance of water, ethanol and ethyl acetate grad-
ually increased with increases in the downstream pressure.
Permeance characterizes the solubility and diffusion of a com-
ponent in the membrane. The reduced driving force obtained
as a result of increases in the downstream pressure would
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Table 3 - Comparison of the pervaporation performances of PVA-based membranes for the dehydration of a ternary

azeotropic mixture of ethyl acetate/ethanol/water.

Membrane Feed concentration

of water (wt.%)

Temperature ('C)

Permeation
flux
(gm=2h71)

Separation factor i Refis

35
60
30
60
30
60

PVA-ceramic
PVA-
poly(acrylonitrile)
BP-SILM-70

O W LW D

1100° 173.73 Xia et al. (2012)

2100 188.24
133.6 664.97
182.2 180.17
385.33 246.65

537.24 105.66

Yuan et al. {2011)
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Fig. 9 - Effect of the downstream pressure on the (a)
permeation flux, (b) permeate concentration and separation
factor and (c) permeance and selectivity in the separaton of
the ternary azeotropic mixture of ethyl
acetate/ethanol/water through pervaporation.

A

definitely hinder the diffusivity of a component and its desorp-
tion from the membrane, which would cause the sorbed
components to be trapped inside the membrane. As dis-
cussed in Section 3.1, the sorbed components (mainly water
molecules due to their higher affinity) may cause the mem-
brane to suffer from swelling, thereby increasing the solubility
and permeation of both ethyl acetate and ethanol in the
membrane. As a consequence, the permeation fluxes of ethyl
acetate and ethanol increased but compromised the separa-
tion factor and selectivity of the membrane for water.

3.6.  Comparison with data reported in the literature

The pervaporation performance of the BP-SILM-70 mem-
branes in the dehydration of ethyl acetate/ethanol/water
azeotropic mixture was compared with those of other PVA
based membranes discussed in the literature, as listed in
Table 3. The permeation flux and separation factor val-
ues obtained for BP-SILM-70 were comparable with those
literature-reported PVA-based membranes. Trade-off between
permeation flux and separation factor is a usual phenomenon
in pervaporation process. It is interesting to note that the
PVA-ceramic (Xia et al., 2012) gave a high permeation flux but
low separation factor. Conversely, the PVA-poly(acrylonitrile)
(Yuan et al., 2011) gave a high separation factor butlow perme-
ation flux. However, BP-SILM-70, which can also be considered
as a PVA-based membrane, exhibited a good balance in the
trade-off between the permeation flux and the separation fac-
tor, particularly atlow feed temperature (30 °C). This result can
be attributed to the presence of [Bmim)][BF4], which enhances
the selectivity of BP-SILM-70, and the use of BP as the support,
which provides an additional transport pathway and thereby
enhances the permeation of a component across the mem-
brane.

4, Conclusions

A pervaporation-based separation of a ternary azeotropic
mixture of ethyl acetate/ethanol/water was successfully per-
formed using BP-SILM-70. This membrane exhibited high
affinity for the sorption of water, followed by ethanol and
ethyl acetate. In the pervaporation of the ternary mixture,
BP-SILM-70 demonstrated good separation capability for the
dehydration of the ethyl acetate/ethanol/water azeotrope
under various operating conditions. The separation capabil-
ity of BP-SILM-70 is basically governed by sorption selectivity
rather than diffusion selectivity. The ability of BP-SILM-70 to
dehydrate an ethyl acetate/ethanol/water azeotropic mixture
can be simply attributed to the inter-molecular interactions in
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the ternary mixture. The high tendency of ethanol to interact
with ethyl acetate weakens the competition of ethanol with
water molecules for interaction with [Bmim][BFs], and the
weak interactions of ethyl acégate with [Bmim][BF4], as well as
the strong inter-molecular interactions between ethanol and
ethyl acetate enable the rapid permeation of water molecules
across BP-SILM-70. Compared with other literature-reported
PVA-based membranes, the BP-SILM-70 membrane not only
demonstrated comparable pervaporation performance but
also presents a strong potential to attain a good balance in
the trade-off between the permeation flux and the separation
factor.
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In this study, a novel symmetric supported ionic liquid membrane (SILM) was prepared by infiltrating 1-
butyl-3-methylimidazolium tetrafluoroborate [Bmim][BF;] into a buckypaper (BP) to form a so-called
buckypaper supported ionic liquid membrane (BP-SILM). The [Bmim][BF4] was blended with polyvinyl
alcohol (PVA) prior to the infiltration. The role of BP as a support can effectively entrap the infiltrated
[Bmim][BF4]-PVA in the interstitial pores and supply the necessary mechanical stability for the resulting
BP-SILM. The BP-SILM structure, in which the membrane and support phases were merged into a single
layer, was found to be different from that of conventional asymmetric membranes. The BP-SILM structure
allows the formation of a thinner symmetric membrane without compromising its mechanical proper-
ties. During the application of the BP-SILM in the pervaporation process to dehydrate ethylene glycol
aqueous solution, the presence of BP and [Bmim][BF;] was observed to significantly enhance the separa-
tion performance and enhance the intrinsic membrane permeability. The BP-SILM exhibited high pervap-
oration performance with a permeation flux of 102 gm~2 h~, a separation factor as high as 1014, and a
water permeance of 9046 gpu. The BP-SILM also demonstrated a robust pervaporation performance over
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an operation of 120 h.
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1. Introduction

Ethylene glycol is the most important dihydroxyl alcohol and is
well-known due to its usage as a non-volatile antifreeze and as a
raw material for the production of polyester. Ethylene glycol is
commercially produced through the hydrolysis of ethylene oxide,
during which a large excess of water is required to increase the
yield. Due to its complete miscibility with water and the lack of
formation of any azeotrope over an entire composition range, the
purification of ethylene glycol can be simply performed by multi-
stage distillation. However, the distillation process consumes a
large amount of energy because ethylene glycol has a high boiling
point of 198 °C. Hence, increasing attention is being paid to the use
of pervaporation as an alternative pathway.

In the past several decades, pervaporation has been recognised
as an energy-efficient process, and its excellent capability to sepa-
rate liquid-liquid mixtures has enabled it to become one of the
most-studied membrane separation processes. Its distinguished
separation characteristics, i.e., its phase change from liquid to
vapour mediated by a driving force induced by a chemical activity

* Corresponding author. Tel.: +60 4 5996475; fax: +60 4 5941013.
E-mail address: chshtan@usm.my (S.H. Tan).

hitp:f/dx.doi.org{10.1016/j.seppur.2015.01.021
1383-5866[/© 2015 Elsevier B.V. All rights reserved.

difference, provide high efficiency to the separation of close-boil-
ing-point and azeotrope mixtures. To date, most studies on the
dehydration of ethylene glycol via the pervaporation process have
focused on the use of solid membranes fabricated from a pure
polymer, such as poly(vinyl alcohol) (PVA) [1.2] and chitosan
[3,4], or a mix-matrix membrane [5,6] that incorporates an inor-
ganic filler into the polymer.

Instead of using solid membranes, many studies have started to
use a supported liquid membrane (SLM) in the pervaporation pro-
cess. The emergence of using SLMs is attractive due to the lower
mass transfer resistances demonstrated in the liquid membrane
[7]. Briefly, SLM consists of a liquid membrane that is immobilised
into a porous support. The porous support is used to supply the
necessary mechanical stability to the SLM, whereas the liquid
membrane, which usually involves the use of an organic solvent,
acts as a semi-permeable barrier and governs the mass transport.
Other than organic solvents, recent developments involve the use
of an ionic liquid to form the so-called supported ionic liquid mem-
brane (SILM). lonic liquid is an organic liquid salt that possesses a
relatively low melting point, which enables it to remain in the
liquid state at room temperature. Compared with an organic sol-
vent, ionic liquid has a better thermal stability and a low-to-negli-
gible vapour pressure, which make it difficult to vaporise.
Numerous studies on the applications of SILM in pervaporation
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Nomenclature

A membrane effective surface area (m?)

Ey activation energy for the permeation of component i (ki
mol)

Ep: permeation activation energy on permeability for com-
ponent i (kj/mol)

] permeation flux (gm=2h"?)

Mpgp weight of BP (g)

Mpp-sim WEight of dry BP-SILM (g)

Mgp.sue  Weight of swollen BP-SILM (g)
MW; molar mass of component i {g/mol)

P permeance (GPU)
total downstream pressure (kPa)
pi saturated vapour pressure of component i (kPa)

r

Q mass of the permeate (g)

t time interval (h)

Um volume fraction of membrane

X; mass fraction of component i in the feed

X molar fraction of component i

Y; mass fraction of component i in the permeate
¥i molar fraction of component i

(13 membrane selectivity

B separation factor

" activity coefficient of component i

Xim Flory-Huggins binary interaction parameter

for the separation of organic compounds from dilute aqueous solu-
tions have been reported [8-14]. Although the use of SILM is
always associated with an instability problem caused by the leach-
ing of the liquid membrane from the porous support, particularly
under high pressure or vacuum conditions, several methods have
been proposed to overcome this limitation, and these include re-
immobilisation of the liquid membrane [15], surface coating {16],
and mixing with a base polymer to form a thin, stable film [17].
In addition, the use of a porous support with a smaller pore diam-
eter would also help enhance the SILM stability [18.19].

Other than providing physical stability, the porous support also
plays a significant role as a medium to entrap and firmly hold the
liquid membrane. Most of the porous supports that have been
developed to date are prepared from a polymeric substance, such
as polypropylene [15], polyvinylidene fluoride [20] and polysulf-
one [21]. To improve the performance of SILMs, this study presents
the novel production of a high-stability SILM using buckypaper
(BP) as a porous support. BP is one of the carbon-nanotubes
(CNTs)-based membranes that are solely composed of entangled
assemblies of CNTs held together by van der Waals interactions
at tube-tube junctions and arranged as a planar film [22]. The
entanglement of the randomly orientated CNT bundles could form
a highly porous network structure with a free volume up to 70% of
its total volume [23]. BP has exhibited vast potential applications
in hydrogen storage [24], actuators [25), sensors [26] and artificial
muscles [27). Recent studies conducted by Yee et al. [28] also
reported the application of BP in the membrane separation process.
The intreduction of BP as a pre-selective layer in an asymmetric
membrane was found to control the permeability and enhance
the pervaporation performance of the resulting asymmetric mem-
brane. Therefore, in this study, a BP was fabricated from multi-
walled carbon nanotubes (MWCNTs) through the wet-processing
technique and was immobilised using a hydrophilic ionic liquid
membrane, namely 1-butyl-3-methylimidazolium tetrafluorobo-
rate [Bmim][BF,), via a vacuum-based immobilisation technique
to form a so-called buckypaper-supported ionic liquid membrane
(BP-SILM). To enhance the liquid membrane stability, [Bmim][BF,]
was blended with PVA prior to immobilisation to enable the forma-
tion of a thin stable compound that can be firmly held inside the
porous support. Note that the resulting symmetric BP-SILM, in
which the immobilised membrane and the support layer are
merged into a single layer, as illustrated in Fig. 1, is different from
that of a conventional asymmetric structure membrane. This dif-
ference may help promote the formation of a thinner membrane
and reduce the mass transport resistance. Unlike the reported SIL-
Ms that favour the use of a membrane filter as a porous support,
the BP support has a tendency to secure the immobilised liquid

membrane through its randomly entangled CNT structure. The
BP-SILM was then applied to the pervaporation process for the
dehydration of ethylene glycol. The effects of the [Bmim][BF,} con-
tent and the operating parameters on the pervaporation perfor-
mance of the BP-SILM were investigated. Also, the stability of the
BP-SILM was evaluated by operating at a prolong operation period.

2. Experimental
2.1. Materials

MWCNTs manufactured via the chemical vapour deposition
technique were supplied by Chengdu Organic Chemical Co., Ltd.
These had an outer diameter in the range of 8-15 nm, an inner
diameter in the range of 3 to 5 nm and a length of approximately
50 um. PVA (95% hydrolysed) with an average molecular weight
of 95,060 and [Bmim](BF,)] (98%) were purchased from Acros. Sul-
phuric acid (95-97%), hydrogen peroxide (30%), glutaraldehyde
(25% aqueous solution) and ethylene glycol were procured from
Merck. Absolute ethanol (96%) and acetone were supplied from
HmbG and Fine Chemicals, respectively. Distilled water was used
throughout the experiments.

2.2. MWCNT treatment

The MWCNTs were chemically oxidised through their addition
into a piranha solution (80 vol.% sulphuric acid and 20 vol.% hydro-
gen peroxide) at a ratio of 1 mL to 1 mg of MWCNTs and then
refluxed at 70 °C for 6 h. Subsequently, the oxidised MWCNT's were
separated using vacuum filtration through a 0.22-um PVDF mem-
brane filter and then repeatedly washed with distilled water until
the pH of the solution became neutral. The oxidised MWCNTs were
then dried at 120 °C for 24 h.

MWCNTs

\ [Bmim][BF,}

PVA matrix

NG

Fig. 1. Schematic diagram of the BP-SILM formed using the vacuum-based
immobilisation technique.
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2.3. Preparation of PVA and [Bmim]{BF,]

The PVA solution was prepared by dissolving 5 wt.X PVA pow-
der in distilled water under vigbrous stirring at 80 °C for 6 h. After
the PVA powder was fully dissolved in water, the stirring process
was maintained at room temperature overnight. In addition, the
[Bmim][BFs] solution was prepared by dissolving 5wt%
[Bmim][BF,] in distilled water and stirring at room temperature.
Both the [Bmim][BF,] and PVA solutions were carefully mixed to
form a [Bmim][BF;]-PVA solution at weight ratios of 30/70, 50/
50, and 70/30. The mixture splutions were stirred for 24 h to
ensure their homogeneity.

2.4. Preparation of BP and BP-SILM

The oxidised MWCNTSs were transformed into BP sheets with
diameters of 90 mm through a wet processing technique. A pre-
weighed amount of oxidised MWCNTs was dispersed in ethanol
and sonicated for 15 min, and the MWCNT suspension subjected
then to vacuum filtration through a 0.45-pm nylon membrane fil-
ter. The resulting BP was then washed with distilled water. Five
different weights of BPs, ranging from 3.44 to 5.88 mgfcm? of
MWCNTSs, were prepared. The vacuum filtration process was con-
tinued to immobilise the [Bmim][BF;]-PVA solution in the BP,
and the process was stopped once a thin visible layer of excess
[Bmim][BF,]-PVA solution was observed on the surface of the
BPs. The excess [Bmim][BF4]-PVA was removed using a transfer
pipette, and the as-formed BP-SILM was then peeled off from the
membrane filter and dried at room temperature. After drying, the
BP-SILM was immersed in a cross-linking bath containing 2.5 mL
of glutaraldehyde, 2.5 mL of hydrochloric acid and water-acetone
mixtures (30/70vol.%). The efficiency of the BP to entrap
[Bmim][BF,}-PVA was calculated based on the following equation:

Mepsum — Mep
Mep-sum — Viep 1
- m

Immobilised content =

where Mgp.siuv and Mgp refer to the weights of the BP-SILM and BP,
respectively.

2.5. Liquid sorption study

The dry weights of the BP-SILMs were measured using a digital
balance. The BP-SILMs were then immersed into two different
solutions, namely pure ethylene glycol and distilled water, and
placed in a sealed vessel, and the sorption process was then contin-
ued at room temperature for 72 h until the equilibrium state was
achieved. The swollen BP-SILMs were rapidly removed from the
vessel and weighed immediately after blotting the excess adhered
liquid. The total amount of liquid sorbed was determined using the
following equation:

Mgpsuw — Mepsim @)

Degree of swelling = 7 ——
BP-!

where Mgp.sum and Mgp.guay Tepresent the weights of the dry and
swollen BP-SILMs, respectively. According to the Flory-Huggins
theory, the binary interaction parameter x;, between component i
and the BP-SILM was calculated using the following equation [29]:

Xim = _m(l_—:’z:_)igﬂ (3)

where #,, is the volume fraction of the membrane in the swollen BP-
SILM.

2.6. Pervaporation experiments

The pervaporation experiments were performed using a labora-
tory-scale pervaporation test rig. The BP-SILM was mounted onto a
stainless-steel permeation cell supported with a porous stainless-
steel plate and supplied an effective surface area of 8.6 cm?. Feed
solutions containing ethylene glycol and water mixtures at five dif-
ferent concentrations ranging from 50 to 90 wt.% ethylene glycol
were circulated between the feed tank and the permeation cell at
a constant flow rate. The operating temperatures of the feed solu-
tions were maintained between 30°C and 70 °C using a hotplate
magnetic stirrer, and the downstream pressure was generated
using @ vacuum pump and maintained at 0.667 kPa. Upon
stabilisation, the pervaporation process was operated for 4 h, and
the permeate vapour was condensed and collected in cold
traps immersed in liquid nitrogen. The collected permeate sample
was weighed, and its composition was analysed using a Karl
Fisher moisture titrator. The pervaporation performance of the
BP-SILM was assessed in terms of the permeation flux, J, and the
separation factor for component i, §, as expressed in the following
equations:

J=axt @
- (27) (%) ®

where Q refers to the mass (g) of the permeate collected at time
interval ¢t (h), A (m?) is the membrane effective surface area, and
X; and Y; represent the mass fractions of component i in the feed
and permeate, respectively.

In addition, the membrane intrinsic properties can be evaluated
in terms of the permeance, P, and the membrane selectivity, «,
which were calculated using the following equations:

DI | B

Pi MW (yxipi™ - yip) ©)
—_ Pi

o= B, ¢))

where MW, is the molar mass (g/mol) of component i, y,, x; and pj*
are the activity coefficient, molar fraction and saturated vapour
pressure (kPa), respectively, of component i at the feed side, y; is
the mole fraction of component i at the permeate side and p is
the total downstream pressure (kPa).

2.7. Characterisation

Thermogravimetric analysis (TGA) of the MWCNT powder and
the BP-SILMs was performed using a TA Instruments Thermogravi-
metry SDT Q600 V20.9 apparatus. The specimens were placed in an
alumina crucible and heated from room temperature to 900 °C
with a heating rate of 10 °C/min under air conditions. The disper-
sion of the MWCNT suspensions were characterised in quartz cuv-
ettes using a Cary 60 UV-Vis spectrophotometer. The absorption
spectra of the suspensions were recorded over the spectral range
of 360-1000 nm at room temperature. All of the suspensions were
diluted with distilled water to fit within the optimal absorbance
limit of the instrument. The surface morphology and cross section
of each of the BP-SILMs and the elemental compositions of the
samples were visualised using a Quanta 450 FEG scanning electron
microscope (SEM) equipped with an energy dispersive X-ray (EDX)
apparatus. The membranes were fractured in liquid nitrogen to
avoid any polymer deformation prior to the test.



138 Y.T. Ong, S.H. Tan/Separation and Purification Technology 143 (2015) 135-145

2.8. Contact angle measurement

The contact angles of water on the membranes were measured
via the sessile drop technique using a Rame-Hart standard goniom-
eter Model 250 equipped with a video camera at room tempera-
ture. A controlled volume of 6 pulL of deionised water was
carefully dropped onto the sample. The image of each drop shape
was captured using a video camera, and the corresponding contact
angle was determined using the supplied software,

2.9. Determination of the mechanical properties

The mechanical properties of the membrane were examined
using an Instron table-mounted universal testing machine. Each
of the specimens was cut into a dumbbell shape with a gauge
length of 22 mm. The load cell was set to maximum with a con-
stant crosshead speed of 1 mm/min. The tensile strength and elon-
gation at break were determined.

3. Results and discussion
3.1. Characterisation

The thermal behaviours of the raw and oxidised MWCNTs are
presented in the weight loss-versus-heating temperature plots
shown in Fig. 2. Both types of the MWCNTs underwent thermal
decomposition upon heating up to 900°C under air conditions.
The onset temperatures for the raw and oxidised MWCNTs were
observed to be 400°C and 450 °C, respectively, implying the
enhanced thermal stability of the oxidised MWCNTs. The thermal
delay effect observed with the oxidised MWCNTS can be attributed
to the reduced content of amorphous carbon after the chemical
oxidation treatment with piranha solution. The presence of amor-
phous carbon has a tendency to lower the decomposition temper-
ature because of the lower activation energy in amorphous carbon,
which allows them to be oxidised at a lower temperature [28]. The
reaction heat of oxidation in amorphous carbon likely increases the
local temperature and leads to oxidation of the intact layer of
MWCNTSs. Despite this increased local temperature, the chemical
oxidation of the MWCNTs could lead to the attachment of a car-
boxyl group on the surface of the MWCNTs, and the carboxyl group
can form a hydrogen bond within the MWCNTSs, which increases
the activation energy of oxidation and therefore delays the onset
temperature for the decomposition of MWCNTSs.

The thermal stability of the [Bmim][BF;]-PVA blended mem-
branes and the pure [Bmim}[BF,]) and PVA membranes were also

Weight (%)

01 e Raw MWCNTs

— Oxidised MWCNTSs

200 400 600 800
Temperature (°C)

Fig. 2. Thermogravimetric thermogram of raw MWCNTs and oxidised MWCNTs.
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Fig. 3. Thermogravimetric thermogram of pure [Bmim][BF,), [Bmim]{BF,]-PVA in
30470, 50/50 and 70/30 wt.%, and pure PVA.

determined using TGA. As shown in the TGA thermogram pre-
sented in Fig. 3, pure [Bmim][BF,] exhibited a single-stage degra-
dation, which started at 300°C and was completed at 550 °C.
Pure PVA membrane exhibited degradation at three different tem-
perature ranges: the first degradation below 100°C involves
removal of the residual moisture,!the subsequent stage at a tem-
perature between 180 and 400 °C appears to involve the elimina-
tion of side groups, and the last stage at 400-600 °C appears to
be due to breakdown of the polymer backbone [30]. A decrease
in thermal stability was observed in the blended membranes com-
pared with the pure [Bmim][BF,;]. However, note that the decom-
position temperature of the blend membrane was increased in
the ascending order of 30/70, 50/50 and 70/30 wt.% [Bmim][BF,]-
PVA. This observation reveals that the thermal stability of the
blended membrane increased with respect to the content of
[Bmim][BF,] in the blend.

Sonication is widely used to exfoliate MWCNT aggregates and
enhance their dispersion. Previous studies have demonstrated that
the dispersion of MWCNTs improves with increased sonication
time and reaches an equilibrium state with further sonication
[31]. However, excess sonication qmay result in the formation of
defects and shortening of the MWCNTSs. Thus, the effect of the son-
ication time was studied as a parameter to evaluate the dispersion
of the MWCNTs in ethanol using a UV-Vis spectrophotometer and
to determine the minimum sonication time that is sufficient to dis-
perse the MWCNTSs. Fig. 4(a) shows the effect of the sonication
time on the dispersion of MWCNTs in ethanol. The overall absor-
bance was clearly observed to increase with increasing sonication
time, and this effect can be attributed to the presence of a greater
amount of exfoliated MWCNTSs because aggregated MWCNTs do
not exhibit distinct features in the wavelength range of 300-
1000 nm. Thus, this result implies that the dispersion of MWCNTs
improves with increasing sonication time. To determine the mini-
mum sonication time, the effect of the sonication pericd on the
extent of exfoliated MWCNTs wgs further assessed by plotting
the absorbance of the sample at 908 nm as a function of the soni-
cation time, as shown in Fig. 4(b). This particular wavelength is
related to the absorption band arising from the van Hove singular-
ities (32]. Note that the absorbance increased rapidly as the sonica-
tion time increased to 15 min. The dispersion of MWCNTs started
to achieve equilibrium as their absorbance started to form a pla-
teau after 15 min of sonication. Therefore, a sonication time of
15 min was selected as being $ufficient for the dispersion of
MWCNTs without prolonged exposure to ultrasonic energy.



Y.T. Ong, S.H. Tan/Separation and Purification Technology 143 (2015) 135-145 139

—— S min

—— 10 min
—— 15 min
== 20 min
25 min

Absorbance (a.u.)
o
8

010
(U]
0.08 - —
/
/
8 006
g
2
< 004 4
o /
o'w / ¥ L} L] U ¥ L
0 ] 10 15 2 25 30
Sonication time (min)

Fig. 4. (3) UV-Vis absorption spectrum of MWCNT dispersion in ethanel with
different sonication times. (b) Absorbance at 308 nm as a function of the sonication
time.

The SEM surface morphologies of the BP and BP-SILM are shown
in Fig. 5. The MWCNT threads were clearly visible, and the
MWCNTs were randomly entangled with each other and predom-
inately horizontal to the surface of the BP without any significant
agglomeration. The entanglement of MWCNTs in the BP formed a
rather small interstitial pore, whereas the surface of the BP-SILM
was denser, and the MWCNTs were found to be covered by
[Bmim][BF,;]}-PVA. From the cross-sectional view, the texture of
the BP-SILM was found to be more closely and neatly packed than
the BP. This observation can be attributed to the capability of
[Bmim][BF,]-PVA to penetrate and be immobilised in the deeper
interstitial pores in the BP. The presence of [Bmim][BF,;]-PVA in
the BP-SILM was further verified through EDX: 1.06% fluorine
atoms were detected in the cross-section of BP-SILM, which may
be associated with the presence of [Bmim|[BF,). Thus, the result
confirmed that [Bmim][BFs]-PYA can be effectively immobilised
in the interstitial pores of the BP via the vacuum-based technique.

The effect of the MWCNT content in BP on the immobilisation of
[Bmim][BF4}-PVA was determined using immobilised
[Bmim][BF,]-PVA with five different contents of MWCNTS ranging
from 3.44 mgf/cm? to 5.88 mgfcm?; the results are summarised in
Table 1. Because polymeric membrane filters are commonly used
in the fabrication of SLMs, a 0.22-pm PVDF membrane filter was
used for comparison purposes. The results revealed that the con-
tent of immobilised [Bmim][BF4]-PVA in BP was significantly
higher than that found in the PVDF membrane filters. This differ-
ence can be attributed to the tortuosity of the porous structure
and the interstitial pore size of BP. Based on the SEM image shown
in Fig. 5, the porous structure of BP was considerably more tortu-
ous because the interstitial pores are smaller and not uniformly
organised; thus, the pores en@ble the BP to efficiently entrap
[Bmim][BF;]-PVA during the immobilisation process. As the

loading of MWCNTSs increased, the content of the immobilised
[Bmim)]|BF,]-PVA also increased until an optimum MWCNT load-
ing in BP of 5.31 mg/cm?, at which the immobilisation achieved
an optimum content of 0.71 gfg MWCNTSs. A further increase in
the MWCNT loading in the BP resulted in a decrease in the immo-
bilised [Bmim][BF,;]-PVA content, which may be caused by the fact
that aggregated MWCNTs eventually decreased the interstitial
pore distribution in the resulting BP, thereby reducing their effi-
ciency to entrap [Bmim][BF,;]-PVA. In addition to the immobilised
[Bmim][BF4}-PVA content, the thickness of the resulting BP-SILM
exhibited an increase in the MWCNT content of the BP, and the
use of BP as a porous support enabled the formation of a thin-
ner-layer membrane compared with the SILM formed using a PVDF
membrane filter as a support.

The stress—strain curves shown in Fig. 6 demonstrate that all of
the BP-SILMs behave as ductile materials because they demon-
strated a linear elastic behaviour followed by plastic deformation
before breaking. Based on the mechanical properties presented in
Table 2, the tensile stress and the elongation of the BP-SILMs were
significantly increased with an increase in the MWCNT loading of
the BP, and the optimum tensile stress was achieved with a
MWCNT content in the BP-SILM of 5.31 mg/cm?. The increase in
the mechanical properties with an increase in the MWCNT loading
of the BP may be due to the increase in the number of entangled
MWCNTs, which strengthens the MWCNT network. Furthermore,
the immobilised [Bmim][BF;]-PVA may serve as a binder to
tighten the connection between the MWCNTSs in the BP and extend
the elongation and flexibility of the resulting BP-SILM. However, a
decrease in the mechanical properties of the BP-SILM was observed
at loadings greater than the optimum MWCNT loading of 5.31 mg/
cm?. As mentioned earlier, increasing the MWCNT content up to
5.88 mg/cm? caused the formation of aggregated MWCNTs, which
impairs the mechanical stability of the BP structure. Moreover, the
MWOCNT network in the BP with 5.88 mg/cm? MWCNT may be
loosely bound because the immobilised content of [Bmim]|[BF,]-
PVA, which served as a binding agent in the 5.88 mg/cm? BP, was
reduced. Therefore, after the optimum immobilisation capacity
and the mechanical properties were determined, the subsequent
experiments were performed using the BP-SILM with 5.31 mg/
cm® MWCNT BP.

The contact angle measurements presented in Table 3 indicate
that the contact angle of PVA after infiltration in BP was slightly
higher compared with that obtained with a pure PVA membrane:
an increase in the contact angle from 55.4° to 73.5° was observed.
This increase can be ascribed to the intrinsic hydrophobicity of the
MWCNTs. However, the contact angle of the BP-SILM decreased
from 68.6° to 46.9° when the content of [Bmim][BF,] in BP-SILM
was increased from 30 to 70 wt.%. This behaviour indicated an
increase in the hydrophilicity of the membrane because the pres-
ence of [BF4]~ anions in [Bmim][BF,] tends to form hydrogen bonds
with water [33], thereby reducing the surface tension of the water
droplet and increasing the wettability of the BP-SILM surface. The
increased hydrophilicity and the affinity of BP-SILM as a function of
the [Bmim][BF4] content were further verified through a liquid
sorption test. Based on the degree of swelling presented in Table 4,
the sorption capability of BP-SILM in water and ethylene glycol
was found to be increased with an increase in the content of
[Bmim][BF,] in the BP-SILM. The increase in the sorption of water
with increasing [Bmim][BF,] is simply due to the tendency of the
[BF,4]~ anions to interact with water and form hydrogen bonds.
In addition, the increase in the sorption in ethylene glycol with
increasing content of [Bmim][BF;] in BP-SILM can be attributed
to the hydrophobic interaction and the hydrogen bond formed
between the [Bmim]* cation with the -O- of the termini-OH in
ethylene glycol [34,35]. Although the presence of [Bmim][BF,]
increased the sorption of both water and ethylene glycol, the affin-
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Fig. 5. SEM image of the surface morphologies of (a) BP, (b) BP-SILM, and (c) PVDF membrane filter and the cross-sectional views of (d) BP and (e) BP-SILM.

Table 1

Effect of the CNT content in the BP on the immobilisation of PVA-[Bmim|[BF].
CNT content in the Immobilised Thickness
BP (mg/cm?) content (g/g MWCNTSs) (rm)
344 0.60 76
4.01 0.63 84
4.59 0.68 90
5.31 0.71 117
5.88 0.65 123
0.22-pm PVDF membrane filter 0.08 125

ity of the membrane can still be traced to the binary interaction
parameter, yin: a stronger affinity between the component and
membrane is usually indicated by a lower ym value. As shown in
Table 4, the values of y; for both water and ethylene glycol with

BP-SILM decreased with an increase in the [Bmim]|[BF4] content,
suggesting a stronger interaction between the water and ethylene
glycol with the increased [Bmim][BF,] content in the BP-SILM.
However, note that the ;. value of water is lower than that of eth-
ylene glycol. This behaviour implies that the interaction of BP-SILM
with water is greater than that with ethylene glycol; therefore, the
effect of the [Bmim][BF,] content in the BP-SILM toward the sorp-
tion capacity is more pronounced in water.

3.2. Pervaporation performances

3.2.1. Effect of the [Bmim][BF,] content in the BP-SILM

The pervaporation experiments were performed under the
operating conditions of 10 wt.% water in the feed solution at
30°C and a downstream pressure of 0.667 kPa. The impact of the



Y.T. Ong, S.H. Tan/Separation and Purification Technology 143 (2015) 135-145 141

14 §
124
_ 10 4
&
e °
(7] <
g o
@] ——5.38 mg/em’ BP
44 ——5.31 mg/cm’ BP
1 —— 4.59 mg/em’ BP
24 —-- 401 mg/em® BP
1 ——3.44 mgfem’ RP
o v ¥ v ¥ v ] 1 v L) ]
0.00 0.01 0.02 0.03 0.04 0.05 0.08 0.07

Strain (mm/mm)

Fig. 6. Stress vs. strain curves for BP-SILMs with different contents of MWCNTS in
the BP.

Table 2

Effect of the CNT content in the BP on the mechanical properties of the BP-SILM.
CNT content in Tensile stress Elongation
the BP (mg/cm?) (MPa) at break (%)
344 6.83 377
4.01 9.15 4.56
4.59 1134 524
531 14.18 6.46
5.88 10.62 5.33

Table 3

Contact angle measurements as a function of the weight fraction of [Bmim][BF,] in
the BP-SILM.

Type of membrane Contact angle (°)
PVA membrane 55.4
BP-PVA? 735
BP-SILM-30° 68.6
BP-SILM-50° 53.5
BP-SILM-70" 469

4 BP infiltrated with pure PVA.

b BP infiltrated with [Bmim][BF,}-PVA (30/70) wt%.
¢ BP infiltrated with [Bmim][BF,]-PVA (50/50) wtX.
4 BP infiltrated with [Bmim][BFs]-PVA (70/30) wt.%.

g

Table 4
Sorption data of the BP-SILMs as a function of the weight fraction of [Bmim][BF,).
Type of BP-SILMs  Degree of swelling Interaction
(g/g membrane) parameter, Xim
Water  Ethylene glycol ~ Water  Ethylene glycol
BP-SILM-30 1.2185 0.6890 0.6990 0.8508
BP-SILM-50 1.3352 0.7867 0.6837 0.8152
BP-SILM-70 1.5520 0.8170 0.6607 0.8057

presence of BP was also studied by comparing the pervaporation
performance between the pure PVA and the BP-PVA membranes.
As depicted in Fig. 7, the permeation flux of BP-PVA was approxi-
mately threefold higher than that of the pure PVA membranes,
but its separation factor was a slightly lower. This finding demon-
strates that the presence of BP increases the permeability of the
membrane due to the additional frictionless transport pathway
for the permeation of molecules provided by the inner hollow core
of the MWCNTs in the BP. The pervaporation performance can be

further enhanced with the addition of [Bmim][BF4]. As observed
in Fig. 7, the permeation flux and separation factor were markedly
increased when the content of [Bmim][BF,] was increased up to
70 wt.%. The impact of the [Bmim][BF,4] content in the BP-SILM is
consistent with the finding obtained in the liquid sorption study.
The increase in the [Bmim]{BF;] content improved the hydrophilic-
ity of the membrane, which could facilitate the contact of water
with the membrane surface. Additionally, the presence of
(Bmim][BF4] could contribute to a decrease in the mass transfer
resistance, thus enabling the rapid permeation of the components
through the membrane. Overall, the BP-SILM-70 exhibits the high-
est separation factor among these three BP-SILMs; therefore, the
subsequent pervaporation studies were conducted using the BP-
SILM-70.

3.2.2. Effect of the feed concentration

The effect of the feed concentration on the pervaporation per-
formance of the BP-SILM-70 was studied using a feed water con-
centration in the range of 10-50 wt.% at 30 °C and a downstream
pressure maintained at 0.667 kPa. As shown in Fig. 8(a), the perme-
ation flux was clearly increased with an increase in the feed water
concentration, whereas the separation factor exhibited the oppo-
site trend. At the lower feed water concentration, ethylene glycol,
which possesses a higher dipole moment than water, may occupy
the membrane surface, and the high viscosity and slow motion of
ethylene glycol provide a steric effect that hinders the transporta-
tion of water molecules through the channel. Furthermore, the
high polarity of ethylene glycol with two hydroxyl groups in each
molecule may easily form hydrogen bonds with water molecules,
causing a delay in the water transport. In addition, a lower feed
water concentration results in a lower water activity in the feed
side and creates a smaller chemical potential gradient across the
membrane, thus leading to a lower permeation flux at lower feed
water concentrations. An increase in the feed water concentration
caused the BP-SILM-70 to promptly swell because of its hydrophi-
licity. The swelling phenomenon eventually increased the free vol-
ume in the membrane and caused the membrane to become
susceptible to the permeation of both water and ethylene glycol
molecules, thereby leading to an increase in the permeation flux
but compromising the separation factor. To evaluate the effect of
the feed concentration on the intrinsic properties of the mem-
brane, the pervaporation performance of the BP-SILM-70 was
expressed in terms of the permeance by normalising the driving
force. Fig. 8(b) clearly shows that the permeances of BP-SILM-70
are dependent on the concentration after eliminating the driving
force contribution. Increasing the water concentration in the feed
solution markedly increased the permeability for ethylene glycol
and caused the membrane to be less water selective. Nevertheless,
the permeation flux of ethylene glycol, as shown in Fig. 8(a), was
much lower than that of water, particularly at a feed water concen-
tration of 50 wt.%, even though the permeance of ethylene glycol as
shown in Fig. 8(b) is higher. This behaviour may be due to the
extremely low vapour pressure of ethylene glycol, which forms a
rather weak driving force for the permeation.

3.2.3. Effect of the feed temperature

The effect of the feed temperature was investigated by perform-
ing the pervaporation experiments at a feed temperature in the
range of 30-70 °C with a feed water concentration of 10 wt.%¥ and
a downstream pressure of 0.667 kPa. The BP-SILM-70 demon-
strated good thermal stability over the temperature range tested.
Based on the results shown in Fig. 9(a), the permeation flux pro-
gressively increased with increasing feed temperature, but the sep-
aration factor declined with increasing feed temperature. This
behaviour could be the result of the ascending saturated vapour
pressure of both water and ethylene glycol with elevated temper-
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Fig. 10. Arthenius plot of (a) the permeation flux and (b) the permeance.

Table 5
Arrhenius parameters of permeation flux and permeance for water and ethylene
glycol.

Arrhenius parameters Water Ethylene glycol
Permeation flux, J

Pre-exponential factor, Ji, 839 x 104 628 x 107
Activation energy, Ej (kJ/mol) 16.86 45.89
Permeance, P

Pre-exponential factor, Py, 8.11x 1075 1.84 x 10!
Activation energy, Ep (kj/mol) -47.25 -21.31

The effect of temperature on the permeance was also expressed by
an Arrhenius relationship:

Pi = Pyexp (— g.r—") ()]

where Ep, is the permeation activation energy that characterised the
dependence of the membrane permeability on temperature. As seen
inTable 5, the Ep values for water and ethylene glycol were —47 kj/
mol and —-21 kJ/mol, respectively. According to the solution-diffu-
sion mechanism, the permeance was based on the diffusion and
sorption of the permeating component; for this reason, the perme-
ation activation energy is the total of the heat of sorption and the
activation energy for diffusion {36]. In most cases, the sorption is
usually an exothermic process, whereas the diffusion is generally
endothermic; therefore, the negative permeation activation energy
appears to suggest that the membrane permeance is governed by
the exothermic sorption process. Thus, the decreasing permeance
observed with elevated temperature may be due to the reduction
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Fig. 11. Pervaporation performances of BP-SILM-70 at 120 h operation time.

in sorption. This finding can be explained by the fact that the mol-
ecules are energetic at higher temperatures, which results in the
molecules being more disordered and highly dispersed, thereby
reducing the possibilities for each molecule to interact with the
membrane. Despite this decreased permeance, the increases in
the permeation flux of both water and ethylene glycol, as observed
in Fig. 9(a), indicated the dominant impact of the driving force
induced from the elevated feed temperature on the intrinsic trans-
port properties of the membrane.

3.3. Membrane stability

Membrane stability is one of the important criteria in SLM. The
instability of the SLM through the loss of liquid membrane from
the membrane support could critically impact the membrane sep-
aration ability. The stability of the BP-SILM-70 was assessed by
continuous operation for 120 h with 10 wt.% feed concentration
of water at 30°C and the downstream pressure was maintained
at 0.667 kPa. A fresh feed mixture was prepared at every 12 h of
operation.

As shown in Fig. 11, the BP-SILM-70 demonstrated a robust per-
vaporation performance over an operating period of 120 h. The
permeation fluxes were within 5% deviation with value in the
range of 101-108 g m~2 h~'. However, the separation factor may
not be appropriate to evaluate the efficiency of the membrane to
separate water from the ethylene glycol aqueous mixtures over a
prolong operation pericd since the separation factor of the mem-
brane is very sensitive toward a small changes in the permeate
concentration of water. Therefore, the permeate concentration of
water was used instead of separation factor for the stability study
purpose. It is clearly showed that the water permeate concentra-
tion were observed in between 98 and 99 wt.%. In addition, it is
interesting to note that there was no significant change in the
weight of the BP-SILM-70 throughout the operating periods. The
result implied a considerably good long-term physical stability
exhibited in BP-SILM-70 without any significant loss of the liquid
membrane. This can be credited to the formation of stable com-
pound as a result of the blending of the [Bmim][BF,] with PVA
which enable the [Bmim][BF,] to be strongly held inside the inter-
stitial pores of BP and withstand its displacement from the BP
under higher transmembrane pressure condition. Apart from that,
the good stability in the BP-SILM-70 can also attributed to the use
of BP as a membrane support. The highly tortuous porous structure
and smaller interstitial pore size in BP could aid in securing the
immobilized liquid membrane.
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Table 6

Comparison of the pervaporaticn performance for the dehydration of ethylene glycol.

Y.T. Ong S.H. Tan/Separation and Purification Technology 143 (2015) 135-145

Membrane Feed water concentration Temperature  Permeation flux Separation Water' permeance  Selectivity’  Refs.
(wt.) (°C) (gm~2h") factor (gpu)

Chitosan-PVA 10 70 460 663 2603 8.48 11}

PVA-silica 20 70 67 31 228 393 [6)

Crosslinked PVA 20 70 211 933 718 11.80 {29]

Polyvinylamine-PVA-CNTs on 1 70 146 1156 735 16.58 137]

polysulfone
PVA-zeolite 4A on polypropylene 20 70 143 972 513 12.88 {38]
PVA 10 30 26 802 2328 6.84 This
study

BP-SILM-70 10 30 102 1014 9046 9.00 This

L study

2 The water permeance and selectivity of the literature-reported membrane were calculated using Egs. (6) and (7), respectively.

3.4. Comparison of the present pervaporation performance with the
reported data

The pervaporation performance of the BP-SILM-70 membranes
on the dehydration of ethylene glycol was compared with that of
other available literature-reported PVA membranes [1,6.29,37,38],
as listed in Table 6. The BP-SILM-70 was capable of exhibiting a
comparative permeation flux and a relatively high separation fac-
tor. As the comparison was made based on the intrinsic permeabil-
ity of the membrane, the insights indicated that the BP-SILM-70
was highly susceptible for water permeance, whereas the selectiv-
ity remained competitive with the membranes listed in Table 6. In
fact, compared with the pure PVA membrane, the BP-SILM-70
exhibited improved permeation flux, separation factor, water per-
meance and selectivity. Note that the optimum performance of
the membranes reported in the literature requires operation at a
relatively higher temperature in the range of 70-80°C, whereas
the BP-SILM exhibited competitive performance with a feed tem-
perature as low as 30 °C. This finding can be attributed to the pres-
ence of [Bmim][BF,], which can eventually reduce the mass transfer
resistance and enhance the diffusivity. Therefore, the use of BP-
SILM can potentially reduce the overall energy consumption of
the pervaporation process.

4, Conclusions

A novel symmetric SILM was successfully prepared by infiltrat-
ing BP with a [Bmim][BF,}-PVA blend to form a BP-SILM. The novel
BP-SILM was applied for the dehydration of ethylene glycol via the
pervaporation process. A sonication time of 15 min was found to be
sufficient to disperse the MWCNTs used for the synthesis of the BP
via a wet processing technique, whereas the immobilisation via a
vacuum-based technique allowed the entrapment of the
{Bmim][{BF,;}-PVA inside the deeper interstitial pores of the BP.
The structure of the BP-SILM, in which the support and selective
membrane layer of BP-SILM are merged into a single layer to form
a symmetric membrane, was found to be different from structure
of conventional asymmetric membranes. This novel structure
reduced the overall membrane thickness and mass transport resis-
tance. In addition, the use of BP as a support enhanced the thermal
and mechanical stability of the BP-SILM and improved the immo-
bilised capacity of the {Bmim][BF,]-PVA, which can be attributed
to the presence of a tortuous pore structure and the small intersti-
tial pore size of the BP. Furthermore, the BP also provided an addi-
tional transport pathway to enhance the permeation of the BP-
SILM. The interaction of BP-SILM with water was found to increase
with an increase in the content of [Bmim}[BF4] because the pres-
ence of a higher content of [Bmim][BF,] significantly improved
the hydrophilicity of the BP-SILM. The pervaporation studies on
BP-SILM revealed its capability to dehydrate ethylene glycol, and

a higher content of [Bmim]{BF,) in BP-SILM improved the pervap-
oration performance. The optimum pervaporation performance
was obtained using the BP-SILM-70. The BP-SILM-70 also demon-
strated considerably good membrane stability and a robust per-
vaporation performance over an operating period of 120h.
Compared with other membranes reported in the literature, the
pervaporation performance of BP-SILM-70 remained competitive,
particularly in terms of the intrinsic transport properties, where
the BP-SILM-70 exhibited a higher permeability toward water at
lower feed temperatures, which can be attributed to the presence
of [Bmim][BF,], which eventually reduced the mass transfer resis-
tance and increased the diffusivity.
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1. Introduction

Biodiesel, which is also known as fatty acid methyl ester (FAME),
is believed to have the potential to replace conventional petroleum-
derived fuel because of its biodegradability, renewability, non-
toxicity and low emission profile [1,2]. Transesterification or ester-
ification is the most widely used method to produce biodiesel [1].
The common lipid feedstocks currently used for biodiesel produc-
tion are non-edible oils, such as jojoba oil [3], waste cooking oil [4],
crude Jatropha curcas oil [5,6], PFAD [7) and even microalgae oil [8]
which contain high level of free fatty acids (FFAs) to avoid competing
with food resources. The use of these oils has resulted in the use of
only acid catalysts in transesterification or esterification [9]. How-
ever, the use of homogeneous acid catalysts, such as sulphuric acid
(H;504) or hydrochloric acid (HCl), is not encouraged because of the
corrosive nature of the catalysts and the difficulty in handling the
generated wastewater [4.10,11]. Thus, heterogeneous acid catalysts
are preferred over homogeneous acid catalysts because the products

* Corresponding author. Tel.: +60 4 5996475, fax: +60 4 5941013.
E-mail address: chshtan@usm.my (S.H. Tan).

htrp:fjdx.doi.org/10.1016/j.jtice.2015.02.018

are easy to separate and the catalysts are reusable; thus, the process
is more environmentally friendly [ 12].

The common solid acid catalysts used for biodiesel production in-
clude ion-exchange resins [ 13.14), sulphated oxides [15], Mobil com-
posite material number 41 (MCM-41) [16] and Nafion [17]. The major
drawback of these solid acid catalysts is that the acid sites of the cat-
alysts are easily reduced by the hydration of acidic hydroxyl groups
(OH), which act as Brensted acid sites in the presence of water [18].
Thus, carbon-based acid catalysts are an alternative for biodiesel pro-
duction because the hydration of OH groups can be prevented by
the hydrophobic properties of the carbon sheet [ 19]. The recently re-
ported carbon-based solid acid catalysts used in biodiesel production
include sugar catalysts prepared via the sulphonation of incompletely
carbonised p-glucosefstarch [20-24), ordered mesoporous carbon
[4,25], vegetable oil asphalt-based carbon catalyst [26G], sulphonated
multi-walled carbon nanotubes (s-MWCNTSs) prepared via thermal
treatment with concentrated sulphuricacid [27], sulphonated biochar
and sulphonated activated carbon [28,29]. Among the reported car-
bon materials, MWCNTs are believed to be a more promising can-
didate to serve as catalyst support for the sulphonic group (SO3H)
because of their intrinsic properties, such as high surface area; high

1876-1070/© 2015 Taiwan Institute of Chemical Engineers. Published by Elsevier BV. All rights reserved.
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purity compared to activated carbon, which can avoid self-poisoning;
and well-developed surface morphology and porosity [15,30]. The
most common method for synthesising sulphonated carbon catalysts
is thermal treatment with concentrated sulphuric acid in an inert en-
vironment. The major disadvantages of this method include the use of
a hazardous and corrosive acid as the sulphonating agent, the process
is time consuming and wastewater is generated from the washing
process after sulphonation. Thus, the main objective of this study
is to present a facile and acid-free sulphonation method to prepare
s-MWCNTs, which consists of thermal decomposition of (NH4);S04
with the incorporation of ultrasonication treatment. Ultrasonication
treatment is usually used to break the agglomerates and to disperse
MWCNTs in the sulphonating agent prior to the sulphonation pro-
cess. However, the roles and the effects of ultrasonication treatment
in sulphonation process have not been thoroughly studied. Thus, this
study also focuses on the effects of different ultrasonication periods
to the MWCNTSs/(NH4),SO4 solution mixture to obtain s-MWCNTs
with the best catalytic performance. The effects of the concentration
of the (NH4),S04 solution (ranging from 1 to 20 wt.%) and the ultra-
sonication period of MWCNTSs in (NH,),S04 solution (ranging from 1
to 20 min) were studied and optimised. The catalytic activity of the
s-MWCNTs was investigated through the esterification of PFAD with
methanol to produce FAME.

2. Experimental
2.1. Materials

MWQGCNTs with diameters (40-60 nm) and lengths (1-2 wm) were
purchased from Shenzhen Nanotechnologies Port Co. PFAD was ob-
tained from a local edible oil manufacturing company. Nitric acid
(HNO3), which was purchased from JT Baker with a purity of 69—
70%, was used to purify the raw MWCNTs. (NH4),SO4, methanol
and n-hexane were purchased from Fisher Scientific. Methyl hep-
tadecanoate was purchased from Sigma Aldrich.

2.2. Purification of MWCNTs

The process for purifying the MWCNTSs is based on previously
reported literatures [31,32]. One gram of pristine MWCNTs was mixed
with 100 mL of HNO3, and the mixture was ultrasonicated for 1 h
before heating at 80 °C for 8 h. The purified MWCNTs were filtered,
washed with distilled water until the pH of the filtrate was similar to
the pH of distilled water before drying at 120 °C for 12 h. The purified
MWHCNTs were denoted as MWCNTs-COOH.

2.3. Sulphonation of MWCNTs

The sulphonation procedures were modified according to previ-
ously reported literatures [33,34]. The major modification was the
incorporation of the ultrasonication treatment to the mixture of
MWCNTs-COOH and (NH,4),S04 solution to improve the colloidal dis-
persion to enhance the sulphonation of MWCNTSs. In this process, 0.4 g
of MWCNTs-COOH was mixed with 30 mL of different concentrations
of a (NH4),S04 solution (1, 5, 10, 15 and 20 wt.%) and the mixture
was ultrasonicated for certain durations (1, 5, 10, 15 and 20 min).
The mixture was then heated at 235 °C for 30 min. The mixture was
washed with distilled water to remove excess (NH,4),5S04 and prior to
dried at 120 °C for 12 h. The final product was defined as s-MWCNTSs.

2.4. Esterification reaction

The esterification of PFAD with methanol was performed in a pres-
surised batch reactor equipped with a thermocouple and a magnetic
stirrer. The reactor was pressurised to 10 bars to avoid the evapora-
tion of reactants, particularly methanol. The reaction was performed

under the following conditions: reaction temperature of 170 °C, reac-
tion period of 3 h, methanol-to-PFAD ratio of 20 and s-MWCNTs load-
ing of 2 wt.%. Prior to the reaction, the s-MWCNTSs were stirred in
methanol for 10 min. This is to avoid the adsorption of PFAD to the
active sités that has tendency to deactivate the catalysts {35). Upon
completion of the reaction period, the reaction mixture was cooled
and filtered.

2.5. FAME analysis

The composition and yield of FAME or biodiesel were analysed
using a PerkinElmer Clarus 500 gas chromatograph equipped with a
flame ionisation detector (FID) and a Nukol™ capillary column. n-
Hexane and helium were used as the solvent and carrier gas, respec-
tively. The oven temperature was set at 110 °C and then increased to
220 °C at a rate of 10 °C/min. The temperatures of the detector and
injector were set at 220 and 250 °C, respectively. Methyl heptade-
canoate was used as an internal‘standard (36,37]. The yield of FAME
in the samples was calculated using the following equation:

Yield(%)
__ (ZConcentration of each methyl esters) x (Volume of oil layer)
- 10g of PFAD

x100%

2.6. Catalyst characterisation

2.6.1. FTIR analysis

Pyridine FTIR spectra were recorded using a Nicolet 6700 FT-IR
spectrometer. The s-MWCNTs samples were first ground with KBr
salt(mass ratio 5:1) and pressed into a wafer of 13 mm diameter prior
to activated under vacuum (10~6 mbar) at 220 °C for 1 h. The back-
ground spectrum was recorded first after cooling the sample to room
temperature. Pyridine vapour was then intreduced to the sample for
2 min. The sample was evacuated at 100 °C to desorb pyridine and
the spectrum was recorded after the evacuation step. All the spectra
were recorded with a 16 cm~1 resolution and 300 scans accumulation.
The presence of SO3H groups was confirmed by FTIR analysis using a
SHIMADZU IRPrestige-21 spectrometer over the frequency range of
4000-400 cm~!. A mixture of MWCNTs and potassium bromide was
pelleted into a thin pellet, and the IR spectrum was collected after
32 scans.

2.6.2. Pulse chemisorption

The density of the acid sites of the catalyst was determined by
pulse chemisorption using a Micromeritics: Auto Chem 11 2920 in-
strument. The gas used to quantify the total acid sites of the catalyst
was 15% NHj3 in helium. In addition, 50 mg of sample was placed
in a U-shape quartz tube in a temperature-controlled oven and con-
nected to a thermal conductivity detector (TCD). The sample was first
degassed at 120 °C with a heating rate of 10 °Cin helium (30 cm3/min)
for 1 h. The temperature was then cooled to 40 °C under the same he-
lium flow. Next, 15% NH3 in helium was introduced using a pulse
method. )

2.6.3. Raman spectroscopy analysis

Raman spectroscopy is a non-destructive method used to analyse
the morphology of MWCNTSs. The intensity ratio of the b- to ¢-band
(In/l¢) in the Raman spectrum is a measure of the average defective-
ness of MWCNTSs. In this study, aRenishawlnVia (Wotto-under-edge,
UK) Raman microscope with a laser excitation of 633 nm was used to
investigate the degree of defects in the MWCNTSs caused by different
ultrasonication periods.

@<
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Fig. 1. Pyridine-FTIR spectra of (a) s-MWCNTs before pyridine adsorpticn (b) s-
MWOCNTS after pyridine adsorption at room temperature (10~ mbar at equilibrium
for 2 min).

2.6.4. Dispersion of s-MWCNTSs in methanol

The dispersion of s-MWCNTSs in methanol was examined using an
Agilent Technologies Cary 60 UV-Vis at a wavelength of 500 nm. Prior
to transfer into the cuvette, methanol solution containing s-MWCNTs
(5 mg/L) was sonicated using a tip sonicator (Hielscher UP200S).

2.6.5. TGA analysis

The thermal degradation and stability of pristine MWCNTSs,
MWCNTs-COOH and s-MWCNTs were investigated using a TA Instru-
ments SDT Q600. Typically, the samples in powder form were placed
in the alumina crucibles and the samples were heated under air at-
mosphere at a heating rate of 10 °C/min from room temperature to
900 °C.
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2.6.6. Nitrogen sorption analysis

The specific surface area, average pore width and pore volume
were measured by nitrogen sorption analysis using a Micromerit-
ics ASAP2020 surface analyser. The specific surface area was calcu-
lated using a Brunauer-Emmer-Teller (BET) plot in a relative pressure
range (P{P,) of 0.05-0.3. The total pore volume was determined from
the amount of N adsorbed at a P/P, of 0.99. In addition, the average
pore diameter was determined using Barrett-Joyner-Halenda (BJH)
model based on the desorption branch of the isotherm.

3. Results and discussion
3.1. Mechanism of FAME formation using s-MWCNTs as a catalyst

The type of acid sites in the s-MWCNTs needs to be determined be-
fore predicting the mechanism of FAME formation using s-MWCNTSs
as a catalyst. Lewis or Brensted acidity of the catalyst sample can
be identified through pyridine-FTIR spectroscopy. Fig. 1 shows the
pyridine-FTIR spectra of s-MWCNTs before and after pyridine ad-
sorption. The peaks at 1646, 1626, 1549 and 1476 cm~! appear only
in the spectra of the s-MWCNTs after pyridine adsorption (Fig. 1b).
The peaks at 1646, 1626, 1549 cm~! were assigned to the vibration of
pyridinium (PyH*) species [38-40), indicating the presence of Bren-
sted acid site in the s-MWCNTs. The peak at 1476 cm~ could also be
due to the coordination of pyridine to Brensted acid site since no IR
bands corresponding to Lewis acid site was observed at 1455 cm™!
[41].

The mechanism of FAME formation using s-MWCNTSs as a catalyst
is shown in Fig. 2. The three electronegative oxygen atoms in the
SO3H group are strong electron withdrawing atoms favouring the
dissociation of hydrogen atom into hydrogen ion. As a result, the
hydrogen ion tends to be attached by the carbonyl oxygen atom of
the fatty acid forming a carbocation (step 1). This is followed by the
interaction between the methanol molecule with the carbocation via
a nucleophilic attack to form a tetrahedral intermediate (step 2). The
proton is then transferred from one oxygen atom to another (step 3)

0—CH,
——
Stepa g—o—H + H0

[0}
I
!
Step 1 Sulphonated MWCNTSs Purified MWCNTS Pristine MWCNTs
m (o]
& L0y —ls!—o—-c—\ _low (NHa)zSOa
Fatty acid L !l !! 10 min sonication OH 1 h sonication
R/ \OH Heated at 235 °C for 30 Heated at 80 °C for 8 h

Fig. 2. Mechanism of FAME formation using s-MWCNTs as a catalyst.
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Fig. 3. FAME yield achieved by s-MWCNTSs prepared using different ultrasonication periods and concentrations of (NH,)2S04 solution.

and a water molecule is eliminated by the tetrahedral intermediate
(step 4). Finally, the loss of the acidic proton and elimination of water
molecule regenerates the SOsH group on the surface of MWCNTs and
an atom of fatty acid methyl ester is produced (step 5).

3.2. Effect of the ultrasonication treatment period

The FAME yield achieved by s-MWCNTSs synthesised using differ-
ent ultrasonication periods and concentrations of (NH4)2S04 solution
is shown in Fig. 3. The MWCNTs-COOH sulphonated with 1, 5 and
10 wt.% (NH,),504 exhibited similar result trends in which the FAME
yield significantly increased when the ultrasonication period of the
mixture increased from 1 to 10 min. Next, the FAME yield increased
gradually and eventually became constant with further increasing
the ultrasonication period to 15 min and 20 min, respectively. Due
to weak van der Waals interactions, MWCNTs often aggregate into
bundles or ropes, in which each bundle can consist of up to several
hundred MWCNTs arranged in a hexagonal lattice [42,43]. In this
work, ultrasonication treatment served to disperse and mix homoge-
neously the MWCNTs-COOH with the (NH;);S04 solution, enabling
easy interactions of the MWCNTs-COOH with (NH4)2504 solution. As
aresult, the FAME yield increased with a longer ultrasonication period
because the mixing intensity of the MWCNTs in the (NH4)2504 solu-
tion was higher, thus improving the contact between MWCNT: s-COOH
and the (NH4);S04 solution.

The surface of MWCNTSs will be attacked by the generated localised
sonochemistry causing defects in it {44). These defects can be verified
using Raman spectroscopy analysis. The b-band in a Raman spectrum
indicates the presence of structural defects, and the G-band is referred
to as graphite in nanotubes. Changes in the D- and G-bands in Raman
spectra are useful information for monitoring the structural modifica-
tions of the nanotube sidewalls caused by defects or the attachment
of different chemical species [45]. The Ip[lg ratio for the pristine
MWOCNTSs was 0.80 (less than 1), indicating that the pristine MWCNTSs

Table1
Effects of different sonication periods on the Ipfl¢ ratio and acid density
of MWCNTSs sulphonated with a 10 wt.% (NH, 2504 solution.

Sonication period (min)  Ipflg ratio®  Acid density (mmol/g)®
1 1.02 0.015
5 1.08 0.021

10 117 0.030

15 122 0.033

20 135 0.034

3 Results of the Ip/ig ratio were obtained from Raman spectroscopy
analysis.

b Results of acid density were obtained using pulse chemisorption.

(.
contained more graphite than defect sites. When the pristine
MWQCNTSs were subjected to acid purification coupled with 1 h of
ultrasonication treatment to produce MWCNTs-COOH, the Ip/lg ratio
increased to 1.01, indicating that acid purification and ultrasonication
treatment caused defects on the surface of the MWCNTSs. This claim
was strengthened by the results of the Raman spectra shown in
Table 1, in which the Ipjlg ratio of the s-MWCNTSs increased when
the ultrasonication peried of the sulphonation mixture increased.
The carbon atoms located at the opened tube caps are sp? hybridised,
in which a double bond exists between two carbon atoms. These
sp2-hybridised carbons are relatively more reactive than the
sp3-hybridised carbons located in the regular graphene framework.
The generated SO3H groups will attack the partial carbon-carbon
double bonds to transform the sp?-hybridised carbon atoms into
more chemically stable sp3-hybfidised carbon atoms [46]. Thus, the
role of ultrasonication treatment in this sulphonation process is not
only to mix and disperse the MWCNTs-COOH in (NH,)2S04 solution
but also to open the tube caps and create defects along the sidewall
for sulphonation. This finding was supported by the relationship
between the Ip/l¢ ratio of the Raman spectrum and the acid density
of the s-MWCNTSs (Table 1), where the acid density of the s-MWCNTSs
2
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increased with longer ultrasonication treatment resulting from more
defects (higher Ip/Ig ratio) on the surface of the MWCNTSs.

Interestingly, as shown in Fig. 3 the increase in sonication pe-
riod was found to have insignificant effect to the FAME yield when
the s-MWCNTSs were prepared at high (NH,4),S04 concentration (15
and 20 wt.%). The FAME yield of MWCNTs-COOH sulphonated with
15 wt.% (NH4);S0;4 only showed an increase of 5% when the sonica-
tion period was extended from 1 to 5 min. Next, the FAME yield was
constant although the sonication period was increased. In addition,
the increase in sonication period did not cause any significant effect
to the FAME yield produced by the MWCNTs-COOH sulphonated with
20 wt.% (NH4)2504. The FAME yield was almost constant (increment
not more than 4%) throughout the period of ultrasonicating the mix-
ture from 1 to 20 min. This observation was believed to be caused by
the interaction effect between sonication period and the concentra-
tion of (NH4),5S0, solution which will be discussed in the following
section. The above results indicated that the optimum duration of
the ultrasonication treatment to produce the s-MWOCNTSs in this study
was 10 min.

3.3. Effect of (NH4)2504 solution concentration

As shown in Fig. 3, two different result trends were obtained in the
sulphonation of MWCNTs-COOH using different (NH4);S04 solution
concentrations. The first result trend was exhibited by s-MWCNTs
prepared using low concentrations of (NH4),SO4 solution (1, 5 and
10 wt.%), in which the yield of FAME increased gradually when the
concentration of the (NH,),SO4 solution increased. In addition, the
other result trend was exhibited by, MWCNTs-COCH sulphonated us-
ing high concentrations of (NH4);S0, solution (15 and 20 wt.%), in
which the catalysts underperformed compared to the catalysts pre-
pared using low concentrations of the (NH4)2504 solution.

Both result trends can be explained through Fig. 4, which shows
the acid site density of s-MWCNTs prepared using different concen-
trations of the (NH4),S04 solution. These results indicated that the
acid site density of the catalysts increased when the concentration of
the (NH4)2504 solution increased. In sulphonation using the thermal
decomposition of (NH4),504, the generated SO3H groups will react
with the surface hydrogen atoms that naturally contain MWCNTSs-
COOH and with the carboxyl groups created during acid purification
to form the SOsH groups [15,33]. Thus, when the concentration of
the (NH4),SO,4 solution increased, more SO; groups were produced
to form a higher density of SO3H groups, which served as the active
sites for the esterification of PFAD wyith methanol.
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However, extremely high concentrations of (NH4);SO4 solution
may cause an adverse effect on the catalysts. Although there was a
significant increase in acid site density (more than two-fold) when
the concentration of the (NH4),S04 solution was increased from 10
to 20 wt.% as shown in Fig. 4, but the FAME yield achieved by the s-
MWOCNTSs prepared using high concentrations of (NH, ),S04 solution
and a long ultrasonication treatment period was the lowest among
all s-MW(CNTs. This was due to the interaction effect between long
sonication period and high concentration of (NH4);S04 solution. The
viscosity of the solution mixture (MWCNTSs in (NH4),SO4 solution)
may increase in high concentration of (NH4);S04 which could affect
the dispersibility of MWCNTs-CCOH in the resultant solution. As a re-
sult, the MWCNTSs remain agglomerate. Therefore, only the MWCNTSs
that located at the outer perimeter of the bundle will be exposed to
the (NH4),50;, solution. The degree of defect created on the surface
of MWCNTs was believed to decrease. Moreover, under high con-
centration of (NH4),S04, the defect-surface will be oversaturated by
SO3H groups {34]. In addition, when the surface of s-MWCNTs was
saturated with SO3H groups, the surface became highly negatively
charged and thus causing difficultly for the lone-pair electron of the
carbony! group of the fatty acids to reach the OH groups of the SOsH.
From these results, the optimum concentration of (NH4),;504 solu-
tion for this sulphonation process is 10 wt.%. The reusability of the
s-MWCNTs was investigated through five consecutive runs. The s-
MWCNTs prepared via thermal decomposition of (NH4),5S04 could
maintain the FAME yield at 76.4% after five reaction runs, indicating
high reusability of the s-MWCNTSs.

3.4. Characterisation results of s-MWCNTs

3.4.1. IR spectral analysis of s-MWCNTs

The presence of sulphur groups in s-MWCNTs was confirmed us-
ing FTIR, as shown in Fig. 5. Significant differences can be observed in
the spectra of the s-MWCNTSs compared to the spectra of the pristine
MWCNTs and MWCNTs-COOH, in which new peaks appeared after the
sulphonation of MWCNTSs. The broad absorption band at 3686 ¢cm~1
was attributed to the -OH stretching mode in hydroxyl groups, which
indicated the presence of -COOH groups and -SO3H groups [47]. The
peak at 1392 cm~! was associated with the stretching mode of sul-
phate groups [48]. The absorption band at 1245 cm~! was assigned
to the presence of sulphonate groups (49). Furthermore, the presence
of asymmetric and symmetric 0=S=0 stretching vibrations and the
S-0 groups in s-MWCNTs were confirmed by the absorption bands
at 1061 and 668 cm™?, respectively [50-52]. These results indicated
that the SO3H groups were successfully grafted onto the surface of
the MWCNTSs via the thermal decomposition of (NH4),50a.

3.4.2. Dispersibility of s-MWCNTSs in methanol

The UV-Vis spectra of the pristine MWCNTs, MWCNTs-COOH and
s-MWCNTSs were shown in Fig. 6. As indicated by the unstable ab-
sorbance spectrum which decreased since the beginning of the anal-
ysis, the pristine MWCNTs were proven to have poor dispersibility
in methanol. This was due to the hydrophobic property of the car-
bon framework and the intrinsic van der Waals interactions that
caused the agglomeration of pristine MWCNTSs into bundle [47]. On
the other hand, the UV-Vis spectra showed that the MWCNT-COOH
and s-MWCNTs remained colloidally stable and well dispersed in
methanol after 720 min (12 h). The absorbance of the s-MWCNTSs and
methanol mixture decreased gradually at the beginning of the analy-
sis, which was most likely due to the aggregation of the MWCNTs to
a micron-sized cluster that then settled to the bottom of the cuvette.
The s-MWCNTs were stable and remained dispersed after 100 min
until 720 min. The dispersibility of the s-MWCNTSs in methanol was
caused by the surface modification of the introduced SO3H and COOH
groups onto the surface of MWCNTs via the acid purification and
sulphonation process. The SO3H and COOH groups on the surface of
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Fig.6. Sedimentation curve of sS-sMWCNTs, MWCNTs-COOH and pristine MWCNTS in methanol at a concentration of 0.005 mg/mL.

the MWCNTSs were believed to form hydrogen bonds with methanol
and thus enabling the s-MWCNTSs to remain dispersed in methanol.
However, the interactions between the SOsH and COOH groups of
the s-MWCNTSs and alcohol were considered a weak interaction [47],
resulting in a slight decrease in absorbance after 460 min. The ab-
sorbance spectrum of MWCNTs-COOH in methanol mixture was sim-
ilar to that of s-MWCNTSs, indicating that surface modification (acid
purification and sulphonation) could improve the dispersibility of the
hydrophobic MWCNTs in hydrophilic solvent.

L4

The above dispersibility results implied that s-MWCNTSs were able
to form a homogeneous solution with methanol during the ester-
ification of PFAD. The dispersibility behaviour of s-MWCNTs is re-
quired for the application of s-MWCNTSs as a heterogeneous cata-
lyst. The major drawback in heterogeneous-catalysed transesterifica-
tion/esterification is the presence of the three-phase-system (triglyc-
erides/fatty acids, alcohol and solid catalyst) in the reaction mixture,
which prohibits the diffusion of ?atty acids and reduces the availabil-
ity of active sites for the reaction, thus decreasing the reaction rate
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[53.54]. Thus, the dispersibility of the s-MWCNTs and the high misci-
bility of PFAD in methanol can minimise the mass transfer resistance
due to the reduction of reaction phases.

3.4.3. Thermal degradation and stability of pristine MWCNTS,
MWCNTs-COOH and s-MWCNTs

The weight loss and derivative weight loss curves for pristine
MWCNTs, MWCNTs-COOH and s-MWCNTs are shown in Figs. 7(a)
and (b). The results in Fig. 7(b) indicated that all of the samples were
stable up to 500 °C, with a negligible weight loss. Thus, the s-MWCNTs
should possess good thermal stability at the reaction temperature of

-

170 °C. Among the three MWCNT samples, the pristine MWCNTSs un-
derwent thermal decomposition at the lowest temperature, in which
a sharp weight loss was observed at 500 °C, and then completely
decomposed at 650 °C. In addition, the starting and complete decom-
position temperatures of MWCNTs-COOH were extended to 550 °C
and 680 °C, respectively. This observation indicated that the thermal
stability of MWCNTSs was increased after acid purification by HNO3
because of the removal of metal catalysts and amorphous carbon. The
thermal stability of MWCNTSs was further increased by the sulphona-
tion process, in which the s-MWCNTSs started to decompose at 600 °C
and completely decomposed at 700 °C. The s-MWCNTs decomposed
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Table 2

BET surface area, average pore width and pore volume of pristine MWCNTSs and s-MWCNTs.

107

al

Carbon-based acid catalysts  Pore diameter (nm)

BET surface area (m2fg)  Pore volume (cm?/g)

Pristine MWCNTs
s-MWCNTs®

7.85
123

27.26
9237

0.05
025

3 The s-MWCNTs were prepared by 10 wt.% of (NH4 2504 solution, 10 min of ultrasonication treatment

and heating at 235 °C for 30 min.

ata higher temperature because more energy was required to decom-
pose the grafted SO3H groups to release oxygen into the environment
[55] prior to the decomposition of carbon.

3.4.4. BET surface area analysis

The BET surface area, average pore diameter and pore volume
of the s-MWCNTs (synthesised from a 10 wt.% (NH4),504 solution
coupled with 10 min of ultrasonication treatment) and the pristine
MWOCNTs are presented in Table 2. The results indicated that the BET
surface area, average pore width and pore volume of the s-MWCNTs
produced in this study increased significantly compared to those of
pristine MWCNTSs. The increase in the BET surface area of s-MWCNTs
was due to the repulsion force induced by COOH and SO3H groups on
the surface of MWCNTSs, which resulted in debundling of the MWC-
NTs. In addition, the s-MWCNTSs possessed a larger average pore width
than the pristine MWCNTSs because the acid purification and ultrason-
ication treatment enhanced the defects on the surface of the MWCNTs.
Moreover, the BET surface area and pore diameter of s-MWCNTs ob-
tained in this study were larger than those of the majority of reported
carbon-based catalysts used for biodiesel production [20,22-24,26).

The mass transfer limitation faced by heterogeneous-catalysed
transesterification/esterification can be greatly reduced using a cat-
alyst support with a high BET surface area. However, this limitation
will still exist if the catalyst support contains only micropores, partic-
ularly if large molecules (fatty acids) are involved, because the active
sites located in the micropores prohibit accessibility to reactants [15}.
These results showed that although the BET surface area and acid
density of s-MWCNTSs (obtained in this study) were lower than those
of other carbon-based catalysts, such as sulphonated biochar [28],
sulphonated ordered mesoporous carbon {25}, H,S04 sulphonated
peanut hull char and H,50, sulphonated MeadWestvaco activated
carbon [29], the FAME yield produced by the s-MWCNTSs was actually
higher than those obtained using carbon-based catalysts. This was
due to the larger pore width of s-MWCNTs, which enabled easy ac-
cess of methanol and bulky fatty acids to the active sites for reaction.
The spatial widths of stearic acid, oleic acid and linoleic acid are 0.25,
0.72 and 1.13 nm, respectively [56). Thus, the pore width of 12.3 nm
exhibited by the s-MWCNTs in this study was sufficiently large to
enable fatty acid molecules to easily diffuse and reach the active
sites.

Comparing to other sulphonation methods that used concentrated
H,S04 to graft the surface of carbon catalysts with SO3H groups,
the sulphonating agent, (NH,),S04 solution, used in this study was
more environmentally benign. Although the sulphonation tempera-
ture of MWCNTSs via the thermal decomposition of (NH4),504 was
high, it required only 30 min of sulphonation time compared to other
sulphonated carbon-based catalysts prepared via thermal treatment
with concentrated H,504, which required a minimum sulphonation
period of 10 h [20.22-24,26.28,29). In addition, sulphonation via the
thermal decomposition of (NH4);SO4 did not require an inert en-
vironment, thus helping to reduce the number of operating steps
and cost in preparing the catalyst for biodiesel production. Moreover,
the sulphonation method used in this study required less sonication
time compared to the sulphonation process via thermal treatment
with concentrated HySO4 [47). Thus, these findings indicated that
s-MWCNTSs not only can be synthesised using a simpler and faster

G

method but also possess a high BET surface area and a well-developed
pore size.

3.4.5. Comparison of reaction parameters between s-MWCNTs and
other carbon-based catalysts used in biodiesel production

The oil source used for the production of FAME using sulphonated
carbon-based catalysts has only been limited to a pure and single
component, such as oleic acid and triacetin [20.22-25.27]. Thus far,
there have only been two studies reported on the application of
sulphonated carbon-based catalysts in the production of biodiesel us-
ing cottonseed and soybean oil as feedstock {26.29). Thus, unlike pre-
vious studies, the current study showed the ability of s-MWCNTs to
produce a high FAME yield using the low-value industrial by-product
(PFAD) as an oil source. -

The esterification/transesterification was performed at low tem-
perature (60-80 °C) when pure components (oleic acid and triacetin)
were used as a feedstock and methanol was used as an alcohol
source [22-25]. However, when PFAD and cottonseed oil were used, a
higher reaction temperature was required (between 170 and 260 °C)
[26], which might be due to the higher viscosity of triglycerides and
mixture of fatty acids in PFAD. The methanol-to-oil ratio required
for s-MWCNTSs was almost similar to that in studies using cotton-
seed or soybean as an oil source. Interestingly, the s-MWCNTs ob-
tain in this study required a lower catalyst concentration than most
of the reported carbon-based catalysts to achieve a similar FAME
yield [20.22,25,29]. In addition, a high FAME yield can be achieved
within 3 h using the s-MWCNTSs as catalysts compared to some re-
ported sulphonated carbon-based catalysts, which required 5-10 h
[22,23,25,29] to obtain a similar FAME yield. The reduction in cata-
lyst concentration and reaction time can further reduce the overall
production costs of biodiesel.

4. Conclusions

In conclusion, this study demonstrated the feasibility of producing
s-MWCNTSs via the thermal decomposition of (NH,),SO4 with the aid
of ultrasonication. The optimum conditions to synthesise s-MWCNTs
with strong and stable SO3H groups were a 10 wt.% (NH4)2504 so-
Jution coupled with 10 min of ultrasonication treatment and heat-
ing at 235 °C for 30 min. The s-MWCNTs were able to achieve a
bicdiesel yield of 84.9% PFAD as the feedstock. This sulphonation
method is more commercially viable compared to the thermal treat-
ment with concentrated H,S04 due to the simple sulphonation steps,
short sulphonation time and elimination of the use of any hazardous
and corrosive acids. These results demonstrated that the s-MWCNTs
prepared in this study possessed good thermal stability, which en-
abled the catalyst to be stable at high reaction temperatures. Further-
more, the good dispersibility of s-MWCNTs in methanol can minimise
the mass transfer limitation. In addition, the s-MWCNTSs obtained in
this study exhibited a high BET surface area coupled with a large pore
width, which could further reduce the mass transfer limitation and
thus increase the rates of diffusion and reaction. Taken together, the
application of s-MWCNTSs prepared via the thermal decomposition of
a(NH,4),S04 solution to produce biodiesel from a low-value industrial
by-product may be a potential breakthrough technology for biodiesel
production.
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Abstract This study reports on biodiesel production via the
esterification of palm fatty acid distillate (PFAD) using
sulphonated multi-walled carbon nanotubes (s-MWCNTs) as
a catalyst. The process parameters studied included the
methanol-to-PFAD ratio (8-30), catalyst loading (1-3 wt%),
reaction temperature (80-200 °C) and reaction time (1-5 h). A
fatty acid methyl ester (FAME) yield of 93.5 % was obtained
at a methanol-to-PFAD ratio of 20, catalyst loading of 3 wt%,
reaction temperature of 170 °C and reaction time of 2 h. The s-
MWCNTs exhibited good catalytic activity, with a FAME
yield higher than 75 % even after five repeated runs.
Moreover, the regeneration of the spent s-MWCNTs (after
five runs) with sulphuric acid was able to restore the catalytic
activity to its original level. The catalyst stability and activity
were enhanced by acid regeneration to achieve a FAME yield
of 86.2 %, even at the fifth cycle of reaction after acid
regeneration, A pseudo-homogeneous kinetic model for the
esterification of PFAD with methanol using s-MWCNTs as a
catalyst was then developed based on the experimental results.
The pre-exponential factor, molar heat and activation energy
for the esterification were found to be 1.9% 10? L mol™' min™",
84.1 kJ mol™' and 45.8 kJ mol™, respectively.
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tubes - Kinetic model - Acid regeneration

S. H. Shuit - S. H. Tan (&<) )

School of Chemical Engineering, Universiti Sains Malaysia,
Engineering Campus, Seri Ampangan, 14300 Nibong Tebal, Pulau
Pinang, Malaysia

e-mail: chshtan@usm.my

Introduction

The major challenges in biodiesel production have always
been related to the selection of raw materials and conversion
technologies. Currently, the most common approach to pro-
duce biodiesel is via sodium hydroxide- or sodium
methoxide-based transesterification using refined vegetable
oil as the feedstock. However, approximately 70 % of the total
biodiesel production cost comes from refined oil [1, 2].
Therefore, non-edible feedstocks, such as municipal sewage
sludge [1], Jatropha [3, 4], castor [4], sea mango [5], waste
cooking oil [2, 6, 7] and palm fatty acid distillate (PFAD) (8],
appear to be a promising alternative feedstock for biodiesel
production. Among the non-edible feedstocks, PFAD has the
most potential because it is a low-value by-product generated
during the fatty acid stripping and deodorisation stages in the
refining of palm oil. Currently, Indonesia and Malaysia are the
world’s largest producers of palm oil, with crude palm oil
productions in 2009 of 20.9 and 17.5 million metric tons,
respectively. Most of the crude palm oil in Malaysia is refined
locally for food applications, generating nearly 700,000 met-
ric tons (MT) of PFAD annually. The selling price for PFAD in
early 2010 was approximately 700 USD/MT, which was
14.3 % lower than the price of crude palm oil [9].
Heterogeneous catalysis is preferred over other conversion
technologies such as homogeneous catalysis and supercritical
technology because of several advantages, such as the cata-
lysts being recyclable, minimal wastewater generation and
lower energy consumption compared to supercritical technol-
ogy [10-12]. Recently, research on the catalysts used in bio-
diesel production has been focused on carbon-based acid
catalysts, such as sugar catalysts (incompletely carbonized
D-glucose or incompletely carbonized biomass-based vermi-
celli) [13-16], sulphonated ordered mesoporous carbon [17],
vegetable oil asphalt-based carbon [18], sulphonated multi-
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walled carbon nanotubes (s-MWCNTSs) [19], sulphonated
biochar and sulphonated activated carbon [20], because the
hydrophobic carbon sheet can prevent the hydration of hy-
droxyl groups [21]. In addition, s-MWCNTs have been dem-
onstrated to possess good thermal stability and a high BET
surface area, coupled with a large pore width and good
dispersibility in methanol.

The high solubility of PFAD in methanol [22] and the good
dispersibility of ssMWCNTSs in methanol [23] make a perfect
combination of feedstock and catalyst for biodiesel production
because of the phase reduction in the reaction system, which
could reduce the mass transfer resistance encountered by the
common heterogeneous catalysts. However, the esterification
of PFAD with methanol using s-MWCNTs as a catalyst has
been minimally studied because, before this study, s-
MWCNTs had only been applied in pure or single compo-
nents, such as glyceryl tributyrate and oleic acid [10].
Therefore, in this work, the process parameters, such as reac-
tion temperature, methanol-to-PFAD ratio, catalyst loading
and reaction period, for the esterification of PFAD using s-
MWCNTs were studied. This was followed by the determina-
tion of the kinetic parameters, such as the reaction rate con-
stants, pre-exponential factor, molar heat and activation ener-
gy, for the esterification of PFAD using a derived kinetic
model. Moreover, the reusability and regeneration of the s-
MWCNTs were also investigated.

Experimental
Materials and Methods

MWCNTs with diameters and lengths ranging from 40 to
60 nm and 1 to 2 um, respectively, were purchased from
Shenzhen Nanotechnologies Port Co. PFAD was obtained
from a local edible oil manufacturing company. The PFAD
contains 98.5 wt% of major free fatty acid (FFA) for the
synthesis of fatty acid methyl ester (FAME): 48.0 wt%
palmitic acid, 36.3 wt% oleic acid, 8.7 wt% linoleic acid,
4.3 wt% stearic acid, 1.2 wt% myristic acid and 1.5 wt%
others (arachidic acid, a-linolenic acid, palmitoleic acid,
eicosenoic acid, lauric acid, margaric acid, heptadecenoic
acid, heneicosanoic acid and tricosylic acid). Sulphuric acid
(H,S0,), ammonium sulphate ((NH4),SO,), methanol and #-
hexane were purchased from Fisher Scientific. Methyl
heptadecanoate was purchased from Sigma Aldrich. Nitric
acid (HNO,) with a purity of 69-70 % was purchased from
JT Baker.

Catalyst Preparation

The purification and sulphonation of MWCNTs was per-
formed as described in the literature [24]. Briefly, the pristine
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MWCNTs were purified using HNO; coupled with 1 h of
ultrasonication treatment prior to refluxing at 80 °C for 8 h.
After washing, the purified MWENTS were dried in an oven at
120 °C for 12 h. ssMWCNTs were prepared by mixing with
10 wt% (NH,4),S0O;, and then the mixture was sonicated for
10 min using a tip sonicator. Subsequently, the mixture was
heated to 235 °C for 30 min.

Esterification “

The esterification to convert PFAD to biodiesel was per-
formed in a pressurised batch reactor equipped with a thermo-
couple and a magnetic stirrer. The reactor was made of stain-
less steel. Owing to the acidic nature of PFAD, the esterifica-
tion reaction was carried out in a Teflon cup placed inside the
stainless steel reactor. Prior to the addition of 10 g of PFAD, a
pre-determined amount of s-MWCNTs was stirred in metha-
nol for 10 min to avoid the adsorption of PFAD to the active
sites that would cause deactivation of the catalysts [25]. In this
study, the molar ratios of methanol to PFAD were §, 10, 15,20
and 30. The reaction temperatures were set at 80, 100, 150,
170 and 200 °C. Furthermore, the catalyst loadings used in
this study were 1.0, 1.5, 2.0, 2.5 and 3.0 wt% (based on the
weight of PFAD). The reactor was then pressurised to 10 bars
to prevent the evaporation of methanol. The reactants were
stirred at 230 rpm to maintain a uniform temperature and
suspension. The reaction mixture was then heated to the
desired temperature for the necessary duration (1-5 h). Upon
completion, the reaction mixture was cooled to room temper-
ature and filtered. The filtered s-MWCNTSs were rinsed re-
peatedly with methanol. The excess methanol in the reaction
mixture was recovered using a rotary evaporator. After meth-
anol evaporation, two layers of liquids were formed. The
upper layer was yellow in colowr containing crude biodiesel
while the bottom layer was water. The volume of the biodiesel
layer was measured and recorded.

Catalyst Reusability and Regeneration

The reusability of the sSsMWCNTSs was evaluated through five
consecutive runs performed under the determined reaction
conditions. The filtered s-MWCNTs were sonicated in meth-
anol for 20 min. Then, the s-sMWCNTs were filtered and
washed repeatedly with methanol. The washed s-MWCNTSs
were then dried at 120 °C for 12 h.

The regeneration of the ssMWCNTs was performed by
mixing the catalyst with concéntrated H,SO, followed by
refluxing at 100 °C for 5 h. The regenerated s-MWCNTSs were
then cooled, filtered and washed with distilied water until the
pH of the filtrate was similar to the pH of distilled water.
Subsequently, the regenerated s-MWCNTs were dried at
120 °C for 12 h. The regenerated s-MWCNTs were then
subjected to another five runs of esterification.
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Analytical Methods

The composition and the yi?eld of FAME or biodiesel were
analysed using a PerkinElmer Clarus 500 gas chromatograph
equipped with a flame ionisation detector (FID) and a Nukol™
capillary column. n-Hexane and helium were used as the solvent

g
3

X Concentratfonof each methylesters, E) x (Volumeof oil layer, em?)

and carrier gas, respectively. The oven temperature was set to
110 °C and then increased to 220 °C at a rate of 10 °C/min. The
temperatures of the detector and injector were set at 220 and
250 °C, respectively. Methyl heptadecanoate was used as an
internal standard. The yield of FAME in the samples was calcu-
lated using the following equation:

Yield(%) = ( 10gof PFAD

x 100%

The Fourier transform infrared spectroscopy (FI-IR) spec-
tra of the S-MWCNTSs after each reaction run were recorded
using a Shimadzu IRPrestige-21 spectrometer over the fre-
quency range of 4000400 cm™. s-MWCNTs were mixed
with potassium bromide and then pelletised into a thin pellet.
The IR spectra were collected after 32 scans. The as-
synthesised s-MWCNTs and the regenerated s-MWCNTSs
were also characterised using a transmission electron micro-
scope (TEM; Philips, model CM12). In addition, the density
and strength of the acid sites of s-MWCNTs were determined
by ammonia temperature-programmed desorption (NH;-
TPD) and pulse chemisorption, respectively, with 15 % NH,
in helium using a Micromeritics: Auto Chem IT 2920
instrument.

Kinetic Model

In general, the kinetic model for heterogeneously catalysed
esterification can be well represented by a pseudo-
homogeneous model. Therefore, in this study, a pseudo-
homogeneous model was developed to illustrate the kinetics
of the esterification of PFAD with methanol using s-
MWCNTs as catalyst based on the following assumptions
[26-29]:

(1) The rate of the esterification reaction under the operating
conditions is kinetically controlled.

(2) The entire reaction system is considered to be an ideal
solution in which internal and external mass transfer
resistance does not exist.

(3) The rate of non-catalysed and self-catalysed esterifica-
tion is negligible relative to the reaction rate catalysed by
the s-sMWCNTs.

The esterification of PFAD with methanol to produce
FAME as the main product and water as a by-product in the
presence of s-MWOCNTS is illustrated as:

CH;O0H L RCOOCH;
Methanol &, * FAME

RCOOH
Fatty acids

H,O

+ Water (1)

Using an elementary second-order reversible reaction, the
rate of esterification above can be expressed as:

-ﬂ‘%o}“ = k,[RCOOH][CH; OH|~; [RCOOCH; |[H;0]  (2)

where [RCOOH] is the molar concentration of PFAD,
[CH3;0H] is the molar concentration of methanol,
[RCOOCH;] is the molar concentration of FAME,
[H20] is the molar concentration of water, and %, and
k, are the forward and backward reaction rate constants,
respectively.

The concentrations of the reactants and products that
correspond to the PFAD conversion are expressed as
follows:

[RCOOH] = [RCOOH]-x[RCOOH], = [RCOOH],(1-x) (3)

[CH30H] = [CH;0H],~x[RCOOH], (4)
[RCOOCH;] = x[RCOOH], (5)
[H0] = x[RCOOH], (6)

where [RCOOH], is the initial concentration of PFAD and
x is the conversion of PFAD.
Substituting Egs. 3, 4, 5 and 6 into Eq. 2 and let [CH30H]
k
2

‘['R—cﬁ]'u—_:—o‘ and kg = I"
:% = k) [RCOOH],, [(1-%):3—( 1-6)x + 0] ()

where @ is the molar ratio of methanol to PFAD and k. is the
equilibrium rate constant.

At the equilibrium state, & = 0 and x=x, (x, is the PFAD
conversion at equilibrium), Eq. 7 can be rearranged into Eq. 8.
Thus, &, can be determined experimentally on the basis of the
conversion of PFAD at equilibrium.

x2

e = T (150 ©)
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Once k. is determined, Eq. 7 is integrated to obtain a linear
equation to determine &, numerically.

. 1 |
‘! (l_kic)xz-(l +0)x+6 a ! 1[RCOOH),dr  (9)

From the integral formula table, Eq. 9 can be transformed
into:

[ G128+ B)x +26
1B + 20

] = Bk [RCOOH]¢ (10)
where (1—,‘{) =a and /(1 + ) >~4ab = 8,

Rearrangement of Eq. 10 can provide an explicit expres-
sion for x (Eq. 11) to determine the variation in the conversion
of PFAD with time.

20 [eﬂlq [RCOOH] ¢ ]]

*=E1=0+B) + (1 + 0 + B)ePrIRCO0HL:

(11)

The influence of temperature on the reaction rate was
examined using the Arrhenius equation,

ky =4, e thr

(12)
(13)

where 4, and 4. are the pre-exponential or frequency
factors for the forward reaction rate constant and the equilib-
rium constant, respectively. Furthermore, E, and E, represent
the activation energy of the forward and equilibrium reactions,
respectively. R is the gas constant, and T is the reaction
temperature in units of Kelvin.

ke = Age T

Results and Discussion
Effect of the Methanol-to-PFAD Ratio

Figure 1 shows the effect of different methanol-to-PFAD
ratios on the FAME yield at a reaction temperature of
170 °C and a catalyst loading of 2 wt%. The FAME yield
increased gradually as the methanol-to-PFAD ratio increased
from 8 to 20. However, the highest methanol-to-PFAD ratio of
30 caused an adverse effect on the FAME yield, in which the
FAME yield not only decreased significantly but also
underperformed compared to the lowest methanol-to-PFAD
ratio of 8. According to Le Chatelier’s principle, an excess
amount of methanol is required to drive the reversible reaction
forward toward the formation of FAME [30]. In addition, it is
believed that the reaction mechanism of esterification using
sulphonated catalysts begins with the attachment of fatty acids
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to the active sites of the catalysts through chemisorption. This
step is followed by the protonation of the chemisorbed mole-
cules at the carbonyl group to form carbocations. FAME is
produced when the carbocations are attacked by methanol
molecules. Therefore, in the condition of excess methanol,
the collisions between the carbocations and methanol mole-
cules are increased, thus enhancing the conversion. However,
if the methanol-to-PFAD ratio is too extreme, fatty acids are
prohibited from forming carbocations because the catalyst
active sites are flooded with methanol instead of fatty acids
(19, 18, 10], thereby causing deactivation of the catalyst.
Moreover, the FAME yield decreases in an environment of
excess methanol due to the slowgr reaction caused by dilution
of the reaction system [31]. Therefore, the most suitable
methanol-to-PFAD ratio in this study was 20 because high
FAME yield was obtained in this ratio.

Effect of Catalyst Loading

,»
The effect of ssMWCNTs loading on the FAME yield is
illustrated in Fig. 2. The reaction was carried out at a reaction
temperature of 170 °C and a methanol-to-oil ratio of 20. The
FAME yield was found to be positively affected by the cata-
lyst loading, in which the yield increased when the amount of
catalysts used for the reaction increased. This relationship was
related to the increase in the total number of active sites
available for esterification with an increase in the catalyst
concentration [2, 10]. If the catalyst loading was below
2 wt%, the equilibrium of the reaction was achieved after
3 h of reaction time. However, as the catalyst loading in-
creased to 3 wt%, only 2 h of reaction time was required to
bring the reaction to the equilibrium state. Furthermore, an
increase of only 0.5 wi% (2.5 to 3 wt%) in the catalyst loading
caused a substantial increase in the FAME yield, increasing
from 83.0 to 93.5 % in only 2 h of reaction time. Therefore,
this result further strengthens the fact that the rate of esterifi-
cation reaction was enhanced by the use of the catalyst. Note
that the FAME yield produced using 3 wt% s-MWCNTsin2 h
of reaction time was very close to the ester content (96.5 %)
stated in the European Standard (EN 14214) for biodiesel.
Therefore, the selected catalyst loading for the subsequent
study was 3 wt%.

Effect of Reaction Temperature

Figure 3 illustrates the effect of the reaction temperature on the
FAME yield at a catalyst loading of 3 wt% and a methanol-to-
oil ratio of 20. At low reaction temperatures (80 and 100 °C),
the maximum FAME yield was merely 25.0 %, even at 5 h of
reaction time. However, when the reaction temperature in-
creased from 100 to 150 °C,a threefold increase in the
FAME yield was observed. Subsequently, an average incre-
ment of 8 % was observed when the reaction temperature was

s
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Fig. 1 Effect of the methanol-to- %0 1
PFAD ratio on the FAME yield at
a reaction temperature of 170 °C
and a catalyst loading of 2 wt% S0 1
&
70 4
N
3
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R 50
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further increased to 170 °C. With the further increase of the
reaction temperature to 200 °C, the FAME yield was barely
changed (less than 4 % on average). Similar to
transesterification, esterification is also an endothermic pro-
cess, in which the enthalpy of the process is positive.
Therefore, by increasing the temperature, the equilibrium of
the reaction was shifted to the forward direction, which
favoured the conversion of PFAD into FAME. In addition,
as the reaction temperature increased, the methanol and PFAD
molecules gained more kinetic energy, causing the collision
frequency between the reactant molecules to increase, thereby
eventually enhancing the mass transfer rate of the reaction
system. Reaction temperature of 170 °C was selected in the
subsequent study because no significant increase in FAME

yield was observed when the reaction temperature was in-
creased to 200 °C.

Effect of Reaction Time

As shown in Figs. 1, 2 and 3, the FAME yield was found to
increase with longer reaction times until equilibrium was
achieved. Note that the reaction time always reflects the rate
of a reaction. However, it is believed that the time required for
a reaction to achieve complete conversion or equilibrium state
was correlated to other reaction parameters, such as alcohol
ratio, catalyst loading and reaction temperature. In this study,
the reaction time was influenced by the catalyst loading and
reaction temperature. The reaction time to reach the

w

Fig. 2 Effect of the catalyst 100 1
loading on the FAME yield at a
reaction temperature of 170 °C
and a methanol-to-oil ratio of 20 %
s 907
g
g
£ 5|
60 4
50
0 1
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Fig. 3 Effect of the reaction 100 1 Y 24 —x
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temperature on the FAME yield at
a catalyst loading of 3 wi% and a 90 1 " " A
methanol-to-oil ratio of 20
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equilibrium state was reduced to 2 h at higher catalyst load-
ings, as shown in Fig. 2. In addition, the reaction time was also
reduced at a higher reaction temperature. From Fig. 3, at low
reaction temperatures (80 and 100 °C), equilibrium was hardly
observed, even with a high concentration of catalyst used to
catalyse the reaction. However, at temperatures of 150 °C and
above, the equilibrium of the reaction was reached at 2 h of
reaction time. Through process study, a high FAME yield of
93.5 % can be obtained under the following conditions: reac-
tion temperature of 170 °C, catalyst loading of 3 wt%,
methanol-to-PFAD ratio of 20 and reaction time of 2 h.

Kinetic Parameters Estimation
Reaction Rate Constants

The equilibrium rate constant k. can be determined from the
final PFAD conversion using Eq. 8. Then, by using the

calculated k., the values of o and 8 can be obtained. As
defined in Eq. 10, the reaction rate constant k; must be
determined by the experimental conversion of PFAD obtained
for different reaction times. Figures 4, 5 and 6 show the

correlation between In %%%] and S[RCOOH]y¢, under

all the experimental conditions presented in Figs. 1, 2 and 3.
The straight lines with high R (more than 0.93) observed in
Figs. 4, 5 and 6 demonstrated the validity of the proposed
kinetic model. Hence, the values of k, were obtained as the
slope of each straight line in the figures.

The calculated values of k, for different methanol-to-PFAD
ratios, catalyst loadings and reaction temperatures are
summarised in Table 1. The values of k; were observed to
increase as the catalyst loading and reaction temperature in-
creased. The &, of the methanol-to-PFAD ratio increased when
the ratio increased from 8 to 20 which indicated that the rate of
the esterification can also be increased by using a higher
content of methanol. However, the k, for a methanol-to-

Fig. 4 Comelation between In s A
(B3] and pRCOOH)w 45
at different levels of the methanol- 4
to-PFAD ratio *
§ 35
g .
é : Raiiod
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Fig.5 Correlation between In
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at different levels of the catalyst
loading

&

In}{-1-0-F)x+20/{-1-0-B)x+20]

[) €10m%
X15w%
a20m%
025wt%
230m%

PFAD ratio of 30 were much lower than those of the other
ratios because deactivation of the catalyst occurred at extreme-
ly high methanol content.

The current study further verified the fact that esterification
is an endothermic reaction because, compared to other param-
eters, such as methanol-to-PFAD ratio and catalyst loading,
the k; increased significantly with an increase in the reaction
temperature. This result was in agreement with those reported
in the literature [32-34, 28, 29].

Activation Energy, Pre-exponential Factor and Enthalpy
of Reaction

As shown above, k) was significantly affected by the reaction
temperature. Therefore, the dependence of k. and %, on the
reaction temperature can be illustrated by the Arrhenius equa-
tions. Equations 12 and 13 were linearised, and the Armrhenius-
van’t Hoff plot was used by plotting In £ as a function of the

Fig. 6 Correlation between In !
[ = 3{,’] and SIRCOOH ]t
at different levels of the reaction
temperature

G (-1-8:B) x+20/(-1-0-P)x+20]

BRCOCH)¢

reciprocal temperature (in units of Kelvin) to determine the
pre-exponential factor, activation energy and enthalpy of the
esterification. The Arrhenius-van’t Hoff plot is shown in
Fig. 7; the pre-exponential factor was obtained from the
intercept of the straight line, while the activation energy (for
forward and backward) and the enthalpy of esterification were
obtained from the slope of the straight line. The pre-
exponential factors of the forward and equilibrium reactions
were 1.9x10% and 2.7%10° L mol™" min™", respectively. The
activation energy for forward reaction was 45.8 kJ mol™". The
high value of the activation energy implied that the
esterification reaction was a temperature-dependent reac-
tion. This high value of activation energy also indicated
that the esterification was kinetically controlled instead
of diffusion controlled [28, 29], which further verified
the assumption of the absence of external and internal
mass transfer resistance in the pseudo-homogeneous ki-
netic model. The endothermic nature of the esterification

@_ Springer
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Table 1 The kinetic parameters for the esterification of PFAD with
methanol using s-MWCNTSs as a catalyst for different levels of
methanol-to-PFAD ratio, catalyst loading and reaction temperature

Reaction parameters Forward reaction rate, k, (L mol™* min™) R?

Methanol/PFAD ratio
8 497x107% 0.9502
10 5.08x107* 0.9722
15 5.77x107¢ 0.9882
20 6.17x107% 0.9329
30 245x%10™ 0.9565
Catalyst loading (wt%)
1.0 4.72x107* 0.9675
1.5 5.66x107% 0.9765
20 6.17x107 0.9329
2.5 6.51x107* 0.9574
3.0 9.81x10™ 0.9920
Reaction temperature (°C)
80 3.05x107° 0.9851
100 6.00x107% 0.9965
150 7.00x107* 0.9363
170 9.80x107* 0.9905
200 1.03x1073 0.9317

of PFAD with methanol was confirmed due to the
positive value of the reaction enthalpy (84.1 kJ mol™).

However, the activation energy for the backward reaction
was found to have a negative value (~38.3 kJ mol™") that was
much smaller than the activation energy of the forward reac-
tion. The negative or low activation energy indicated that the
reaction rate decreased when the reaction temperature in-
creased, which also meant that the reaction was mass transfer
controlled {35, 28, 36]. Therefore, for the reversible endother-
mic reaction, such as esterification, the increase in the reaction

temperature not only increased the reaction rate of the forward
reaction but also suppressed the backward reaction.

Table 2 presents the comparison of the activation energy
exhibited by s-MWCNTs and various biodiesel production
catalysts [37, 26, 38, 39, 27, 28, 4043, 29, 44]. Note that
the activation energy obtained in this study was actually lower
than the activation energy exhibited by most of the catalysts,
especially the popular KOH. A lower activation energy indi-
cated that a heterogeneous progess is not necessarily more
energy intensive than the homogeneous process in biodiesel
production. As defined in Eq. 12, the esterification reaction
rate is inversely proportional to the activation energy, in which
the lower the activation energy is, the higher is the reaction
rate. The reaction can be effectively enhanced by the reduction
of the activation energy. Therefore, the s-MWCNTs appear to
be an attractive and promising alternative for the catalyst in
biodiesel production because of the lower activation energy
required for the reaction.

Goodness-of-Fit of the Experimental Data to the Developed
Kinetic Model

After all the kinetic parameters were determined, the model
was used to simulate the predicted PFAD conversion at the
reaction conditions used in the actual experiments.
Equation 11 was used to compute the simulated PFAD con-
version. Figure 8 shows the correlation between the simulated
and experimental PFAD conversions. A line of unit slope with
almost perfect fit with many points corresponding to zero
error between the experimental and predicted values was
observed. The simulated values matched the experimental
values very well, with R value very close to unity of
0.9853. This agreement indicated that the developed kinetic
model was reliable in representing this particular esterification
reaction system and can thus be used to predict the PFAD

# Forward reaction
@ Equifitelum reaction

A Backward reaction

y= 460815 - 16.47
R*=0.9504

y=-10115x + 20.719
Ri=09643

y=-5507c+ 52493
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Fig. 7 Arhenius-van't Hoff plot 1
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Table 2 Comparison of the activation energy of biodiesel production using different catalysts
Oil source Reaction Catalysts Catalyst Alcohol  Alcohol-to-oil Activation Reference
teniiperature loading source molar ratio energy
°C) (wt% of oil) (IJ mol™)
PFAD 170 s-MWCNTs 30 Methanol  20.0 45.80 This study
Palm oil 50-65 KOH 1.0-1.2 Methanol 6.0 147.70 k37
Oleic acid 50-100 Acid sulphonic resin, 3.5-88 Methanol  8.3-10.7 5858 [26)
Relite CFS
Free fatty acids in 90-120 Purolite CT275 20 Methanol 6.6 (methanol/free  70.34 (38])
vegetable oils fatty acid)
Brassica carinata oil 25-65 KOH 1.5 Methanol 6.0 209.21 [39)
Sunflower oil 60 H;SO4 5.0 (based on Methanol  60.0 (methanol/ 50.75 27
oleic acid) oleic acid ratio)
Fatty acid by enzymatic 60-80 Cation-exchange resin, 26.8 Methanol  1.0-20.0 59.44 [28])
hydrolysis of soybean oil Dowex Monosphere 88
Palm oil 130-160 Methanesulphonic acid 0.05 Methanol 10.0 15.84 [40]
130-160 H,S0, 0.05 Methanol  10.0 2731
Jatropha oil 50-70 KNOy/ALO; 6.0 Methano!  12.0 112.79 [41]
Soybean oil 65 SO 20 Methanol 12.0 40.17 [42]
65 Ca(OCH,CH;), 20 Methanol 12.0 5439
65 Ca0 20 Methanol  12.0 81.17
65 Ca(OCH3)2 20 Methanol  12.0 73.64
Waste cooking oil 65° Amberlyst-15 4.0 Methanol  15:1 77.17 [43)
Fatty acid by enzymatic 30-70 HCI 0.1-1.0 M Methanol  1.0-20.0 44.86 [29]
hydrolysis of soybean oil
Ceiba Pentandra oil 65 KOH 1.0 Methanol 6.0 105.42 (44)

conversion of the reaction under other operating parameters as

well.

Reusability and Leaching Analysis

The most significant advantage for using heterogeneous catalysts
over homogeneous catalysts is the ability of the heterogeneous
catalysts to be recovered, reused and regenerated. Therefore, the

Fig. 8 Corvelation between the
simulated and the experimental
FAME yield

i
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Kxperimontal PFAD conversion
g 2 2 8 % 8
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s-MWCNTs were subjected to five consecutive runs to evaluate

the reusability of the catalysts under the reaction conditions:
reaction temperature of 170 °C, methanol-to-PFAD ratio of 20,
catalyst loading of 3 wt% and reaction time of 2 h. After each
run, the reaction mixtures were carefully separated, and then the

s-MWCNTs were recovered and washed with methanol before
being subjected to a new reaction run with fresh reactants. The
FAME yield achieved by the ssMWCNTS in five consecutive
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ot .
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Fig.9 Reusability of the s- 951
MWCNTs and the regenerated s-
MWOCNT: in the esterification of
PFAD under reaction conditions:
methanol-to-PFAD ratio of 20,
catalyst loading of 3 wt%,
reaction temperature of 170 °C
and reaction time of 2 h
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runs is shown in Fig. 9. Although the catalytic activity of s-
MWCNTs declined with repeated use, they were still able to
maintain the FAME yield at 75 % after five catalytic runs. As
reported in the literature, for alkaline earth metal oxide catalysts,
such as Ca0, BrO and SrO, the FAME yields dropped signifi-
cantly to the level below 30 % at the third use; even under an
ultrasonic-assisted reaction, the FAME yields achieved at the
third use were still below 70 % [45]. In addition, for sulphated
zirconia, tungstated zirconia or even some popular commercial
biodiesel catalysts, such as Amberlyst-15, Nafion NRSO and
ETS 10, the triacetin conversion was reported to be lower than
30 % at the fifth use of the catalysts [46]. Therefore, the s-
MWCNTs exhibited better catalytic performance and higher
reusability than the conventional biodiesel catalysts. The de-
crease in the catalytic activity of the s-MWCNTs may be due
to two reasons: the blockage of acid sites by the deposition of
organic matter on the catalyst surface and the leaching

Fig. 10 FT-IR spectra of spent s-
MWCNTS for different repeated
reaction runs: a first use, b second
use, ¢ third use, d fourth use, and e
fifth use

2 3 4 5
Reaction cycle

of the sulphonic groups into the reaction medium [47,
48, 22].

The hypothesis of the deactivation of s-MWCNTs due to
acid site blockage by hydrocarbon species was rejected based
on the FT-IR analysis. Figure 10 shows the IR spectra in the
range of 400-4000 cm™" for the reused s-MWCNTS from the
first to the fifth run. The absence of strong signals at 1600—
1860 cm™ indicated that carbonaceous materials, such as fatty
acids and FAME, were not present on the surface of the s-
MWCNTs. This lack of blockage by hydrocarbon species
further indicated that the simple methanol washing used in
this study can effectively remove the fatty acids or FAME that
adsorbed onto the catalyst surface.

The leaching of sulphonic groups into the reaction medium
was determined according to the ASTM D5453 testing meth-
od. Prior to testing, the reaction product mixture was not
subjected to any washing or purification treatment. The test
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Fig. 11 NH;-TPD profiles for the ] Weak acid sites
as-synthesised and regenerated s-
MWCNTs
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result indicated that the sulphur content in FAME was 0.01 %.
Therefore, the declining catalytic activity of the ss-MWCNTSs
was due to the leaching of sulphonic groups into the reaction
medium. Although the TPD analysis shown in Fig. 11 dem-
onstrated that the acid strength of the as-synthesised s-
MWCNTSs occurred at 250 °C, leaching of the active sites into
the reaction medium at a reaction temperature of 170 °C was
still possible. However, the leaching of the sulphonic groups
suffered by the s-MWCNTs was not at a severe level because
the sulphur content in the reaction product complied with the
ASTM D6751 standard, in which the maximum limit of
sulphur content is 0.05 %.

Regeneration of s-MWCNTSs

Regeneration of the spent catalyst was required because the
catalytic activity of the s-sMWCNTs declined after repeated
use. Reflux in concentrated acid (H,SO,4) was used to regen-
erate the spent s-MWCNTs* After acid regeneration, the re-
generated s-MWCNTSs were subjected to another five consec-
utive esterification runs under the same reaction conditions,
and the FAME yields achieved are shown in Fig. 9. The results
indicated that the activity of the regenerated s-MWCNTs was
restored to its original level. Moreover, the regenerated s-
MWCNTSs exhibited better and higher catalytic performance
than the un-regenerated s-MWCNTSs because the high FAME
yields of 86.2 % can be obtained after five repeated uses. The
improved catalytic performance of the regenerated s-
MWCNTs was due to the increase in the acid site density after
acid regeneration. In comparison to the as-synthesised s-
MWCNTs with an acid side density of 0.03 mmol g™' (deter-
mined by pulse chemisorption), the acid density of the regen-
erated s-sMWCNTS increased significantly to 0.28 mmol g™'.
In addition, the strength and thermal stability of the acid sites
of the regenerated s-MWCNTs were improved after acid

200 250 300 150 400 450 200
Temperature, °C

regeneration. As shown in Fig. 11, the ammonia desorption
peak of the regenerated s-MWCNTs was extended to 400 °C,
which was a much higher temperature compared to the as-

Fig. 12 TEM images of the as-synthesised and regenerated s-MWCNTSs:
a as-synthesised s-MWCNTSs (scale bar of 500 nm) and b regenerated
s-MWCNTs (scale bar of 500 nm)
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synthesised s-MWCNTs, in which the ammonia desorption
peak was observed at 250 °C.

Figure 12 shows the TEM images of the as-synthesised
s-MWCNTs and the regenerated s-MWCNTs. The TEM
observations revealed that the as-synthesised s-MWCNTs
possessed a longer open-ended tube length (Fig. 12a) com-
pared to that of the regenerated sSsMWCNTs (Fig. 12b).
After acid regeneration, the s-MWCNTSs were cut into
shorter tubes, as highlighted in Fig. 12b. Therefore, the
surface area available for the esterification reaction was
enhanced.

Conclusion

The present study demonstrated the high potential and promise
of the use of ssMWCNTs as a catalyst for biodiesel production
from a typical low-grade industrial by-product PFAD. A high
FAME yield of 93.5 % was obtained under the following condi-
tions: reaction temperature of 170 °C, methanol-to-PFAD ratio of
20, catalyst loading of 3 wt% and reaction time of 2 h. The
kinetics of the esterification of PFAD with methanol was well
represented by a pseudo-homogeneous model because of the
good agreement between the simulated and experimental
FAME yields. The lower activation energy observed in this study
indicated that the esterification catalysed by s-MWCNTS can
proceed at a faster reaction rate than that of the common hetero-
geneous catalysts used in biodiesel production. In addition, the s-
MWCNTs used in this study exhibited high reusability: the
catalyst can maintain a FAME yield of more than 75 % after
five repeated reaction runs. The reduction in catalytic activity of
the s-MWCNTSs was due to the leaching of sulphonic groups into
the reaction medium. However, the leaching effect was not
severe because the sulphur content of the FAME obtained still
complied with the intemnational standard. Acid regeneration was
found to increase the catalytic activity and the strength of acid
sites because the acid site density was increased and the thermal
stability of acid sites was extended up to 400 °C. A FAME yield
of 86.2 % was produced by the regenerated s-MWCNTS at the
fifth repeated run.
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In recent decades, pervaporation bas been one of the most studied
membrane separation processes and bas undergone substantial
progress and exciting breakthroughs due to ils effectiveness in sepa-
rating azeotropic mixtures and its low energy consumption. Often,
pervaporation processes are operated using a solid membrane.
However, the inberent limitations of solid membranes prompted
the use of supported liquid membranes (SLMs), which are formed
by immobilizing the liquid membrane with a porous supporting
membrane. The idea of using a SLM in pervaporation is attractive
because the rate of molecular diffusion in liquid is much higher
than that in a solid membrane. This short article reviews the role
of SLMs as a pervaporation membrane. The effects of operating
parameters on the pervaporation performance of SLMs as well as
concerns on the stability of SLMs and methods to improve its sta-
bility are discussed. At the end of this article, we propose the use of
carbon nanotubes (CNTs) in SLMs and perform an evaluation of
the commercial value of SLMs.

KEYWORDS  Pervaporation, supported liquid membrane, carbon
nanotubes

Received 24 February 2012, Accepted 23 July 2012

Address correspondence to Soon Huat Tan, School of Chemical Engineering, Engineering
Campus, Universiti Sains Malaysia, Seri Ampangan, 14300, Nibong Tebal, SPS, Pulau Pinang,
Malaysia. E-mail: chshtan@eng.usm.my

?
62



Downloaded by [Universiti Sains Malaysia] at 18:37 11 July 2013

Liquid Supported Membranes for Pervaporation Process 3 63

INTRODUCTION

Coined from two terms (permeation and evaporation), pervaporation is a
membrane separation process that has undergone substantial progress and
exciting breakthroughs during the past few decades. The phenomenon of
pervaporation was first observed by Kober (1), who defined the term when
reporting the selective permeation of water from aqueous solutions of albu-
min and toluene through a cellulose nitrate film. In general, pervaporation
involves 2 membrane that serves as a selective barrier between two compart-
ments that regulates the transport of specific substances that possess a high
affinity for the membrane. Unlike other membrane processes, the permeation
of substances in pervaporation involves a phase change from liquid to vapor.
Often, a vacuum pump or sweeping gas is employed at the downstream side
to create a driving force for continuous mass transport. Pervaporation is con-
sidered to be a clean technology or a pollution prevention alternative that
is suitable for the treatment, recycling and reuse of contaminated water (2).
Compared to other conventional separation processes, the low energy con-
sumption and high efficiency of pervaporation in separating azeotropic mix-
tures are advantages that have increased its viable application in the dehy-
dration of solvents (3, 4) and the separation of organic liquid mixtures (5, 6).

The pervaporation membrane plays a significant role as a separation bar-
rier, with a primary function in selectively controlling mass transfer. Hence,
the selection of the proper membrane material is a critical task. Generally, the
selection of membrane material depends on the permeation flux, selectivity
and stability of the membrane (7). As shown in Eq. (1) and (2) (8), the
permeation flux (J) quantifies the permeated component (Q) through a spe-
cific surface arca (A) over a given unit of time (2); the selectivity, a, describes
the affinity of the membrane toward the specific component in"the binary
mixture.

_Q
J= At M
W
*= &%) 2

where X and Y refer to the weight fractions of components i and j in the
feed and permeate streams, respectively. Membrane stability is defined as the
capability of a membrane to maintain both its permeability anc(ia selectivity
under specific system conditions for an extended period of time.

Over the past decade, most pervaporation processes have involved
the use of solid membranes. Polymeric membranes, including poly(vinyl
alcohol) (9-13), poly(vinyliden difluoride) (14-19), polysulfone (20-23),
poly(dimethyl siloxane) (24-29) and chitosan (30-33), are commonly used

By
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due to their low cost and ease of handling. However, these membranes
are associated with swelling and weak mechanical properties, which often
reduce the performance of polymeric membrane separations. Though the
emergence of inorganic materials as membranes was able to overcome these
limitations (34-38), the high membrane fabrication cost remains a signifi-
cant constraint on their application in pervaporation processes. Thus, the
deficiencies of these materials have led to increased research on membrane
composed of both polymeric and inorganic materials (39—42). Despite their
excellent mechanical and thermal resistance, the use of these membranes is
not yet practical.

Recently, there has been a new trend of adopting a liquid membrane in
pervaporation processes rather than a solid membrane. Liquid membranes
make use of a liquid phase to serve as a semipermeable barrier. As illustrated
in Figure 1, liquid membranes can exist in various forms and can be classi-
fied as either a bulk liquid membrane (BLM), an emulsion liquid membrane
(ELM) or a supported liquid membrane (SLM) (43). BLMs contain a layer of
bulk liquid membrane that separates the feed and receiving phases, whereas
in ELMs, the liquid membrane forms an emulsion with the receiving phase.
In SLMs, liquid membrane is supported by a porous membrane. Of these
three configurations, the presence of a porous supporting membrane in SLM
demonstrates better stability, making it the most promising candidate as a
pervaporation membrane (44, 45).

This short review focuses on the use of SLMs in pervaporation processes.
First, we introduce SLMs and methods for their preparation. We then follow
with an overview of the use of SLMs in pervaporation and the requirement
of liquid and supporting membranes. In addition, the effects of operat-
ing parameters on the pervaporation performance of SLMs are discussed.
Subsequently, concerns about SLM stability and methods to improve stabil-
ity are presented. Specifically, a proposal on the use of carbon nanotubes
(CNTs) in enhancing SLM stability is presented. Finally, the commercial value
of SLMs is'evaluated.

Porous support

R
(a) (b) (©)

FIGURE 1 Configuration of liquid membrane: (a) bulk liquid membrane (BLM), (b) emulsion
liquid membrane (ELM) and (¢) supported liquid membrane (SLM). T is the feed phase, M is
the membrane phase, and R is the receiving phase.
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SUPPORTED LIQUID MEMBRANES AND THEIR
PREPARATION METHODS

SLMs were first reported by Scholander (46), who used a thin cellulose
acetate filter immobilized with an aqueous hemoglobin solution for oxy-
gen transport in 1960. Studies involving SLMs only started receiving attention
in the 1980s, when researchers found that SLMs were capable of separating
metal and organic compounds and were easy to implement into a continu-
ous flow system (47). Briefly, SLM systems consist of a liquid membrane that
is immobilized in a porous supporting membrane through capillary force.
The SLM system usually appears in two different geometries, a flat sheet or
hollow fiber. A flat sheet SLM is useful in laboratory-scale experiments, and
this system involves simply placing the flat sheet SLM in between the feed
and permeate streams. In contrast, a hollow fiber SLM is preferable for indus-
trial use, as it provides a higher surface area to volume ratio. This system is
mainly composed of a bundle of individual fibers in a cylindrical shell, with
feed solution circulated through the lumen side while permeate flows on the
shell side.

Preparation of the SLM involves the immobilization of the liquid
membrane in the supporting membrane. This immobilization is often imple-
mented using either direct immersion (48) or a pressure- (49, 50) or
vacuum-based technique (51, 52). In direct immersion, immobilization is
achieved by immersing the supporting membrane into the liquid membrane
for a period of time. With a pressure-based technique, the supporting mem-
brane is filled with the liquid membrane and subjected to nitrogen pressure
to force the liquid membrane into the pores of the support. The pressure
is released once a thin layer of liquid membrane is formed on the support-
ing membrane (53). Using a vacuum-based technique, a vacuum suction is
applied after the supporting membrane is submerged in the liquid membrane
so the air from the pores can be released and enable the liquid membrane
to fill in the porous structure of the supporting membrane (53).

OVERVIEW OF THE SUPPORTED LIQUID MEMBRANE
IN PERVAPORATION

Pervaporation using SLMs has long been suggested (54-56). The idea of
using SLMs is attractive because molecular diffusion is much higher in liquid
than in solid materials like polymeric or inorganic membranes. The diffusion
coefficient in liquid phase is reported to be at least 3 to 4 times higher than
in solid phase (57, 58), which could promote higher flux and selectivity.
Moreover, it is well known that a membrane with higher selectivity consumes
less energy, while a membrane with higher flux requires a smaller surface
area (59). Therefore, a high efficiency separation SLM can be prepared with
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a small amount of liquid membrane, resulting in a lower capital cost and
decreased usage of the expensive liquid (60-63).

Similar to solid pervaporation membranes, the transportation of the
targeted component across the liquid membrane can be explained by the
solution-diffusion model, which is a combination of the following three
fundamental steps (64):

i) sorption of the targeted component from the feed liquid to the
membrane,

ii) diffusion of the targeted component in the membrane and

iii) desorption of the targeted component to the vapor phase on the
downstream side of the membrane.

Based on the solution-diffusion model, the transport mechanism of
the targeted component in the liquid membrane consists of either simple
permeation or facilitated transport. Both mechanisms obey Fick’s law, where
the solute is transported from high to low chemical potential. In simple
permeation, the targeted component passes through the membrane based
on its solubility in the liquid membrane. The targeted component remains
in the same form without any reaction during the transfer (47). Facilitated
transport involves the use of a carrier to mediate the transport of the tar-
geted component. This method is useful for targeted components that have
lower solubility in the liquid membrane. The purpose of adding a carrier is to
form a complex that is soluble in the liquid membrane by reversibly reacting
with the targeted component at the feed-membrane interface, releasing it on
the permeate side (47). However, it is important to ensure that the complex
formed is not soluble in the feed solution. The mechanisms of simple and
facilitated transport in SLM systems are shown in Figure 2.

The use of a SLM as a pervaporation membrane creates a tendency
toward higher selectivity and permeation flux. Prior to its application in

(b)

FIGURE 2 Schematic mechanism of (a) simple transport, and (b) facilitated transport in sup-
ported liquid membranes (SLM). S is the solute to be separated, C is the carrier, F is the feed
phase, E is the liquid membrane and R is the receiving phase.
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pervaporation processes, it is necessary to ensure that the partial pressure of
the targeted component is high enough to provide a driving force for separa-
tion. Furthermore, the requirement for the liquid and supporting membranes
should be considered so that the SLM can be successfully applied in the
pervaporation process.

Requirements for the Liquid Membrane

The liquid membrane greatly influences the transport properties and stability
of the SLM. The most important aspect to be considered is the solubility of the
targeted component in the liquid membrane, as the transport of the targeted
component across the SLM depends on this property, and a liquid membrane
with high solubility toward the targeted component should be chosen. The
viscosity of the liquid membrane is critical in controlling the quality of the
immobilized liquid membrane and the SLM stability. A liquid membrane with
low viscosity makes the immobilization process easier and creates a thin lig-
uid membrane layer. However, under high vacuum, the low viscosity causes
the displacement of the immobilized liquid from the supporting membrane,
eventually compromising the stability of the SLM (65, 66).

The volatility of the liquid membrane indicates the susceptibility of the
liquid membrane vaporization and therefore should be as low as possi-
ble. This should minimize the possibility of liquid membrane loss through
evaporation (67, 68). Surface tension is responsible for holding the immo-
bilized liquid membrane in the pores of the supporting membrane (69, 70).
Generally, it is desirable for the liquid membrane to have low surface tension
so that it can wet the supporting membrane by forming a zero or near-zero
contact angle.

Since the early development of SLMs as pervaporation membranes,
organic solvents have been a popular choice for the liquid membrane due to
their high solubility toward liquid solutes. The most commonly used organic
solvents are hydrophobic ethers and esters, hydrocarbons and long chain
alcohols. Other than organic solvents, recent studies have suggested using
ionic liquids as liquid membranes (67, 71-73).

Ionic liquids are organic salts composed of a combination of mostly
cations and anions or short-lived ion pairs, with a melting point below
100°C (74). They have been recognized as a possible environmentally benign
alternative to the classical organic solvents due to their ability to dissolve a
large range of organic molecules and transition metal complexes (75-77).
In addition, ionic liquids possess negligible vapor pressure, high thermal
stability and non-flammability (71, 78, 79). Ionic liquids are often called
“tajlor-made or tunable materials” because their properties can be tuned
according to the desired task using variations of different possible cations
and anions, resulting in a large number of ionic liquids with different proper-
ties (80-83).
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Requirements for the Supporting Membrane

In addition to providing physical stability and chemical resistance, the sup-
porting membrane serves as a medium to hold the liquid membrane and
plays a key role in determining the separation efficiency of the SLM. In gen-
eral, the sdpporting membrane for the SLM is selected based on its surface
characteristics, porosity, pore size, porous structure, thickness, and tortuosity
and the mechanical and chemical properties of the support material (84-86).

The surface of the supporting membrane can be either hydrophilic or
hydrophobic, according to its affinity for water molecules, and thus reflects
the wettability of the supporting membrane, which affects the interaction
between the liquid and supporting membranes. Proper selection of surface
characteristics allows more efficient immobilization. Support porosity indi-
cates the percentage of the void space present in a predetermined volume.
This property determines the total amount of liquid membrane that can be
immobilized because the SLM is formed by filling the pores of the support-
ing membrane with the liquid membrane. Thus, a supporting membrane
with high porosity is preferable.

Meanwhile, a supporting membrane with a smaller pore size is favor-
able due to the increased surface area on which the liquid membrane can
be immobilized and the increased contact between the liquid membrane
and the feed solutions (87). Moreover, smaller pore size is also one of the
key ways of enhancing SLM stability (88, 89). The porous structure of the
supporting membrane may appear symmetric, where the pore diameters are
uniform over the cross-section of the membrane, or asymmetric, where the
pore diameters vary over the cross-section of the membrane by a factor
of 10-1000. Often, an asymmetric porous structure is chosen over a sym-
metric structure, especially in pressure-driven membrane processes, due to
its unique propertics of a high mass transfer rate and sufficient mechanical
stability (90).

Thickness plays an important role in the mass transport rate. The sup-
porting membrane should be as thin as possible to reduce both mass
transport resistance and the path length for diffusion. However, a thin sup-
port layer is often associated with low mechanical stability, so the thickness
of the supporting membrane should be balanced with maintaining adequate
mechanical strength to withstand transmembrane pressure (85). In addition
to thickness, tortuosity, t, is another parameter that influences the mass
transport rate because it correlates with the diffusion path length. Tortuosity
describes the deviation of the porous structure from a straight line (85, 91)
and can be expressed as the ratio of the actual distance traveled, A/, by the
species per unit length, Ax, of the medium as follows (91):

T=— 3
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Therefore, it is beneficial to minimize the tortuosity of the porous struc-
ture in the supporting membrane to avoid slowing transport across the
membrane (26, 92, 93).

In addition, consideration of the chemical properties of the supporting
membrane is essential, particularly the reactivity of the suppo;ting mem-
brane upon contact with the feed phase. In a pervaporation process, contact
between the supporting membrane and the feed solution is inevitable. The
occurrence of a chemical reaction between the supporting membrane and
the feed solution, especially when dealing with acidic or basic feed solu-
tions, would result in corrosion of the supporting membrane. Aglditionally,
an interaction with the feed solution could induce sorption in the supporting
membrane, causing it to swell. The amount of immobilized liquid mem-
brane would be reduced proportionally to the swelling behavior because
the pore size and pore volume of the support material would decrease sig-
nificantly (94). To avoid any deviation in support morphology, a chemically
inert supporting membrane is preferable. ¢

To date, the most widely accepted supporting membranes are made
from polymeric substances due to their economic feasibility and sim-
ple preparation. Various polymers, including poly(vinyliden fluoride) (50,
95-97), polypropylene (54, 59, 98, 99), polytetrafluoroethylene (100,
polycarbonate (95), cellulose acetate (101) and polyamide (49), are fre-
quently used as supporting membranes. Alternatively, inorganic materials
such as ceramic and zeolite have also been used due to their high physical,
thermal and chemical stability.

APPLICATION OF SUPPORTED LIQUID MEMBRANES
IN THE PERVAPORATION PROCESS '

The application of SLMs in pervaporation processes has been widely studied.
The pervaporation processes primarily addressed in these studies involved
the separation of a volatile fermentation product and volatile organic com-
pounds (VOCs) from dilute aqueous solutions. Matsumara et al. (59 reported
a pervaporation of a dilute aqueous butanol solution using a SLM prepared
by immobilizing oleyl alcohol in a microporous polypropylene support.
A separation factor of 180 was obtained, and the outcome was superior
to separation using 2 solid silicone rubber membrane. Subsequently, a sim-
ilar SLM was integrated with diacetyl fermentation by Ishii et al. (56), and
they reported a permeation flux of 9 gm™2-h~! and a diacetyl selectivity
of 36, with no membrane fouling during operation. In an analogous study,
Christen et al. (55) developed a SLM that consisted of isotridecanol and a
porous Teflon support to extract ethanol produced from a semi-continuous
fermentation of Saccharomyces bayanus. The capability of this SLM to extract
ethanol through pervaporation was evident when the ethanol co;lcentration
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obtained in the collected permeate was 4 times greater than that of the fer-
mentation broth. This SLM demonstrated a separation factor of 7.2 and a
permeation flux of 39 gm~2-h~1,

Qin et al. (59) utilized SLMs in pervaporation processes for the separa-
tion of two different VOCs from their dilute aqueous solutions. Initially, an
SLM assembled from hexadecane and a porous propylene support was used
to separate trichloroethylene from its aqueous solution. Because of the large
partition coefficient between hexadecane and trichloroethylene, this SLM
exhibited a selectivity as high as 30,000. In another pervaporation process,
Qin et al. (98) immobilized the porous propylene support with trioctylamine
and used it to separate acetic acid from its aqueous solution. Their results
showed that the selectivity of the SLM toward acetic acid can reach as high
as 33; however, the permeation flux is relatively low due to the low poros-
ity and high tortuosity of the supporting membrane. The trioctylamine and
porous propylene SLM was later employed by Thongsukmak et al. (99) in a
pervaporation process to remove acetone, ethanol and butanol from aqueous
mixtures. The selectivities of the SLM for butanol, acetone and ethanol were
275, 220 and 80, respectively, while the permeation fluxes were 11.0, 5.0 and
1.2 gom~2h7!, respectively. The permeation fluxes increased as much as
5 times wHen using an ultrathin liquid membrane produced by mixing the
trioctylamine with hexane prior to its immobilization (99, 102).

Yu et al. (103) introduced a hydrophobic ionic liquid, 1-butyl-3-
methylimidazolium hexafluorophosphate (bmim) (PFg), as a third phase
located between an aqueous phase and a plain polydimethylsiloxane (PDMS)
membrane in a pervaporation process to remove acetic acid from its aqueous
solution. They reported an improvement in selectivity compared to using a
plain PDMS membrane and attributed this to the rejection of water molecules
in the ionic liquid phase. The results indicated that using the ionic liquid
as an extractant prior to pervaporation improved the permeation flux and
selectivity of acetic acid.

Izak et al. (89) immobilized an ionic liquid of tetrapropylammonium
tetracyanoborate ((C3H7)4N)(B(CN)y) in a ceramic nanofiltration module and
applied it to the separation of 1,3-propanediol from aqueous solution. The
hydrophobicity of the ionic liquid renders the permeation of 1,3-propanediol
with a selectivity value as high as 177. In another study, Izak et al. (104)
prepared mixtures of PDMS with two different ionic liquids (1-ethenyl-
3-imidazolium hexafluorophosphate (PDMS-IL1] and tetrapropylammonium
tetracyanoborate [PDMS-IL2]) and immobilized the resulting mixtures into
a ceramic ultrafiltration membrane. The SLMs were then used to separate
butanol from water. Higher permeation flux was observed in the presence
of ionic liquid because of the higher diffusion coefficient of butanol in an
ionic liquid. In the pervaporation separation of a ternary mixture of butanol,
acetone and water, the selectivity of acetone and butanol was increased
from 2.3 to 3.2 and from 2.2 to 3.1, respectively, using a PDMS-IL1-based
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SLM in comparison with the PDMS membrane. When using the PDMS-IL2-
based SLM, the selectivity of acetone increased from 2.3 to 7.9, and the
selectivity of butanol increased from 2.2 to 10.9 (105). Due to the higher
selectivity exhibited by the PDMS-IL2-based SLM, it was later applied to
remove acetone-butanol-ethanol (ABE) from a Clostridium acetobutylicum
fermentation (106). They reported that the concentration of butanol in the
permeate had increased more than 5 times compared to that in the culture
vessel, while the other products of the fermentation (ethanol and acetone)
were also enriched several times in the permeate. The effective removal of
ABE using the SLM pervaporation membrane helped the cells survive lethal
butanol concentrations.

The overall pervaporation performances of the SLM are summarized
in Table 1 and the data are compared with the literature on the solid
pervaporation membranes. SLM exhibited comparative permeatian flux and
selectivity in separating the organic compound from its dilute aqueous solu-
tions. Moreover, it is noticed that the selectivity of the membrane could be
greatly enhanced with the use of SLM.

EFFECT OF OPERATING PARAMETERS

Variations in operating parameters, including feed concentration, down-
stream pressure and feed temperature, could influence the separation
performance of SLMs in pervaporation processes. Hence, an analysis of the
influence of different operating parameters is important to understand the
separation characteristics of SLMs.

Effect of Feed Concentration

Variation in feed concentration could significantly affect the separation effi-
ciency of SLMs in pervaporation. According to Fick's laws of diffusion,
solubility and diffusivity are concentration dependent, where molecules tend
to move from regions of high concentration to regions of low concentration.
The presence of a concentration gradient across a barrier or SLM induces a
driving force for the molecule to move across the membrane. Increasing the
concentration of the targeted component in the feed solution would result in
a steeper concentration gradient between the feed side and the downstream
side, intensifying the mass transfer rate of the targeted component to pen-
etrate through the SLM during pervaporation. Qin et al. (98) observed that
both the permeation flux and the concentration of acetic acid in the permeate
increased when the feed concentration of acetic acid was increased because
the high feed concentration creates a high driving force across the SLM.
Similar findings were also reported by Izak et al. (106), who observed that the
permeation of butanol increased with its concentration in the culture vessel.
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TABLE 1 Summary of the studies on the application of SLMs in pervaporation process and comparison of the pervaporation performance of SLMs
with other solid membranes

1Y

Permeation flux

Supported Liquid Membranes Solid Membrane Feed Phase (gm~2h1) Selectivity Ref.
Oleyl alcohol - Butanol/water - 180 G4
supported by microporous
polypropylene
Poly(1-trimethylsilyl-1-propyne) Butanol/water - 78 Qo7n
Polydimethylsiloxane/ceramic Butanol/water - 26 108)
Isotridecanol supported by porous - Ethanol/water 39 7.2 (55
teflon sheet
Polydimethylsiloxane/ Ethanol/water - 11.3 Qo9
polyetherimide
Polydimethylsiloxane/polysulfone  Ethanol/water 265 6.4 Q10
Silicalite filled Ethanol/water 170 4.8 ain
polydimethylsiloxane
Oley! alcohol supported by - Diacetyl/water 9 36 (56
microporous polypropylene
Polydimethylsiloxane/ Diacetyl/water 53 38 Q12)
Polycarbonate
Hexadecane supported by - Trichloroethylene/water - 30,000 G9
polypropylene
Polyetherimide—polyethersulfone Trichloroethylene/water - 5759 Qi3
Cross-linked Trichloroethylene/water - 6000 Q14
poly(acrylate-co-acrylic acid)/
polysulfone
1-butyl-3-methylimidazolium - Acetic acid/water - - 103)

hexafluorophosphate supported
by polydimethylsiloxane

A&
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Trioctylamine supported by - Acetic acid/water - 33 98
polypropylene
Silica-filled polydimethylsiloxane Acetic acid/water 42.09 2.74 (115
Sn-substituted ZSM-5 zeolite Acetic acid/water 490 7.7 116
Tetrapropylammonium - 1,3-propanediol /water® 3.86 177 89

tetracyanoborate supported by

ceramic nanofiltration module
1-ethenyl-3-ethylimidazolium/ -

polydimethylsiloxane supported

by ceramic nanofiltration module

3.1 (butanol) (105)
3.2 (acetone)

Butanol/acetone/water -

€L

Tetrapropylammonium - Butanol/acetone/water - 10.9 (butanol) (105)
tetracyanoborate/ 7.9 (acetone)
polydimethylsiloxane supported
by ceramic nanofiltration module

Silicone rubber-coated silicalite Butanol/acetone/water 16 (butanol) 60 (butanol) Q17
1 (acetone) 10 (acetone)
Hydroxyterminated Butanol/acetone/water - 17.6 (butanol) Q18)
polybutadiene-based 18.9 (acetone)
polyurethaneurea

Trioctylamine supported by - Acetone/butanol/ethanol/ 11 (butanol) 275 (butanol) O]

polypropylene water 5 (acetone) 220 (acetone)
1.2 (ethanol) 80 (ethanoD
Poly(ether block amide) Acetone/butanol/ethanol/ 6.60 (butanol)  13.2 (butanol) Q19)
water 1.05 (acetone) 6.5 (acetone)
0.73 (ethanol) 4.4 (ethanol)
Polydimethylsiloxane/ceramic Acetone/butanol/ethanol/ - 16.56 (butanol)  (120)
water 27.78 (acetone)
7.15 (ethanol)

qP*

3The pervaporation separation of 1,3-propanediol/water mixture was unable to compare because it has been scarcely reported in literature.
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2
Effect of Downstream Pressure

Downstream pressure appears to be a critical factor in maintaining the sta-
bility of the SLM. The downstream pressure is applied to create the driving
force for the transport of a molecule in pervaporation. Lower downstream
pressure isg used to obtain high selectivity and permeation flux, which is in
agreement with Qin et al. (98). They claimed that a lower downstream pres-
sure always leads to a higher permselectivity toward acetic acid. An increase
in downstream pressure would decrease the acetic acid permeation flux as
well as selectivity.

However, a lower downstream pressure could eventually increase the
pressure difference across the SLM, resulting in the loss of immobilized lig-
uid membrane from the supporting membrane (121). Thus, it is important
to ensure that the pressure difference across the SLM does not exceed a
certain critical value so that the liquid membrane is not pushed out from
the pores of the supporting membrane. This critical value, also known as the
minimum transmembrane pressure, P, can be defined as the minimum pres-
sure required to push the immobilized liquid membrane out of the largest
pores. Often, the minimum transmembrane pressure is calculated based on
the Laplace equation as shown below (122):

__2ycosf

Pe=— @
r

where y is the interfacial tension between the feed solution and the SLM,

6 is the contact angle between the membrane pores and the immobilized
liquid membrane and r is the pore radius.

Effect of l';‘eed Temperature

Feed temperature plays a crucial role in determining the solubility and dif-
fusion properties of a SLM. Qin et al. (98) and Thongsukmak et al. (99, 102)
reported that higher permeation flux and selectivity were obtained with ele-
vated temperatures. When subjected to a higher feed temperature, the vapor
pressure of the feed solution would increase and induce a higher driving
force for pervaporation due to the increased difference between the equi-
librium partial pressure on the feed side and the partial pressure on the
permeate side.

Higher feed temperatures also help reduce the viscosity of the liquid
membrane and the resistance to mass transport in the SLM, promoting greater
diffusivity of the targeted component to pass through the SLM (98). Although
higher feedl temperatures enhance the separation properties of a SLM, the
thermal stability of the porous support and the liquid membrane need to be
considered when raising the temperature to avoid any degradation or loss of
the liquid membrane, especially when using an organic solvent.

v
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STABILITY OF SUPPORTED LIQUID MEMBRANES

Although SLMs have many advantages, insufficient stability has always been
an obstacle to its adoption for large-scale applications. This problem is
mainly due to the displacement of liquid membrane, which influences both
the permeation flux and selectivity. Studies on the stability of SLMs have
revealed that the major mechanisms attributed to the displacement of liquid
membrane can be accounted for by progressive wetting of the pores in the
membrane support by the aqueous phase (122-124), the pressure difference
across the membrane (72, 76), dissolution of the liquid membrane in aque-
ous phase (68, 125), the formation of an emulsion in the liquid membrane
(69, 126) and the blockage of membrane pores by precipitation of the carrier
complex (127).

A number of attempts have been made to improve SLM stability. Qin
et al. (98) developed an on-line re-immobilizing technique by periodically
injecting fresh liquid membrane from the shell side. Unlike the conventional
two-exit hollow fiber module, they fabricated a three shell exit module in
their study. The third exit, which was placed in the middle of the shell, was
occasionally used to re-immobilize the liquid membrane in the porous sup-
port material, but was mostly used as an exit for permeate. This technique
was shown to stabilize the operational performance of the SLM. However,
a decrease in permeation flux and selectivity was observed after 500 hours
of operation as a result of the gradual change in the properties of the sup-
porting membrane. This degradation may also be due to the loss of liquid
membrane through evaporation and solubilization to the feed solution during
operation.

Instead of compensating for the loss of liquid membrane through peri-
odic re-immobilization, proactive steps have been taken to prevent the loss
of liquid membrane via surface coating. An ultrathin, plasma-polymerized
coating of nonporous silicone on the outside diameter of the hollow fiber
was suggested by Qin et al. (59). The nonporous silicone coating was
hypothesized to extend the SLM lifetime by dramatically reducing vapor-
ization loss on the permeate side of the SLM without offering any high,
additional resistance to mass transport. This coating made the SLM behave
like a polymer membrane and protected it from sudden trans-membrane
variation. The stability test on the performance of this SLM indicated a 30%
decrease in both permeation flux and selectivity when operated for 4 months.
Alternatively, Thongsukmak et al. (99) coated the porous hollow fiber sub-
strate with nanoporous fluorosilicone. The nanoporous coating on the SLM
demonstrated excellent stability performance over 300 hours without the
need to re-immobilize the liquid membrane and prevented the loss of liquid
membrane to the feed aqueous solution.

Use of a polymer inclusion membrane is another way to stabilize the
SLM (77, 128). This membrane is usually formed as a thin, sstable film
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by casting a viscous mixture solution composed of a liquid membrane, a
plasticizer and a base polymer such as cellulose triacetate and poly(vinyl
chloride) @29). This integrated supporting membrane is considerably more-
stable compared to the conventional SLM system where the liquid membrane
is held in the porous support. The polymer inclusion membrane has been
shown to prolong the lifetime of SLMs under continuous. operation without
any displacement of the liquid membrane (130, 131). The separation effi-
ciency of the polymer inclusion membrane increased with the content of the
liquid membrane (77, 132).

The stability of the SLM can also be improved via gelation of the liquid
membrane (121, 133, 134). Through the formation of a gel liquid mem-
brane, the high viscosity of this solid-like membrane prevents the liquid
membrane from being displaced from the porous support. Gelled SLMs can
be prepared by immobilizing the gelled liquid membrane in the pores of the
supporting membrane or by coating a thin, dense layer on the surface of the
supporting membrane. In addition to good mechanical stability, the gelled
liquid membrane does not create the mass transfer resistance found with
solid membranes and has transport properties similar to that of the liquid
phase (134).

..

CARBON NANOTUBES IN SUPPORTED LIQUID MEMBRANES

As reported by Iijima (135) and Bethune et al. (136), CNTs are seamless
macromolecules with a radius from a few nanometers up to several microm-
eters in length. The walls of CNTs are constructed by a hexagonal lattice of
carbon atoms, with ends that are usually capped by a fullerene structure.
CNTs possess high flexibility, low mass density and a large aspect ratio (137,
138). The excellent mechanical, chemical and thermal properties supplied
by their unique structure make them attractive for use in SLMs.

Since the early development of CNTs, they have been widely used
as a reinforcing agent in polymer matrices to form a new class of mem-
branes, namely, nanocomposite membranes. Upon the incorporation of
CNTs, nanocomposite membranes are found to enhance the properties of
a polymer matrix, including its mechanical, chemical and thermal stability
(139), and extend the lifetime of the membrane. These enhanced proper-
ties enable nanocomposite membranes to replace conventional polymeric
or inorganic membranes and serve as the supporting membrane for SLMs.
Using a nanocomposite supporting membrane would increase the robust-
ness of the resulting SLM and allow it to operate in a harsh environment.
Often, the nanocomposite supporting membrane can be prepared through
a phase inversion process (140-143), which involves the preparation of sus-
pended CNTs in a polymer solution (CNTs/polymer) followed by casting of
the solution on a glass plate.
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Subsequently, the casting solution is immersed into a nonsolvent to
allow for precipitation through the exchange of the solvent and nonsol-
vent, and a thin film porous membrane is formed. The stability of the
nanocomposite SLM could be affected by the CNT content because this
controls the porosity and pore size of the nanocomposite supporting mem-
brane. Morphological studies on the nanocomposite membrane reported that
an increase in CNT content may reduce the pore size of the' nanocom-
posite supporting membrane (142-144) due to the increased viscosity of
the CNTs/polymer solution resulting from an increase in CNT content. The
increased viscosity can suppress the overall diffusion between components
in the phase inversion system by delaying the exchange of solvent and
non-solvent (145), slowing down the precipitation rate and restraining the
formation of larger pores. £

The use of CNTs also permits endohedral functionalization, where
the inner cavity of CNTs offers space for storage of the liquid membrane
(146,147). Chen et al. (148) demonstrated the immobilization of an ionic lig-
uid, (bmim)(PFg), in the inner cavity of CNTs. Continuously impregnated tubes
observed in HRTEM images indicates the encapsulation of (bmim) (PFg) in
the hollow interior of CNTs. The small inner core diameter provided by the
CNTs could minimize the possibility for displacement of the liquid membrane,
which increases the surface area of the immobilized liquid membrane.

The use of CNTs has the potential to become a new trend in the design
of SLMs. In addition to enhancing the properties of the supporting mem-
brane, the use of CNT can improve the stability of the SLM. Unfortunately,
to our knowledge, there have been few, if any, studies involving the use of
CNTs in SLMs.

COMMERCIAL VALUE AND ECONOMIC ASPECTS OF SLMS

To date, SLMs are not a commercially viable technology. However, their
potential in industrial applications is apparent. As previously mentioned,
the high molecular diffusion in the liquid phase enables the separation of
the targeted component in an SLM with a small volume of liquid mem-
brane. This advantage makes it appealing for industrial applications in
which a high efficiency separation method is necessary. The ability of
SLMs to be designed and operated in a hollow fiber module fulfills the
requirement for industrial use by providing a high surface area to volume
ratio and promoting mass transfer. In addition, hollow fiber SLMs can be
easily scaled up to a larger capacity. The materials needed for the fabri-
cation of SLMs for industrial purposes are readily available. Fgr instance,
the hollow fiber membrane contactor is commercially available with an
area up to 220 m? (61). Furthermore, the improved stability shown in
SLMs through modification strategies, including surface coating or gelation,
certainly increases its commercial value.
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From an economic perspective, the major concern when using SLMs is
the capital cost. Although the use of an ionic liquid as the liquid membrane
in SLMs might not be cost effective due to the high cost of ionic liquids,
the small volume required for highly efficient separation could eventually
offset its cdpital cost. There is also the potential to integrate SLMs in a hybrid
process, which is often considered an effective way to reduce energy con-
sumption and capital cost. Previous studies reported (99, 106) the ability of
SLMs to separate solvents such as acetone, butanol and ethanol present in
fermentation broth and showed the potential of integrating the SLM into the
fermentation broth. This hybrid process allows the production and separa-
tion of solvents to occur simultaneously, thereby enabling mass production
of solvent and increasing the gross revenue from production.

CONCLUSION

SLMs are one of the configurations of liquid membranes that offer better
stability compared to bulk and emulsion liquid membranes. Its advantage in
providing greater molecular diffusion makes it attractive as a pervaporation
membrane. However, SLMs can operate in a pervaporation process only if
the liquid membrane possesses a lower vapor pressure and the partial pres-
sure of the targeted component is high enough to create a separation driving
force. Previous studies on the application of SLMs in pervaporation processes
have shown the ability of SLMs to separate the volatile fermentation prod-
uct and VOCs from their dilute aqueous solution. Similar to conventional
pervaporation, variation in operating parameters, including feed concentra-
tion, downstream pressure and feed temperature, can eventually change the
separation ‘characteristics of the SLM.

Although the use of SLMs in pervaporation processes offers many advan-
tages, its insufficient stability is often a major obstacle that prevents their
use in large-scale applications. A number of stability studies on SLMs have
proposed several approaches to overcome this limitation, such as con-
tinuous re-immobilization of the liquid membrane, surface coating, and
gelation. 1h addition, the use of CNTs is believed to enhance SLM stabil-
ity through its unique structure and smaller inner core diameter. Based on
the advantages offered by SLMs, there is no doubt that they possess great
commercial value even though they have not yet been applied in industrial
activities.
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The mechanical properties, water absorption, biodegradation,
multiwalled carbon nanotubes (MWCNTS) recovery and reusability
of chitosanfoxidized MWCNTSs nanocomposites were investigated.
The highest Young’s modulus (E) was obtained by the nanocompo-
sites with 0.1 wt.% MWCNTs, while further increase of MWCNTs
loading decreases the tensile strength (TS) and E. The water absorp-
tion and degradation rate of the nanocomposites were decreased by
the loading of MWCNTS; 89.7% of MWCNTSs were recovered by
physical base separation. Thermogravimetric analysis (TGA), scan-
ning electron microscopy (SEM) and tensile test results showed that
the recovered MWCNTSs displayed properties similar to the oxi-
dized MWCNTSs, suggesting the possibility of reuse and recycle.

Keywords Biodegradable; Carbon nanotubes; Chitosan;

Nanocomposites

INTRODUCTION

Over the last decade, carbon nanotubes (CNTs) have
been applied in various applications due to their remark-
able mechanical, electrical, chemical, thermal, optical,
and magnetic properties, high surface area, high flexibility
and low mass density, which lead to many promising appli-
cations. Their potential practical applications have been
reported, for instance chemical sensorsi!), field emitter
devices®, nanoelectronic devices?), electronic devices!),
electrochemical devices™, catalyst support!¥ and biomedi-
cal materialst”). Besides, CNTs also act as a high tensile
strength fiber that enable the reinforcement of mechanical
properties for polymers, such as chitosan®,

Chitosan, a linear polysaccharide composed of f-(1-4)-
linked D-glucosamine and N-acetyl-D-glucosamine!™.
Chitosan is known as a biocompatible, and biodegradable
polymer and has been used in various agricultural and
other applications, such as molecular separation!'%, food
packaging!'"'?, water treatment!'®), artificial skinl'*!%),
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and bone substitutes!''7). However, its poor mechanical
properties are the main limitation to those applications.
In order to overcome this problem, CNTs have been intro-
duced into chitosan to form high performance nanocompo-
sites and hence successfully broadened the applications of
chitosan(®!8-20],

Chitosan/CNTs nanocomposites could be produced by
several common composite processing methods, such as
solution casting and melt processing!?'). Prior to composite
processing, CNTs normally will be functionalized in order
to create hydroxyl (—OH) or carboxylic (—COOH) groups.
These functional groups are important to further improve
the dispersion and alignment stability of CNTs. Besides,
the tensile strength of the nanocomposites was enhanced
via hydrogen bonding between chitosan molecules and
CNTSs’ functional groups'?,

On the other hand, researchers have proposed that
CNTs could pose an occupational inhalation exposure
hazard since they may enter the working environment as
suspended particulate matter of respirable sizes>?%, The
toxicity of the CNTs has raised the high concern in the
society due to its similarities to asbestos in term of shape
and size, which may lead to lung cancer'®), Some animal
and cellular studies by Poland and his co-workers showed
that CNTs can cause toxic responses similar to asbestos
fibersi?%), such as elicit pathological changes in the lungs
and other cardiopulmonary diseases. In addition, CNTs
are practically insoluble and non-biodegradable fibers®?”2%1.
This will result in environmental pollution as well.

The risk of CNTs had become worse due to the expand-
ing production and widespread application of CNTs?,
World production capacity for MWCNTSs exceeded
390 tons in 2008 and reached 1500tons in 2009. Besides,
global production for MWCNTs at year 2015 is projected
to reach 9400 tonsP?). This may lead to a situation whereby
the world would be threatened by the potential hazard and
environmental pollution of CNTs.

In concern to the adverse biological effects of CNTs and
its potential reusability, 3 R (Reuse, Recycling and Reduce)
concept can be implemented to overcome the issues'!l.
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Although many chitosan biodegradation studies have been
conducted by previous researches, but most of them were
focused on drug delivery system®26), food additives®”=8),
biomedical and biotechnological fields™®®#%, Unlike the
previous studies, the present work focused on the reusability
of the MWCNTSs and its recycling efficiency.

The biodegradation of chitosan/oxidized MWCNTs
nanocomposites were analyzed in order to reveal the
effects of MWCNTs on their hydrolytic degradation. This
article presented the preparation of chitosan/oxidized
MWCNTs nanocomposites which consisted of different
MWCNTs wt%, effect of buffer concentration and enzyme
concentration on the biodegradation of chitosan film
and chitosan/oxidized MWCNTs nanocomposites and
MWCNTS recoverability percentage and its reusability.

EXPERIMENTAL
Materials

Low molecular weight chitosan (75-85% degree
of deacetylation and Mw of ranged from 50kDa to
190kDa), pepsin (800-2500U/mg of specific enzyme
activity), sodium acetate (NaAc) buffer and glucosamine
chloride were purchased from Sigma Aldrich. MWCNTs
with purity of >95%, length ranged from 5-15pm and
diameters ranging from 40-60nm were obtained from
Shenzhen Nanotech Port Co. Ltd. Concentrated nitric
acid (65%) and acetic acid (99.8%) were supplied by Merck.

Preparation of the Chitosan/Oxidized MWCNTs
Nanocomposites
Functionalization of MWCNTs with - COOH and — OH
Groups

A mass of 1g of MWCNTs were bath sonicated
(Branson 2510 Ultrasonic) at 42kHz in 100ml of HNO;
for 15min followed by vigorous stirring at 1000 rpm at
room temperature for 48 h. The MWCNTs were collected
on 0.22pym GV Durapore filter paper by filtration and
washed several times with deionized water until the filtrate
gave a neutral pH 7. Finally, the oxidized MWCNTs
residues were dried in the oven at 110°C for 24 h.

Preparation of Samples

Nanocomposites were prepared using the solution
processing method. The 3wt.% of chitosan powder was
added in 2wt.% of acetic acid. It was then stirred at
750 rpm at room temperature until a complete dissolution
was achieved. Similarly, chitosan/oxidized MWCNTs mix-
tures were prepared by adding various wt.% of oxidized
MWCNTs (0.1, 0.3, 0.5, 0.7 and 0.9) to the chitosan
solution. The mixture was stirred vigorously at 750 rpm
for 48h to obtain a homogeneous mixture. The homo-
geneous mixture was dispersed by high power tip sonica-
tion (Hielscher UP200S Ultrasonic) at 24 kHz for 5min,

prior to transferring them into the petri dish. Each petri
dish was filled with 4g of chitosan/oxidized MWCNTs
mixtures.

The chitosan/oxidized MWCNTSs mixtures in the petri
dishes were dried at 60°C for 1h and 45min, and then left
at room temperature for 1 day to further investigate the
effect of drying temperature on the mechanical properties
of chitosan/oxidized MWCNTs nanocomposites. The petri
dishes were then dipped into neutralizing solution of
NaOH-CH;3;CH,OH. Then they were washed with deio-
nized water and heated at 60°Ctfor 10 min, and left at room
temperature for 3 days.

Biodegradation Studies
Effects of Different Solutions on the Chitosan Films
Biodegradation

0.2M NaAc buffer solution (solution A), Smg pepsin
solution in 20ml deionized water (solution B), and 5mg
pepsin in 20m! of 0.2 M NaAc buffer solution (solution C)
were prepared. Chitosan films were immersed separately
into each petri dish that contains 50ml of solution A, B
and C for 3h to investigate the performance of chitosan
films biodegradation.

Effects of Buffer Concentration on the Chitosan Films and
0.1 Wt.% Chitosan/Oxidized MWCNTs Nanocomposites
Biodegradation

First, 20 ml of NaAc buffer solutions were prepared at 5
different concentrations ranging from 0.1 to 0.5 M. 5mg of
pepsin were dissolved in 20 ml of buffer solution. Chitosan
films and 0.1 wt.% chitosan/oxidized MWCNTSs nanocom-
posites were placed into the petri dishes that contain 50 ml
of NaAc buffer solution with various concentrations for 3h
under room temperature in order to investigate their effects
on the biodegradation of the chitosan films and 0.1 wt.%
chitosan/oxidized MWCNTSs nanocomposites.

Effects of MWCNTs on the Chitosan/Oxidized MWCNTs
Nanocomposites Biodegradation

The degradation of the chitosan film and chitosan/
oxidized MWCNTSs nanocomposites were conducted in
pepsin and NaAc solutions (Smg pepsin/20ml 0.2M
NaAc), which named as degradation solution under acidic
(pH 4.6) at room temperature. Chitosan/oxidized MWCNTs
nanocomposites with different loading of MWCNTs, 0 to
0.9 wt.% were placed into the petri dishes each that contained
50 mi of degradation solution.

The samples were left at room temperature for 3 h. The
performance of the chitosan/oxidized MWCNTs nano-
composites biodegradation was predicted based on the
observation of the chitosan/oxidized MWCNTSs nanocom-
posites morphology changes. On the other hand, a similar
experiment was repeated but with the change of the
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condition where 5ml of the solution collected from each
samples for every 30 min for the period of 2h. The trend
of the degradation based on time interval was analyzed.

Recovery of MWCNTSs #

Chitosan/oxidized MWCNTs nanocomposites were
degraded by degradation solution. The resulted degraded
solutions were centrifuged (Sigma Laboratory Centrifuge
4-15) at 12,500rpm for 2h. MWCNTs residues were
removed from each tube and then filtered, followed by drying
in the oven at 110°C for 24 h. The recovered MWCNTs
were placed in a 200ml beaker, which contained 120ml
degradation solution for further treatment to ensure that
all chitosan was completely degraded. The recovered
MWCNTSs were washed with deionized water and followed
by filtration process. Finally, it was dried in the oven
at 110°C for 24 h. The recovery efficiency of the oxidized
MWCNTs, n was calculated based on Eq. (1), where W,
is the weight of the oxidized MWCNTs, and W, is the final
weight of the recovered MWCNTs.

)1=-:,VT?XIOO% (1)

Recycle and Reuse of MWCNTs

The recovered MWCNTSs were reused as a raw material
to fabricate new chitosan/oxidized MWCNTSs nanocompo-
sites which contain of 0.1wt.% of MWCNTs. Tensile
strength comparison was then measured between chit-
osan/oxidized MWCNTSs nanocomposites fabricated from
oxidize<d MWCNTs and’ that using the recovered
MWCNTs.

Characterizations of Biodegradation Process
Visualization on Chitosan Films and Chitosan/Oxidized
MWCNTs Nanocomposites

The degradation of chitosan films and chitosan/oxidized
MWCNTSs nanocomposites were captured every 10 min by
using a Samsung L100 digital camera at ambient tempera-
ture for 3h. The photos were taken at macro mode.

DNS Assay

A calibration curve for glucosamine (GlcN) was prepared
by glucosamine chloride? standard with the increase
of 0.2mg/ml (0 mg/ml to 2.0mg/ml). The evaluation of
biodegradation process was based on the concentration
of reducing sugar, GIcN. Chitosan hydrolysis was evalu-
ated by colorimetric quantification at the wavelength of
535nm using DNS solution ™). Bach degraded sample
was mixed with DNS solution in the volumetric ratio of
2 to 3ml. The mixed samples were placed in hot water
(~100°C) for Smin, under dark condition. The samples
were cooled down in a water bath at room temperature

and then analyzed using a Thermo Scientific Genesys 20
Spectrophotometer. Similarly, degraded specimens were
tested with DNS reagent and the GIcN concentrations were
individually determined. Prior to DNS testing, 0.2 pum
Minisart syringe filter was used to remove any remaining
films or MWCNTs.

Water Absorption

The equilibrium water absorption is defined as the
fraction of the saturated gained weight of the sample. The
values of water absorption were calculated by Eq. (2),
where M, is the initial weight of the specimen, and M, is
the weight of the specimen after dipping in the deionized
water for 24h. The water droplets on the surface of
the dipped specimen were dried with a filter paper before
they were weighed. The average value was obtained based
on five samples.

M= My 00% )

Water ab tion =
ater absorption Ml

Fourier Transformation Infrared (FTIR)

Fourier transformation infrared (FTIR) testing of the
chitosan/oxidized MWCNTSs nanocomposites was conduc-
ted in attenuated total reflectance (ATR) mode, using the
Thermo Scientific Nicolet iS10 model with a diamond as
the internal reflection element wafer. On the other hand,
FTIR spectrum of the oxidized MWCNTs was operated
in transmission mode, where MWCNTs were well-mixed
with dry potassium bromide salt and then pressed to form
a homogenous pellet.

Universal Tensile Tester

Tensile tests were carried out on the Instron Table
Mounted universal testing machine equipped with a
maximum load cell and operated at the crosshead speed
of 1 mm/min at 23°C. All specimens were cut into dumb-
bell shape with the length of 3.8 cm. The thickness of each
dumbbell shape specimen’s neck was measured by using
a 25mm digimatic micrometer (Mitutoyo brand). The
maximum tensile strength and elongation at break were
then determined from the specimens. The average values
of tensile strength (T'S), Young’s modulus (E), and elonga-
tion at break (¢) were obtained based on five samples.

Thermogravimetric Analysis (TGA)

The thermal stability of the MWCNTSs was investigated
by TGA. The specimens were prepared in the powder form
and located in alumina crucible. It was then heated from
30°C to 900°C at the heating rate of 10°C/min in the
presence of air. TGA analyses were run using TA Thermo-
gravimetry SDTQ600V20.0.
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Field Emission Scanning Electron Microscopy (FE-SEM)
and Energy Dispersive Spectroscopy (EDS)

FE-SEM Quanta 450 FEG was used to study the
morphologies of both MWCNTs and chitosan/oxidized
MWCNTs nanocomposites as well as the dispersion
of the MWCNTs in chitosan/oxidized MWCNTs nano-
composites. The images were taken in which 15kV was
used to generate the electron beam.

RESULTS AND DISCUSSION
Mechanical Properties of the Chitosan Film and
Chitosan/Oxidized MWCNTs Nanocomposites

The mechanical properties of the chitosan/oxidized
MWCNTs nanocomposites with different loadings of
MWCNTs were shown in Table 1. The tensile strength
(TS) and Young’s modulus (E) of the 0.1 wt.% chitosan/
oxidized MWCNTs nanocomposites increased by about
7.3%- and 34.0%-fold respectively, as compared to chitosan
film. Olivas-Armendariz et all*¥ and Wang et all®
reported that CNTs managed to improve the mechanical
properties of the chitosan. However, there was a dramatic
drop in the TS and E of the nanocomposite when the load-
ing of MWCNTs was higher than 0.1 wt.%. Even though
acid-treated MWCNTSs managed to reduce the Van der
Waals forces between MWCNTSs, yet further increase of
MWCNTs would cause aggregation of MWCNTSs within
the polymer matrix due to oversaturated of MWCNTs in
the polymer matrix/®22,

Therefore, deterioration of MWCNTSs dispersion
occurred and prohibited the creation of a close interface
between the MWCNTSs and chitosan matrix. In general,
the elongation at break (¢) of the chitosan/oxidized
MWCNTs nanocomposites reduced as the loading of
MWCNTs increased. The chitosan-MWCNTS interface
might have introduced stress concentrations which might
cause the chitosan/oxidized MWCNTs nanocomposites
to fracture at smaller strains. The presence of MWCNTSs
acted as the anti-plasticizer in the nanocomposites since
they provide the rigid constraints that could limit the

TABLE 1
Mechanical properties of the chitosan/oxidized MWCNTs
nanocomposites with different loadings of MWCNTSs

MWCNTs

loading (wt.%) d (MPa) E (MPa) & (%)
0 33.7 1773.1 13.8
0.1 36.2 2376.3 11.6
0.3 11.9 752.0 52
0.5 94 470.4 8.6
0.7 8.9 417.9 7.5
0.9 6.6 360.0 7.1
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chitosan elastic deformation behavior, and hence lowering
the elongation at break of the nanocomposites!*>*4,

Water Absorption of the Chitosan/Oxidized MWCNTs
Nanocomposites

Water absorption is mainly used to determine the
amount of water absorbed by a material. It was found that
the chitosan/oxidized MWCNTSs nanocomposites with 0,
0.1, 0.3, 0.5, 0.7 and 0.9 wt.% MWCNTs absorbed water
of 69.3, 66.2, 65.2, 64.5, 63.3 and 61.3%, respectively, as
shown in Figure 1. Increasing of MWCNTs loading
improved the water-resistance of the chitosan/oxidized
MWCNTs nanocomposites due to hydrophobic nature of
MWCNTSs. The percentage of water absorbed was reduced
about 8% when the loading of MWCNTs increased from 0
to 0.9 wt.%. However, the water absorption of all chitosan/
oxidized MWCNTSs nanocomposites were considered high
due to abundant amount of hydroxyl and free amino
groups existed in the chitosan matrix*’],

FTIR of the MWCNTs, Chitosan Film and Chitosan/
Oxidized MWCNTs Nanocomposites

Figure 2 shows the FTIR spectra of the MWCNTS,
chitosan film and chitosan/oxidized MWCNTSs nanocom-
posites. An absorption peak near 1380cm™! was found
on both FTIR spectra of the MWCNTs, which can be
associated to C—O stretching vibrations®*®¥ and OH bend-
ing deformation in —-COOH"" existed on the surface of
the MWCNTs. A broad absorption peak at 3440cm™
was observed on both FTIR spectra for the OH function-
ality*”*8), Absorption peak at 1650cm™" corresponds to
the amide C=0 stretching vibrations in the chitosan!*’),
and 1580cm™" appeared in the spectra of the chitosan film
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FIG. 1. Water absorption of chitosan/oxidized MWCNTs nanocompo-
sites with different loading of MWCNTs.
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FIG. 2. FTIR spectra of MWCNTS, heated chitosan film and chitosan/
oxidized MWCNTs nanocomposites with loading of 0.1 wt.%, 0.3 wt.%,
0.5wt.%, 0.7wt.% and 0.9 wt.% MWCNTs.

-

and chitosan/oxidized MWCNTs nanocomposites referred
to amide bending vibration in the chitosan!®” and C=C
stretching of the CNTsP!). Peak absorption at 1151 cm™'
attributed to C—O—C asymmetric stretching, 2872cm™'
can be assigned to symmetric C—H stretching vibrations,
1027cm™" and 1060cm~"' were due to C—-O stretching
vibrations, and 3373cm~' correlated to the stretching
vibration of O—~H, the N-H extension vibrations, and inter
hydrogen bonds of the chitosan polysaccharide struc-
ture®®5253], Band due to O=C=0 asymmetric stretching
vibrations provided adsorption peak at 2350 cm™'.

The spectra of chitosan/oxidized MWCNTs nanocom-
posites with the loading of 0.1 wt.%s MWCNTSs exhibited
similar absorption peaks as compared to the chitosan film.
Therefore, this defines that small amount of MWCNTs
added hardly influenced the chemical structure of the
chitosan. The main interaction between both of them was
proposed to be governed by physical adsorption due
to the weak Van der Waals forces.

However, two newly existing peaks which were located
at 2000cm ™! and 2180cm™" were found when the loading
of MWCNTs was 0.3 wt.% or higher for chitosan/oxidized
MWCNTSs nanocomposites. There is a possibility due to
the chemical reactions that took place between the chitosan
matrix and the MWCNTs during the heating process.
This suggested that significant increment in MWCNTSs
might affect the chemical structure of the chitosan in the
chitosan/oxidized MWCNTSs nanocomposites during the
heating process, as given in Figures 3a and 3b.

The amine groups from the chitosan are postulated
undergo amidation reaction with the carboxylic groups
from oxidized MWCNTs in order to form the amide
groups and water molecules are released. It is known that
the amide group is more effective than hydroxyl group to
stabilize the resonance of the double bond of carboxylate
group and thus decrease the C—O bond vibration. On

~
HO OH
e !
% ° %ﬁ\'ﬁ%\oj
Ox
0, € O o Sal .
P c\w i % “o—H
HO | = ~_ 4 KO-\ -
e U § ¢ o
hoan oL °}>c,—-.c<
ANhe - .
H_O\ ,O-H
0\\\\ //’0
e “Con

FIG. 3. Scheme of possible reactions to modify chemical structure of
chitosan and oxidized MWCNTs: (a) amidation reaction; (b) esterification
reaction.
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the other hand, the hydroxyl groups from chitosan are
postulated had undergone Fisher esterification reaction
with the carboxylic groups from oxidized MWCNTs
in order to form the ester groups and water molecules are
released. The oxidized MWCNTSs that treated by nitric
acid contain enough trace acid to act as the driven catalyst
for esterification process. Thus, the addition of an acid
catalyst is not necessary.

Biodegradation Studies

A calibration curve for the interrelationship between
GIcN concentration and Abs was obtained, as provided
in Figure 4.

Effects of Different
Biodegradation

The effect of solution A, B and C on the chitosan films
biodegradation process was studied. Table 2 presents the
GIcN concentrations of the degraded solutions A, B and
C. The degraded solution C that consisted of pepsin and
NaAc buffer solution has the highest GIcN concentration,
followed by degraded solution A and degraded solution B.

Solution on Chitosan Films
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FIG. 4. Calibration curve of absorbance reading on different concen-
tration of GIcN standards.

TABLE 2
GIcN concentration existed in different
degraded solutions

Solution GlcN concentration (mg/ml)
A 0.291
B 0.013
C 0.436
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The degradation rate of the chitosan film in solution C was
hastened where its production of GlcN was about 34-fold
faster than solution B.

The pH of the solution was 4.61, which was lower than
the chitosan pKa 6.3 and hence chitosan films suffered
modifications depending on the present of buffer solution
jonst®*+*3. Moreover, the degradation process was acceler-
ated with the aid of pepsin, where GIcN concentration in
degraded solution C was 49.8% higher than degraded
solution A. Pepsin-catalyzed chitosan hydrolysis; especially
in low weight molecular chitosan and produced a relatively
high level of monomers, such as D-glucosamine and
N-acetyl-D-glucosaminet*®-%8),

The results suggested that enzyme and buffer solution
are necessary for hastening the chitosan biodegradation
process. The morphological changes of chitosan films
in different solutions were analyzed. When the films were
immersed into each solution for 10min, the films
in solution A and C, as shown in Figure 5 a(i) and c(i)
experienced significant swelling whereas film in solution B
showed only slight changes, as depicted in Figure 5 b(i).
The swelling of chitosan films was expected due to its
solubility in the acetic buffer>),

Similar to the DNS test results, the film in solution C
showed the fastest disappearance in comparison to solution
A and B, as shown in Figure 5-a(iii), b(iii) and c(iii). There
was a tiny piece of film still managed to be observed in
solution A. On the other hand, Figure 5 b(iv) shows that
the chitosan film in solution B at 80 min did not have much
difference with its appearance at 10min, as shown in
Figure 5 b(i). The complete disappearance of film in
solution C and A occurred at 60 min (picture not shown)
and 80 min, but it was unpredictable for the film in solution
B. The disappearance of the films was due to the dissolving
process and enzymatic degradation!®),

Effects of Buffer Concentration on the Chitosan Film and
Chitosan{Oxidized MWCNTs Nanocomposites

Table 3 and Table 4 show the biodegradation results
that obtained from varying the buffer concentrations on
chitosan films and 0.1 wt.% chitosan/oxidized MWCNTs
nanocomposites, respectively. The pH values for all buffer
solutions were within 4.43 to 4.82. The degradation
solution with the 0.2M buffer concentration was found
to be the best buffer concentration throughout, as it
attained the highest GIcN concentration not only in
chitosan films, but also chitosan/oxidized MWCNTs
nanocomposites. It was found that biodegradation rate
on chitosan film was slightly faster than chitosan/oxidized
MWCNTSs nanocomposites.

Furthermore, the existence of NaAc buffer was impor-
tant as it could be observed that when buffer concentration
was increased from 0 M to 0.18M, the GlcN concentration
ascended dramatically at 33-fold and 131-fold for chitosan
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FIG. 5. Morphological changes of chitosan films at (i) 10 min, (ii) 20 min, (iii) 40 min, and (iv) 80 min in different solutions: (a) solution A; (b) solution

B; and (c) solution C.

TABLE 3
GIcN concentration released from chitosan
films
Solution GlcN concentration (mg/ml)
0 0.013
0.1 : 0.429
0.2 0.436
0.3 0.384
0.4 0.359
0.5 0.343

TABLE 4
GIcN concentration released from 0.1 wt.%
chitosan/oxidized MWCNTSs nanocomposites

Solution GIcN concentration (mg/ml)
0 0.003
0.1 ¥ 0.393
0.2 0.401
0.3 0.364
0.4 0.352
0.5 0.306

films and chitosan/oxidized MWCNTs nanocomposites,
respectively. However, there was a slight increment in
GlcN concentration when the buffer concentration was

increased from 0.1 M to 0.2M. Nevertheless, the GlcN
concentration was decreasing when buffer concentration
exceeded 0.2 M. It was postulated that when NaAc buffer
concentration higher than 0.2M, pepsin would be
deactivated and hence lowering the degradation rate. The
biodegradation rate of the chitosan films and chitosan/
oxidized MWCNTs nanocomposites was decreased in
the order of 0.2M, 0.1M, 0.3M, 04M, 0.5M, and O0M
NaAc buffer concentrations.

The morphological change of chitosan films that was
immersed in buffer solution with various concentrations
were shown in Figure 6. Similar to the previous test, most
films encountered a swelling stage, followed by disappear-
ance. However, Figure 6 a(i), (ii), (iii) and (iv) revealed that
film immersed in 0 M NaAc buffer solution did not experi-
ence significant morphology changes. Figure 6 f(i) shows
the film that was dipped in 0.5M NaAc undergoing the
highest swelling degree and fastest disappearance. This film
only took 20 min for complete disappearance (picture not
shown). Figure 6 b(ii) and c(ii) show that the films
immersed in 0.1 M and 0.2M NaAc buffer solution at
40 min experienced significant changes where both films
were swelled and dissolved. Figure 6 d(ii) shows that there
was only a slight piece of film remained in 0.3M NaAc
buffer solution at 40min. Moreover, the films immersed
in 0.4M and 0.5M NaAc buffer solution were completely
disappeared, as shown in Figure 6 e(ii) and f(ii).

At 80min, the film immersed in 0.2M NaAc buffer
solution was completely disappeared but a slight piece of
film still remained in 0.1 M NaAc buffer solution, as shown
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FIG. 6. Morphological change of chitosan films at (i) 10 min, (ii) 40 min, (iii) 80 min, and (iv) 130 min in NaAc buffer solution with different concen-

tration: (a) 0 M; (b) 0.1 M; (c) 0.2 M; (d) 0.3M; (¢) 0.4 M; and, (0 0.5M.

in Figure 6 b(iii) and c(iii). Hence, the disappearance of the
films was directly proportionate to the concentration of
NaAc buffer solution. Previous research conducted by
Shepherd et al.® proved that the solubility of chitosan
was increased when the buffer concentration increased. In
comparison, both morphological changes and GlcN pro-
duction were not giving a parallel conclusion. The disap-
pearance of the films was not the key measurement for
chitosan films biodegradation rate. It could be explained
where the disappearance of the chitosan films might due

to the dissolution and biodegradation that occurred
simultaneously.

It was also found through observation that the viscosity
of solution was increasing at the beginning because of dis-
solution, and became diluted after certain period of time
due to the chitosanolytic activity. The disappearance rates
of the films were 40, 50, 60, and 110min for 0.4, 0.3, 0.2
and 0.1 M of NaAc buffer solution respectively (picture
not shown). On the other hand, disappearance rate of the
film in 0 M NaAc buffer solution was undefined.

i ——
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Figure 7 shows the morphology change of 0.1 wt.%
chitosan/oxidized MWCNTs nanocomposites. Figure 7
b(i), c(i), d(i), e(i) and f(i) showed that all films experienced
swelling, except the film that immersed in 0 M NaAc buffer
solution, as shown in Figure 7 a(i). Unlike chitosan film,
the disappearance of the chitosan/oxidized MWCNTSs
nanocomposites was directly proportionate to the concen-
tration of NaAc buffer solution up to 40 min of immersion.
Films that immersed in 0.3M, 04M and 0.5M NaAc

buffer solution were not only swelled, but also dissolved,
as shown in Figure 7 d(ii), e(ii), f(ii). As immersion time
increased, the disappearance of the nanocomposite in
0.2 M NaAc buffer solution was expedited and experienced
full disappearance at the shortest time, as shown in Figure 7
c(iii) and c(iv). Therefore, 0.2 M NaAc buffer solution was
identified as the best concentration to dissolve and degrade
0.1 wt.% chitosan/oxidized MWCNTs nanocomposites.
The full disappearance of chitosan/oxidized MWCNTSs

FIG. 7. Morphological change of 0.1 wt.% chitosan/oxidized MWCNTSs nanocomposites at (i) 10min, (ii) 40min, (i) 80 min, and (iv) 130min
in NaAc buffer solution with different concentrations: (a) 0 M; (b) 0.1 M; (c) 0.2 M; (d) 0.3 M; (e) 0.4 M; and, (f) 0.5 M.
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TABLE 5 nanocomposites was then followed by NaAc buffer
GIcN concentration existed in degradation solution with 04M, 0.5M, 03M, 0.1M and OM.
solution with chitosan film and chitosan/ Similarly, the disappearance of chitosan/oxidized MWCNTs
oxidized MWCNTSs nanocomposites that nanocomposites occurred due to the dissolution and
consisted of different MWCNTs loadings biodegradation process.

GleN Concentration Effects of MWCNTs on the Chitosan/Oxidized MWCNTs

MWCNTSs wt.% (mg/ml) Nanocomposites Biodegradation
0.0 0.436 Table 5 shows the degradation products, GlcN tended
0.1 0.401 to reduce as the MWCNTSs loading in chitosan/oxidized
0.3 0.390 MWCNTSs nanocomposites increased. This result illustrated
0.5 0.366 that by adding of the MWCNTSs, it could lower the
0.7 0.353 degradation rate of the chitosan/oxidized MWCNTSs

. ] : .

0.9 0.318 nanocomposites because of the physical adsorption of the

FIG. 8. Morphological change of chitosan/oxidized MWCNTSs nanocomposites with different loadings of MWCNTs at (i) 10min, (i) 40min,
(iii) 80min, (iv) 130min, (v) 180min in degradation solution: (a) Owt.%; (b) 0.1wt.%; (c) 0.3wt.%; (d) 0.5wt.%; (d) 0.7wt.%; (f) 0.9 wt.%.
(Note: Image f(v) was taken under light bulb).



Downloaded by | Universitl dains Malaysia] at 19:48 UZ UCIODEr Lu14

1246 Y. K. CHENG ET AL.

MWCNTs. The nature hydrophobicity of the MWCNTs
further slowed down the chitosan/oxidized MWCNTs
nanocomposites dissolutiof process and hence hampered
the chitosanolytic activity. Water absorption was found to
have similar trend with biodegradation rate where both of
their performances became poorer as the loading of
MWCNTS: increased.

The amount of degradation products was reduced as
much as 27.1% when the lpading of MWCNTs increased
from 0 to 0.9 wt.%. It was found that 0.1 wt.% chitosan/
oxidized MWCNTs nanocomposites gave the highest
Young’s Modulus and degradation rate among the
nanocomposites. Hence, it was selected as a standard
nanocomposite in the experiment of MWCNTSs recovery.
The disappearance rate of chitosan/oxidized MWCNTs
nanocomposites with different loadings of MWCNTSs
is given in Figure 8.

Figure 8 a(i), b(i), c(i), d(i), e(i) and f(i) show all films
experienced swelling after 10 min of immersion. The swell-
ing degree of the films in degradation solution became
higher after 40 min of immersion. Figure 8 b(ii) showed
that 0.1 wt.% chitosan/oxidized MWCNTs nanocomposite
experienced higher swelling degree as compared to the
nanocomposites loaded with higher wt.% of MWCNTs at
40min, as shown in Figure 8 c(ii), d(ii), e(ii) and f(ii).
The chitosan/oxidized MWCNTSs nanocomposites were
breaking into pieces due to the effect of dissolution and
biodegradation. At 80min, Figure 8 b(iii) showed that
0.1 wt.% chitosan/oxidized MWCNTs nanocomposite
disappeared faster, compared to nanocomposites that
consisted of higher wt.% of MWCNTs, as shown in Figure 8
c(iii), d(iii), e(ii)) and f(iii). Chitosan/oxidized MWCNTs
nanocomposites with lower loading of MWCNTs experienced
a faster disappearance rate. The complete disappearance of all
chitosan/oxidized MWCNTSs nanocomposites in degradation
solution was achieved within 3 h.

Effects of MWCNTs on the Chitosan/Oxidized MWCNTs
Nanocomposites Biodegradation Base on Time Intervals

Figure 9 shows the concentration of GIcN released
from the biodegradation of chitosan/oxidized MWCNTs
nanocomposites that contained of different loadings
of MWCNTs. The concentration of GlcN reduced as the
MWCNT: loading in chitosan/oxidized MWCNTSs nano-
composites increased. All chitosan/oxidized MWCNTs
nanocomposites encountered higher degradation rate at
the first 30 min. The biodegradation rate of the chitosan
film surpassed the rest of chitosan/oxidized MWCNTs
nanocomposites for the first 30min due to chitosan
hydrophilic nature.

After that, the releasing rate of GIcN from the chitosan
film had slowed down. In the period of 30min to 60 min,
GIcN generated from chitosan/oxidized MWCNTSs nano-
composites with the loading of 0.5wt.%, 0.7wt.% and
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FIG.9. GlcN concentration released from chitosan/oxidized MWCNTs
nanocomposites with different loading of MWCNTs based on 30 min time
intervals,

0.9 wt.% MWCNTs increased significantly. This might be
due to the dissolved chitosan molecules released in the
degradation solution in the first 30 min were further hydro-
lyzed into GIcN. The biodegradation rate for 0.1 wt.% and
0.3wt.% chitosan/oxidized MWCNTs nanocomposites
remained constant at 30min to 90min. After 2h, the
amount of GIcN generated from chitosan film was higher
than chitosan/oxidized MWCNTs nanocomposites.
Hence, it could be postulated that the releasing of the GlcN
was reduced when the loading of MWCNTSs increased,
except during the time interval from 60-90 min.

Comparison Between Oxidized MWCNTs and
Recovered MWCNTs
DTG Analyses

The DTG results for the oxidized MWCNTs and recov-
ered MWCNT: (first stage) were shown in Figure 10. The
decomposition temperature for chitosan was about 300°C.
A small peak found around 300°C was due to the remain-
ing nondegraded chitosan films. Besides, the decompo-
sition temperature of the recovered MWOCNTs (first
stage) was shifted to the left, which was lower than the oxi-
dized MWCNTs. The deviation of decomposition tempera-
ture of MWCNTs was due to the remaining chitosan,
which has a lower decomposition temperature.

The remaining chitosan was further degraded by fresh
degradation solution in the second stage. Figure 11 shows
the DTG analysis of oxidized MWCNTs and recovered
MWCNTs (second stage). Based on the DTG data, it
was clearly revealed that all chitosan films had been
detached from MWCNTs and the thermo properties of
the recovered MWCNTs (second stage) were similar with
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FIG. 10. DTG curves of oxidized MWCNTs and recovered MWCNTSs
(first stage) versus temperature.

oxidized MWCNTs. This means the recovered MWCNTSs
can be used to replace the oxidized MWCNTs for the
chitosan/MWCNTs re-fabrication nanocomposites or
other applications. The concept of MWCNTs reuse and
recycling led to reduction of MWCNTSs waste.
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FIG. 11. DTG curves of oxidized M’WCNTS and recovered MWCNTs
(second stage) versus temperature.

SEM of the Oxidized MWCNTs and Recovered MWCNTs
(Second Stage)

It was found that oxidized MWCNTSs and recovered
MWCNTs (second stage) were having almost similar
morphology structure, as shown in Figure 12. The diameter

FIG. 12. SEM with resolution (i) 100kX and (ii) 40kX: (a) oxidized MWCNTS; (b) recovered MWCNTS (second stage).
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TABLE 6
Mechanical properties of the chitosan/MWCNTSs nanocomposites with 0.1 wt.% loading of oxidized
MWCNTS; and recovered MWCNTs (second stage)

Mechanical Recovered MWCNTSs

properties Oxidized MWCNTs (second stage) Variances
TS (MPa) 36.2 323 -10.0
E (MPa) 2376.3 2162.3 -9.0

e (%) 11.6 13.0 12.0

size of both MWCNTSs were measured based on the
average value of 40 random stands of nanotubes from
Figure 12 a(i) and b(i). Both the oxidized and second recov-
ered MWCNTSs have the similar average diameter size of
57.8 nm and 58.5 nm, respectively. It was also observed that
the morphology of both MWCNTSs was almost the same in
Figure 12 a(ii) and b(ii). Hence, the similarities between
both of the MWCNTSs were acknowledged.

Recovery Efficiency of the Oxidized MWCNTs

The weight of the oxidized MWCNTSs used for 60g
chitosan solution was 0.06g for the fabrication of
chitosan/oxidized MWCNTSs nanocomposites with 0.1 wt.%
loading of MWCNTs. The total weight of the recovered
MWCNTs (second stage) was 0.0538g. This meant that
the recovery efficiency, 5, of MWCNTSs was about 89.7%.

Tensile Test Comparison Between Chitosan/Oxidized
MWCNTs and Chitosan/Recovered MWCNTs
Nanocomposites )

The mechanical properties of chitosan/MWCNTSs fabri-
cated from oxidized MWCNTSs and recovered MWCNTs
(second stage) are recorded in Table 6. Comparison
between both chitosan/MWCNTSs nanocomposites was
made and the variant between each property was calcu-
lated. The variants were about 10%, which means the
properties of the recovered MWCNTSs (second stage)
sustained their outstanding mechanical properties, further
evidence of the reusability of MWCNTs.

CONCLUSION

The chitosan/oxidized MWCNTSs nanocomposites pre-
pared by the solution processing method reached the high-
est Young’s modulus when the loading of MWCNTSs was
0.1 wt.%. However, the TS and E of the chitosan/oxidized
MWCNTs nanocomposites decreased dramatically with
the loading of the MWCNTSs higher than 0.1 wt.%. The
main interaction between chitosan and MWCNTs was
physical absorption. Water absorption of the chitosan/
oxidized MWCNTs nanocomposites was reduced with
increased MWCNTSs loadings. The disappearance rate of

the chitosan film and chitosan/oxidizad MWCNTs
nanocomposites was dependent on the dissolution and
biodegradation process.

The GIcN release was increased 33-fold and 131-fold,
correspondingly, for chitosan film and chitosan/oxidized
MWCNTSs nanocomposites, when buffer concentration
was slightly increased from 0 to 0.1 M. The optimum
concentration of NaAc buffer was 0.2 M, and the presence
of pepsin hastened the biodegradation rate of chitosan by
42.5%. The biodegradation rate of chitosan/oxidized
MWCNTs nanocomposites degradation solution was
reduced as the loading of MWCNTSs was increased. Also,
it was found that the purified MWCNTSs with alumina
resulted in a slower biodegradation process compared to
the oxidized MWCNTSs. The chitosan/oxidized MWCNTSs
nanocomposites required 3h for the full disappearance
in degradation solution.

The recovery efficiency of MWCNTSs by physical base
separation was 89.7%. The DTG and SEM results
for recovered MWCNTs (second stage) and oxidized
MWCNTs suggested that they have similarities in terms
of structure and thermal properties. In addition, chitosan/
MWCNTs nanocomposites produced by recovered
MWCNTs further support the potential of MWCNT
reusability. The sustainable properties of MWCNTs
and high recovery efficiency of MWCNTs within the short
period concluded that the 3R concept can be applied
on chitosan/MWCNTs nanocomposites, as well as other
biodegradable polymer/MWCNTSs. Application of the
3R concept on MWCNTSs is not only managed to secure
public health by preventing toxic MWCNTSs from entering
the ecological cycle, but it also does not hinder the growth
of the MWCNTs applications in different nanotechnology
researches.
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Sulphonated multi-walled carbon nanotubes were synthesised and utilised as catalysts to transform
palm fatty acid distillate, the low-value by-product of palm oil refineries, into the more valuable product
of biodiesel. The most common method to prepare carbon-based solid acid catalysts is thermal treatment
with concentrated sulphuric acid, which is a time-consuming and energy-intensive process. Therefore,
the feasibility of other sulphonation methods, such as the in situ polymerisation of acetic anhydride
and sulphuric acid, the thermal decomposition of ammonium sulphate and the in situ polymerisation
of poly(sodium4-styrenesulphonate), were examined in this study. The esterification reaction was per-
formed at 170 °C for 3 h at a methanol to palm fatty acid distillate ratio of 20 and catalyst loading of
2 wt% in a pressurised reactor. The fatty acid methyl esters yields achieved by the sulphonated multi-
walled carbon nanotubes prepared via thermal treatment with concentrated sulphuric acid, the in situ
polymerisation of acetic anhydride and sulphuric acid, the thermal decomposition of ammonium sul-
phate and the in situ polymerisation of poly(sodium4-styrenesulphonate) were 78.1%, 85.8%, 88.0%
and 93.4%, respectively. All catalysts could maintain a high catalytic activity even during the fifth cycle.
Among the sulphonation methods, the in situ polymerisation of poly(sodium4-styrenesulphonate) pro-
duced the catalyst with the highest acid group density. In addition, the resonance structures of the ben-
zenesulphonic acid groups attached to the surface of the multi-walled carbon nanotubes generated
additional active sites for esterification that led to a higher biodiesel yield.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Fatty acid methyl esters (FAME), collectively known as biodiesel,
have been hailed as a potential substitute fuel for petroleum-derived
diesel due to their physical and chemical similarities to diesel.
Biodiesel is superior to petroleum-derived diesel because it is
biodegradable, renewable, clean and non-toxic, exhibits a low
emission profile and is environmentally friendly [1,2]. Biodiesel is
commonly produced from edible oils, such as palm, rapeseed, canola
and sunflower oil. However, the major obstacles in this practice that
prohibit the further development of biodiesel are the fluctuating
price of refined vegetable oils and the food versus fuel issue [3]. In
this regard, the production of biodiesel from non-edible oils, such
as palm fatty acid distillate (PFAD) [4], Jatropha curcas L. seeds, kara-
nja, castor [5], rubber seed, jojoba, waste animal fat [6] and sea man-
go (Cerbera odollum) [ 7] would be a solution to this problem. Among

* Corresponding author. Tel.: +60 4 5996475; fax: +60 4 5941013.
E-mail address: chshtan@eng.usm.ny (S.H. Tan).

heep://dx.doi.org/10.1016/j.enconman.2014.01.035
0196-8904/® 2014 Elsevier Ltd. All rights reserved.

these non-edible oils, PFAD represents a promising feedstock for bio-
diesel production because it is a low-value by-product generated
during the fatty acid stripping and deodorisation stages of the purifi-
cation process carried out in palm oil refineries [4]; thus, PFAD is
much cheaper than other refined oils. Moreover, the high miscibility
of free fatty acid (FFA) in methanol [8] makes PFAD even more suit-
able as a feedstock for biodiesel production because it can reduce the
mass transfer limitation caused by the immiscibility between oil and
methanol [1].

Homogeneous catalysts were the first generation of catalysts
used in biodiesel production. However, the major drawbacks of
using homogeneous catalysts in biodiesel production are the corro-
sion caused by the homogeneous acid catalysts (HCl and H;SO4),
the difficulty to separate catalysts and the generation of wastewa-
ter [9,10]. Therefore, heterogeneous catalysts are preferred to
homogeneous catalysts, because their products are easy to sepa-
rate, the catalysts are reusable and the process is more environ-
mentally friendly [11,12]. Common heterogeneous catalysts used
in biodiesel production include mixed metal oxides, alkali metal
oxides, ion-exchange resins and sulphated oxides. However, these
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conventional heterogeneous catalysts still feature limitations, such
as mass transfer resistance, high catalyst cost and low catalyst sta-
bility because of leaching [11]. Due to the excellent catalyst stabil-
ity induced by the covalent bonding between multi-walled carbon
nanotubes (MWCNTs) with either basic or acidic functional groups
and their high surface areas, MWCNTs can overcome the limita-
tions faced by conventional heterogeneous catalysts and therefore
seem to be good catalyst supports for bicdiesel production.
MWCNTs must be functionalised with acidic groups to convert
PFAD, which contains mostly FFA, to biodiesel. The sulphonic
group (SOsH).has been identified as a promising acid catalyst for
the catalysis of both transesterification and esterification processes
because a high yield of biodiesel can be obtained [11].

The process of functionalising MWCNTs with SO3H is known as
sulphonation [13]. Among the studies reported on the sulphona-
tion of MWCNTs, the process been applied to produce a catalyst
for biodiesel production in two studies (the esterification of pure
oleic acid and the transesterification of cottonseed oil) [14,15].
MWOCNTs sulphonated by other sulphonation methods are usually
used as catalysts for oxidation processes [ 16,17] or to enhance the
metal utilisation in fuel cells | 18). Therefore, the main objective of
this study was to compare and determine the feasibility of
MWCNT-based catalysts produced by various sulphonation meth-
ods, including thermal treatment with concentrated sulphuric acid,
the thermal decomposition of ammonium sulphate, the in situ
polymerisation of acetic anhydride and sulphuric acid and the
in situ polymerisation of poly(sodium4-styrenesulphonate) for
the esterification of the low-value industrial by-product PFAD.

2. Materials and methods
2.1. Materials

MW(CNTs (Shenzhen Nanotechnologies Port Co.), PFAD (obtained
from a local edible oil manufacturing company), nitric acid (HNOs)
(69-70%, JT Baker), sulphuric acid (H,SO,4) (96%, Fisher Scientific),
ammonium sulphate ((NH;),SO,) (Fisher Scientific), methanol and
n-hexane (Fisher Scientific), acetic anhydride ((CH3C0),0) (99%, Ac-
ros Organics), ammonium persulphate ((NH;),S.05s) (98%, Acros
Organics), poly(sodium 4-styrenesulphonate) (PSS) (Sigma Aldrich)
and methyl heptadecanoate (Sigma Aldrich) were used as received.

2.2. Purification of MWCNTs

The process used to purify MWCNTs in this study is similar to
that reported elsewhere in the literature [ 13,19]. A mixture of pris-
tine MWCNTSs (1 g) and HNO; (100 ml) was subjected to 1 h of
ultrasonication treatment before being heated to 80°C for 8 h.
The treated MWCNTs were then filtered, washed with distilled
water until the pH of the filtrate was the same as the pH of the dis-
tilled water and then dried at 120 °C for 12 h to obtain MWCNTSs-
COOH, which were then subjected to sulphonation.

2.3. Sulphonation by in situ polymerisation of poly(sodium4-
styrenesulphonate)

This sulphonation method is similar to that reported elsewhere
in the literature [18]. In this process, 0.4 g of MWCNTs-COOH was
vigorously stirred in a mixture of 0.8 g PSS and 100 ml deionised
water (DI) at room temperature for 10 h. Subsequently, 1.6g
(NH,4)2S205 was added, and the mixture was stirred and heated
to 65 °C for 48 h to initiate polymerisation. After cooling to rcom
temperature, the mixture was diluted with 100 ml of DI water,
followed by sonication for 1 h, and then washed repeatedly with
DI water. The mixture was filtered, mixed with 500 ml of 4M

H>SO,4 and then stirred at room temperature for 24 h. Finally, the
mixture was filtered, washed with DI water until the pH of the
filtrate was the same as that of the pH of distilled water and then
dried at 120°C for 12 h.

2.4. Sulphonation by in situ polymerisation of acetic anhydride and
sulphuric acid

The sulphonation conditions and amount of chemicals used in
this sulphonation method are based on those reported elsewhere
in the literature [16,17]. In this process, 0.2 g MWCNTs-COOH
was loaded into a mixture containing 300ml (CH;C0)0 and
20 ml concentrated H,SO,. The mixture was stirred and heated to
70°C for 2 h, The mixture was then continuously stirred until
reaching room temperature. The resultant product was filtered,
washed with distilled water until the pH of the filtrate was same
as the pH of distilled water and then dried at 120 °C for 12 h.

2.5. Sulphonation by thermal decomposition of ammonium sulphate

The sulphonation procedures and amount of chemicals used in
this sulphonation method were modified according to those re-
ported elsewhere in the literature [18,20]. In this process, 0.4 g of
MWCNTs-COOH was mixed with 30 ml 10% (NH,),SO, solution
and sonicated for 10 min. The mixture was then heated to 235 °C
for 30 min. The mixture was then washed with distilled water to
remove excess (NH,),S0, and dri(;d at 120°C for 12 h.

2.6. Sulphonation by thermal treatment with concentrated sulphuric
acid

This sulphonation method is similar to those reported else-
where in the literature [19). In this process, 1 g of MWCNTs-COOH
was mixed with 50 ml concentrated H,SO; and sonicated for
30 min. The mixture was then stirred for 12h at 250°C under
nitrogen flow (100 ml min~"). After cooling to room temperature,
the product was filtered, washed with distilled water until the
pH of the filtrate was the same as the pH of distilled water and
then dried at 120 °C for 12 h.

2.7. Esterification

The esterification of PFAD was carried out in a pressurised reac-
tor under the following conditions: reaction temperature of 170 °C,
reaction period of 3 h, methanol-to-PFAD ratio of 20 and catalyst
loading of 2 wt%. These reaction conditions were selected based
on the trial and error experimentation conducted prior to this
study. Upon completion of the reaction period, the mixture was
cooled to room temperature and filtered. The excess methanol
was removed using a rotary evaporator. Two layers of liquids
formed after the evaporation of methanol; the upper layer (dark
yellow) was crude fatty acid methyl esters, whereas the bottom
layer was water. The volume of the crude fatty acid methyl esters
was measured and recorded.

2.8. FAME analysis

[

The composition and yield of FAME or biodiesel were analysed
using a PerkinElmer Clarus 500 gas chromatograph equipped with
a flame ionisation detector (FID) and a Nukol™ capillary column. n-
Hexane was used as the solvent, and helium was used as the carrier
gas. The oven temperature was set to 110 °C and then increased to
220 °C at a rate of 10 °C/min. The temperatures of the detector and
injector were set to 220 and 250 °C, respectively. Methyl heptade-
canoate was used as an internal standard {21.22]. The yield of
FAME in the samples was calculated by the following equation:
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Yield(%) = (ZConcentration of each ;r‘;egt:}rli’;s;;rs) x (Volume of oil layer) % 100%

2.9. Catalysts characterisations

The zeta potentials of MWCNTs were measured with a Zetasizer
Nano-ZS (Malvern Instruments). The presence of SO;H groups was
verified by FT-IR analysis using a SHIMADZU IRPrestige-21 spec-
trometer. The strength and density of the acid sites of the catalysts
were determined by ammonia temperature program desorption
(TPD) and pulse chemisorptions, respectively, using a Micromeri-
tics: Auto Chem 11 2920 instrument.

¢
3. Results and discussion

3.1. Acid density and FAME yield achieved by various sulphonated
MWCNTs

Prior to sulphonation, MWCNTs were refluxed in 69.0% of HNO;
at 80 °C for 8 h to remove impurities, such as amorphous carbon,
graphite compounds, fullerenes, metal particles and most impor-
tantly to decorate the ends and sidewalls of MWCNTSs with a high
density of carboxyl groups for the sulphonation process. The acid
treatment was combined with ultrasonication for 1 h to open the
tube caps and create defects in the sidewalls to increase the
oxidation and sulphonation rate of the MWCNTs [23]. As shown
in Table 1, MWCNTs sulphonated via the in situ polymerisation
of 4-styrenesulphonate produced the highest FAME yield of 93.4%.
MWCNTs sulphonated via the thermal decomposition of ammo-
nium sulphate and in situ polymerisation of acetic anhydride and
sulphuric acid produced similar FAME yields of 88.0% and 85.8%,
respectively. Moreover, the lowest FAME yield of 78.1% was ob-
tained for MWCNTSs sulphonated via thermal treatment with con-
centrated sulphuric acid.

Because SOsH groups are active sites for the esterification of
PFAD and methanol, the conversion or yield of FAME is directly
proportional to the density of SO3H groups on the surface of
MWQCNTs. The densities of SO3H groups grafted on the MWCNT
surfaces are listed in Table 1. Among the sulphonation methods,
the in situ polymerisation of poly(sodium4-styrenesulphonate)
yielded the highest acid site density of 0.061 mmol/g. Thus, the
MWCNTs sulphonated via the in situ polymerisation of poly
(sodium4-styrenesulphonate) produced the highest FAME yield
of 93.4%. The acid densities of MWCNTs sulphonated via the
in situ polymerisation of acetic anhydride and sulphuric acid and
thermal decomposition of ammonium sulphate were 0.03 mmol/
g and 0.029 mmol/g, respectively. Therefore, similar FAME yields
were achieved by these two types of sulphonated MWCNTs.
Sulphonation via thermal treatment with concentrated sulphuric
acid produced the lowest acid group density and FAME yield of
0.016 mmol/g and 78.1%, respectively.

3.2. Zeta potential analysis of the sulphonated MWCNTs

The zeta potential is an electrical potential at the boundary of
the hydrodynamic shear plane on the surface of a charged particle

in suspension [24-26]. The magnitude of the zeta potential shows
the degree of repulsion or attraction between the suspended parti-
cles and thus indicates the potential stability of the colloidal sys-
tem [26]. In other words, the zeta potential can also be used as
an indicator to investigate and compare the surface modification
of MWCNTs before and after the acid purification and sulphonation
processes. Zeta potential data for the pristine, purified and sulpho-
nated MWCNTs are shown in Table 2. The zeta potential value for
pristine MWCNTSs in this study was —24.5 mV. Moreover, the zeta
potential values for the purified and the four types of sulphonated
MWOCNTs ranged between —54 and —61 mV. Similarly, the zeta
potentials of acid-purified and oxidant modified MWCNTs are
reportedly more negative than the pristine MWCNTs [25,27-30].
The high negative surface charge of the acid-purified and sulpho-
nated MWCNTs was due to the presence of acidic groups, such as
carboxylic acid and SOsH groups. In general, particles with zeta
potentials more negative than —30 mV are considered stable in
the suspension. Therefore, the zeta potential analysis proved that
the acid purification and sulphonation processes could modify
the surface of MWCNTSs.

3.3. IR spectra analysis of the sulphonated MWCNTs

The FTIR spectra of the purified MWCNTs and the four types of
sulphonated MWCNTSs are shown in Fig. 1. The spectra show signif-
jicant differences between the purified MWCNTSs and sulphonated
MWOCNTSs; the peaks at 1409, 1254, 1062 and 675 cm ™" appear only
in the spectra of the sulphonated MWCNTSs. The peak at 3691 cm™'
was assigned to the —OH groups [31). The formation of —OH
groups on the sulphonated MWCNTSs is very useful because it en-
hances the catalytic activities of the solid acid catalysts [32]. The
band at 1409 cm™! was attributed to the stretching mode of sul-
phate groups [19]. The peak at 1254 cm™" also indicated the pres-
ence of sulphonate groups [33]. Moreover, the absorption peak at
1062 cm™! was attributed to asymmetric and symmetric 0=S=0
stretching vibrations, and the peak at 675 cm™" indicated the pres-
ence of S—O groups on the surface of the functionalised MWCNTs
[34]. In short, the FTIR spectra indicated the feasibility of grafting
SOs;H groups on the surfaces of MWCNTs using the four different
sulphonation methods.

3.4. TPD analysis of the sulphonated MWCNTs

The TPD profiles of desorbed ammonia (NH;) on different sulph-
onated MWCNTs are shown in Fig. 2. The desorption peaks ob-
served at temperatures above 200°C were attributed to strong
acid sites [31]. The TPD results show that the desorption peaks of
all of the sulphonated MWCNTs were observed at temperatures
above 200 °C, which further demonstrates the ability of all tested
sulphonation methods to graft strong acid groups on the surface
of MWCNTSs, although the resulting acid densities are different.
The TPD results also indicate that the sulphonated MWCNTs are
stable at the reaction temperature (170 °C) because of the high sta-
bility of the active sites on the catalysts. Thus, the problem of
leaching of the sulphate groups from sulphonated MWCNTs into

Table 1
Acid density and FAME yield of different sulphonated MWCNTSs.
Method of sulphonation Acid density (mmol/g) FAME yield (%)
MWCNTs sulphonated by thermal treatment with concentrated sulphuric acid 0.016 78.1
MWCNTSs sulphonated by thermal decomposition of ammonium sulphate 0.029 88.0
MWOCNTs sulphonated by in situ polymerisation of acetic anhydride and sulphuric acid 0.030 85.8

MWCNTs sulphonated by in situ polymerisation of poly(sodium4-styrenesulphonate) 0.061 934
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Table 2 the reaction medium can be reduced and thereby enhance the
Zeta potential of pristine, modified and sulphonated MWCNTs. reusability of the catalysts.
MWCNTs Zeta potential, In addition to having the highest density of SOsH groups, the
(mvV) MWCNTSs sulphonated via the in situ polymerisation of poly(so-
Pristine MWCNTSs ~245 diumd4-styrenesulphonate) may have shown highest FAME yield
MWCNTs-COOH ) -54.2 due to the resonance structures generated by the benzenesulphonic
MWCNTs :“':’&0“3:‘?: by the,:l"“' treatment with -57.8 acid group contained in poly(sodium4-styrenesulphonate). The
concentral sulphurnc aci >
MWCNTS sulphonated by thermal decomposition of _s579 presence of the t!lr.ee electronegative oxygen aton}s not or}ly makes
ammonium sulphate SO3H a strong acidic group but also an electron-withdrawing group
MWOCNTSs sulphonated by in situ polymerisation of acetic ~ ~58.2 (EWG). As shown in Fig. 3, when the SO3H group is attached to a
anhydride and sulphuric acid o benzene molecule, it will remove the electron density from the con-
MWCNTS sulphonated by in situ polymerisation of -60.7 jugated = system of the benzene ring via resonance or inductive

poly(sodiumd-styrenesulphonate) electron withdrawal, which deactivates the n system by making it
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Fig. 1. FT-IR spectra of various sulphonated MWCNTSs: (a) purified MWCNTs, (b) MWCNTSs sulphonated by thermal treatment with concentrated sulphuric acid, (¢) MWCNTSs
sulphonated by thermal decomposition of ammonium sulphate, (d) MWCNTSs sulphonated by in situ pelymerisation of acetic anhydride and sulphuric acid and (e) MWCNTs
sulphonated by in situ polymerisation of poly(sodium4-styrenesulphonate).
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Fig. 2. NH3-TPD profiles for different sulphonated MWCNTSs: (a) MWCNTSs sulphonated by thermal treatment with concentrated sulphuric acid, (b) MWCNTs sulphonated by
thermal decomposition of ammonium sulphate, (c) MWCNTs sulphonated by in situ polymerisation of acetic anhydride and sulphuric acid and (d) MWCNTSs sulphonated by
in situ polymerisation of poly(sodium4-styrenesulphonate).
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Fig. 3. Possible active sites for the esterification of PFAD generated by the resonance structures of benzenesulphonic acid group attached to the surface of MWCNTs

sulphonated via in situ polymerisation of poly(sodium4-styrenesulphonate).

Table 3
Effect of catalyst washing after sulphonation via thermal treatment with concentrated
sulphuric acid on the yield of FAME.

Catalysts washing condition FAME yield (%)
Unwashed sulphonated MWCNTs* 95.1
Semi-washed sulphonated MWCNTs" 85.8
Washed sulphonated MWCNTSs® 78.1

? The mixture of MWCNTs and H,SO4 was filtered and directly dried in an oven
without washing with distilled water.

b The mixture of MWCNTSs and H,SO, was diluted with distilled water, filtered
and dried in oven.

¢ The mixture of MWCNTs and H,;SO4 was filtered and washed repeatedly with
distilled water until the pH of the filtrate was the same as the pH of distilled water
before drying in oven.

more electrophilic. However, the presence of positive charges in the
ortho positions via the deactivation of the benzene ring by SO;H
favours an esterification reaction because the charges at these posi-
tions can play a role similar to that of the sulphur atom in the SO;H
group to serve as active sites for the esterification of PFAD with
methanol. Among the four sulphonation methods, only the in situ
polymerisation of poly(sodium4-styrenesulphonate) can produce

sulphonated MWCNTs with benzenesulphonic acid groups, which
possess more active sites for the esterification of PFAD with meth-
ano! and thereby enhance the reaction rate and FAME yield.

Even though the sulphonated MWCNTs prepared via the in situ
polymerisation of poly(sodium4-styrenesulphonate) showed the
highest FAME yield, this particular method required a longer syn-
thesis duration (approximately 4 days) and involved more chemi-
cals and processing steps. Conversely, the in situ polymerisation
of acetic anhydride and sulphuric acid and thermal treatment
using sulphuric acid required the use of concentrated sulphuric
acid as sulphonating agent. This approach will generate wastewa-
ter from the repeating washing process. Sulphonation via the ther-
mal decomposition of ammonium sulphate seems to be the best
method to prepare sulphonated MWCNTSs because this sulphona-
tion method is facile and acid-free.

3.5. Effect of catalyst washing after sulphonation process

Interestingly, the washing of the catalyst after sulphonation is
extremely important because it significantly affects the yield of
FAME. As shown in Table 3, the unwashed sulphonated MWCNTSs

100 -
95 4
90 N a
——MWCNTS: sulphonated by in situ
85 | polymerisation of poly(sodium4-
R styrenesulphonate)
% ~8-MWCNTs sulphonated by thermal
‘S, 80 o decomposition of ammonium sulphate
g —&—MWCNTs sulphonated by in situ
75 1 5 polymerisation of acetic anhydride and
sulphuric acid
70 - ~@—MWCNTs sulphonated by thermal
treatment with concentrated sulphuric
acid
65
60 T v Y T ]
0 1 2 3 4 5

Number of runs

Fig. 4. Reusability of the sulphonated MWCNTSs in the esterification of PFAD (reaction temperature of 170 °C, methanol to palm fatty acid distillate ratio of 20, catalyst loading

of 2 wt% and reaction pericd of 3 h).
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Table 4

Comparison of the performance of various solid acid catalysts with that of sulphonated MWCNTS for bicdiesel production.
Solid acid catalyst Temperature (°C) Methanol to oil ratio Catalysts loading (wt%) Reaction time (h) FAME yield (%)
Sulphonated MWCNTs in this study 170 20:1 20 3.0 78-93
Sulphated titania-silica composite (S-TSC) [43] 120 20:1 100 3.0 77
VOP [37) 150 27:1 6.5 1.0 80
Fe-Zn-1 [38) 170 15:1 30 8.0 98
15 WZ-750 [39] 200 20:1 3.0 5.0 97
SO2- /Sn0; {40] 200 6:1 30 42 81
SO3" /20, |7] 150 12:1 800.0 3.0 97.5
so}- J210;[41) 230 12:1 20 8.0 >80
WZ [42) 250 40:1 6.7 4.0 >80

produced the highest FAME yield of 95.1%, which was similar to
the FAME yield achieved by using homogeneous H,SO, as catalysts
|35,36]. This result further indicates that most of the catalytic ef-
fect of the unwashed sulphonated MWCNTs during the esterifica-
tion of PFAD was attributed to the excess H,SO, attached to the
MWQCNTs but not the SO3H groups covalently bonded to the
MWCNTs. A similar explanation can be applied to sulphonated
MWQCNTs that have not been thoroughly washed, for which the
FAME yield was higher than that of the thoroughly washed sulph-
onated MWCNTSs. Therefore, the reproducibility of the unwashed
and not thoroughly washed sulphonated MWCNTSs in the ensuing
esterification reaction was expected to be significantly reduced be-
cause the attached H,SO, had been leached into the reaction
medium.

3.6. Catalysts reusability

The reusability of the sulphonated MWCNTs was evaluated
through five consecutive cycles. After esterification, the sulphonat-
ed MWCNTs were separated from the reaction mixture by filtration
and then sonicated in methanol for 20 min. Next, the catalyst was
filtered and repeatedly rinsed with methanol. The washed catalysts
were then dried at 120 °C for 12 h. The recovered catalyst was then
subjected to esterification under the same reaction conditions. The
FAME yields achieved by the sulphonated MWCNTs in five consec-
utive cycles are shown in Fig. 4. The results show that the four
types of sulphonated MWCNTs could maintain the FAME yield
above 70% after five cycles. The high reusability of the sulphonated
MWCNTs in the esterification was attributed by the ability of
MWCNTs to form strong covalent bonds with SOs;H groups.

Comparing the results obtained in this work with those re-
ported in the literature for other solid acid catalysts revealed that
the maximum FAME yield obtained (93.4%) for the sulphonated
MWCNTSs was actually higher than that of most other popular solid
acid catalysts, as shown in Table 4 [37-42]. Moreover, sulphonated
MWCNTs required 5 times less catalysts than the sulphated tita-
nia-silica composite and 3 times less catalysts than the expensive
VOP and WZ. Moreover, the sulphonated MWCNTSs synthesised in
this study required shorter reaction times to achieve yields similar
to those obtained using other solid acid catalysts. In short, sulpho-
nated MWCNTs required mild reaction conditions to achieve high
FAME yields. Therefore, sulphonated MWCNTs have the potential
to reduce the overall production cost of biodiesel if more studies
on process optimisation can be carried out to further improve
the reaction conditions without sacrificing the FAME yield.

4. Conclusions

In conclusion, the four different sulphonation methods em-
ployed in this study could be used to functionalise MWCNTs with
strong and stable SO;H groups. The sulphonated MWCNTs could

result in high yields of biodiesel‘using PFAD as a feedstock. The
MWCNTs sulphonated via the in situ polymerisation of poly(so-
dium4-styrenesulphonate) constituted best catalyst, producing
the highest FAME yield due to the highest acid group density
among all catalysts and the generation of additional active sites
for the esterification via the resonance structures of the benzene-
sulphonic acid groups attached to the surface of the MWCNTSs.
Moreover, the sulphonated MWCNTs were also observed to per-
form better than other popular solid acid catalysts used in esterifi-
cation or transesterification. The washing of the catalysts after
sulphonation was extremely crucial because washing affects the
performance of the sulphonated MWCNTs in the esterification
reaction. In addition, the sulphonated MWCNTSs can maintain a
high catalytic activity under the reaction conditions and be reused
for a minimum of five cycles. In short, the sulphonated MWCNTs
used as catalysts could represent a breakthrough technology for
biodiesel production, which warrants further study.
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common catalyst supports for transesterification or esterifica-
tion.

2.2 Low reusability and stability of the catalysts

Low catalyst reusability and stability are the major hurdles
encountered when using heterogeneous catalysts for transes-
terification.®® Leaching of the active species and fouling of the
catalyst surface by organic substances in the reaction media
have been identified as the main factors in catalysts deactiva-
tion.3*%%¢ Although CaO is very active in the chemical
reaction that produces biodiesel, significant leaching of CaO
was observed during transesterification.®”®® Kouzu et al.
(2609)%® reported that 10.5 wt% of CaO was found to have
leached away from the solid base catalyst in the first cycle of
transesterification, causing the yield of biodiesel to drop when
the catalyst was recycled and reused. Additionally, it was
reported that the leaching of CaO was more significant in the
presence of glycerol due to the formation of calcium
diglyceroxide.®” Mootabadi et al. (2010)*° reported that when
BaO (an alkaline earth metal oxide) was used to produce
biodiesel from palm oil, 14 wt% of the catalyst was found to
have leached into the biodiesel layer after reaction. In
addition, the experiment conducted by Lépez et al. (2005)°
showed that ETS-10 (Na, K) exhibited a significant drop in
triacetin conversion from 90% in the first cycle to 56% in the
second cycle, eventually dropping to 28% in the fifth cycle. The
reaction liquid was analysed to contain 14 wt% of the Na
originally present in ETS-10 (Na, K). The leaching of the active
species into the reaction media usually occurred when the
catalysts were prepared via the wet impregnation
method.**¢7! The leaching of metal oxide catalysts is more
severe in the presence of polar substances, such as water, free
fatty acids (FFA), methanol and glycerol,**? limiting the use
of only refined oil in transesterification. In addition to
leaching, the adsorption of organic substances onto the
catalysts’ surface is another cause of catalyst deactivation.
Ngamcharussrivichai et al. (2008)’? reported that more than 12
wt% of organic substances (methyl esters, glycerol and mono/
diglycerides) deposited onto a CaO-ZnO catalyst used in the
transesterification of palm kernel oil. However, the spent
catalyst could be regenerated and restored to a level of activity
comparable to the fresh catalyst by washing with a mixture of
methanol and 5 M NH,OH solution or by thermal treatment at
800 °C.

2.3 High cost of catalysts

The high cost of conventional heterogeneous catalysts is
another drawback that limits their use in biodiesel produc-
tion.** Most of the metal catalysts are expensive compared to
conventional homogeneous catalysts.>* Due to their super-
acidity, 50,27/Sn0,, §0,>7/ZrO, and S0,%>”/TiO, have been
used to produce biodiesel from oil sources with high contents
of free fatty acids (FFA).’®”>7* These catalysts have shown
good catalytic activities and stability when esterifying and
transesterifying oils with high contents of FFA simultaneously.
However, these catalysts, especially Zr, have not been widely
applied in commercial biodiesel production mainly because
they are rare and expensive metals.”>’® Although enzymes
(lipases) are potentially more flexible than homogeneous alkali

This journal is ® The Royal Saciety of Chemistry 2013

Review

and acid catalysts in managing a wide range of feedstock
conditions and are able to drastically reduce the amount of
wastewater generated,’”*’® their high market price is the major
barrier that prevents their industrial application,”””%-5!

3 Advantages of CNTs over conventional
catalysts in biodiesel production

The limitations of the conventional transesterification cata-
lysts described above, includiﬁ'g the mass transfer problem,
low stability, limited reusability and high catalyst costs, can be
improved by using CNTs as catalyst supports. CNTs are
cylinder-shaped macromolecules, a few nanometers in radius,
that can grow up to 20 cm in length.® The CNT walls are
composed of a hexagonal lattice of carbon atoms. CNTs can be
categorised as single-walled carbon nanotubes (SWCNTSs) with
diameters ranging between 0.4 and 3 nm or multi-walled
carbon nanotubes (MWCNTs) with diameters reaching up to
100 nm.* The intrinsic properties of CNTs, such as high
surface area, well-defined morphology and chemical composi-
tion, inherent size, hollow geometry, and their ability to graft
specific functional groups onto their surfaces, make them
suitable catalyst supports.®*®® The advantages of CNTs over
other conventional catalysts in biodiesel production will be
discussed in the following section.

3.1 High surface area and well developed porosity

The surface area of porous supports is highly correlated with
their pore sizes, which meafis that supports with large
amounts of ultrafine micropores possess high surface areas.®’
Although the mass transfer limitation encountered in the
liquid phase reaction can be significantly reduced by using a
catalyst support with a high external surface area,®® that
limitation will still exist if the catalyst support possesses only
micropores, especially when large molecules are involved,?”:%°
because the active phase particles that are located in the
micropores limit the accessibility to the reactants and
products, thus reducing the effectiveness of the microporos-
ity.®® Activated carbon is supposed to be an ideal choice as a
catalyst support because it has a larger surface area compared
with MWCNTSs.?® However, the large surface area of activated
carbon is mainly concentrated in its microporosity,®®*® which
may affect the catalytic activity in transesterification involving
large molecules such as triglycerides and long chain fatty
acids. Therefore, a catalyst support with a large and easily
accessible surface area, coupled with the right pore size
distribution, is needed.®® Table 1 shows the surface area,
average pore diameter and porosity type of the various
catalysts used in transesterifiéation,116719:57,69.70,90-104 mpe
data shows that the specific surface area of MWCNTs is higher
than that of most conventional heterogeneous catalysts.
Moreover, due to their mesoporous nature and the absence
of microporosity, MWCNTs allow high accessibility of the
active sites to reactants and products, thus reducing mass
transfer limitations.'**'% Therefore, MWCNTs are potential
catalyst supports for transesterification,
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Table 1 Specific surface area, average pore diameter and type of porosity for the various transesterification catalysts

k4

Catalyst Specific surface area (m® g™*) Average pore diameter (A) Porosity® Reference
SWCNTs 400-900 -— Microporous 90
MWCNTs 200-400 - Mesoporous 90
Activated carbon (AC) 700-1200 — Microporous 90
Ca0 8.1-21.0 44.00-85.91 Mesoporous® 69,92,93
Sro 1.05-11.0 135.60 Mesoporous® 69,94
BaO 4.0 123.80 Mesoporous® 69
VOP o 2-4 - - 95
MgO 96 + 4 - - 93
MgsAl, thoroughly washed 96.0 - - 13
K/BaO 6.1 50.20 Mesoporous” 96
Li/BaO 4.0 66.40 Mesoporous® 96
Na/BaO 3.8 66.40 Mesoporous® 96
Li/CaO (with 1.25 wt% of Li) 6.9 90.63 Mesoporous® 92
Na/CaO (with 1.25 wt% of Na) 12.5 167.17 Mesoporous® 92
K/CaO (with 1.25 wt% of K) 18.7 203.79 Mesoporous” 92
Ca0/Zr0; (Ca to Zr ratio of 0.25) - 18.9 79.00 Mesoporous® 97
Ca0/Zr0, (Ca to Zr ratio of 0.5) 7.3 253.00 Mesoporous’ 97
WO,/ZrO, (powder) 57.0 130.00 Mesoporous” 98
WO,/ZrO; (pellet) 40.0 110.00 Mesoporous® 98
CaTiO; 4.9 —_ ot 99
CaMnO; 1.5 - — 99
Ca,Fe,05 0.71 bl hd 99
CaZrO, 1.8 - - 99
CaCeO; 2.9 - —_ 99
CaCO; = 0.6 + 0.1 o - 93
CazLla, 62.6 - - 100
v-ALO,3 143.1 134.30 Mesoporous” 101
NaOH/y-AL O, 120.7 137.80 Mesoporous® 101
Na/y-Al,03 97.7 148.20 Mesoporous” 101
Na/NaOH/y-Al,0; 83.2 155.00 Mesoporous® 101
K,CO3/AlL, 0, 118.0 130.20 Mesoporous® 96
SBA-15 413 4.20 Microporous® 57
SBA-CaO (with 14 wt% of CaO) 7.4 5.40 Microporous® 57
SBA-15/MgO 252.0 37.60 Mesoporous® 102
MCM-41/MgO 391.0 27.00 Mesoporous® 102
KIT-6/MgO 112.0 46.80 Mesoporous®’ 102
Mg(OH),-4MgCO; 20 + 0.5 —_ —_— 93
S0,°7/Sn0O, 6.77 164.00 Mesoporous? 19
50,27/Sn0,-Si0; 13.90 137.00 Mesoporous’ 19
80,27/Sn0,-AlL0; 14.04 132.00 Mesoporous’ 19
Tungstated zirconia (WZ) 68.0-89.2 - - 103
Sulfated zirconia (SZ) 134.4 + 5.3 — - 70
Amberlyst-15 37.8 + 2.6 —_ - 70
Nafion NR50 0.02 - —_ 70
Supported phosphoric acid (SPA) 2.6 + 0.1 - - 70
Titanosilicate (ETS-10) 440.8 + 11.8 — Microporous 70
Zeolite HB 620.0 - - 70
Eggshell 11 — —_ 17
Golden apple snail shell 0.9 - - 17
Meretrix venus shell 0.5 - — 17
Waste mud crab shell 13.0 — — 16
Calcined waste fish scale 39.0 _ — 18
Cesium-exchanged NaCsX zeolites 450 - — 104
Hydrotalcite 160 - - 104

2 The porosity of the catalysts is defined based on the definition stated by K6hn and Fréba, 2003.”*

3.2 Excellent catalyst stability

Unlike other conventional transesterification catalysts, which
are prepared by precipitation or impregnation methods, CNTs
can be tuned to be catalytically active via functionalisation
with specific functional groups onto their surfaces.** It has
been reported that the leaching problem under liquid-phase
reaction conditions occurs because the active species are not
covalently bonded to the solid support.’®” CNTs appear to be

8074 | RSC Adv., 2013, 3, 8070-9094

the perfect candidate to serve as a catalyst support for
transesterification/esterification because the functional
groups or active species can be chemically modified to
covalently bond to the CNTs.®® Covalent bonds between the
active species and CNTs are strong bonds that will not easily
rupture under the reaction temperature;'®® therefore; the
leaching of the active species'®®'® into the reaction medium
can be prevented. Experimental studies wherein no leaching
problem occurred during a reaction with covalently modified
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CNTs have been reported.!?®!%!1! Because covalent bonding
provides the best stability, accessibility and selectivity for the
catalysts,’®® CNTs are an ideal alternative catalyst support to
overcome the low stability problem encountered by the
conventional catalysts used in transesterification.

3.3 Low catalyst cost

As mentioned in section 2.3, the high cost of metal catalysts
prevents them from being used in the production of biodiesel.
Replacing precious metal catalysts with functionalised CNTs
as catalyst supports in transesterification can be more
economically feasible. Various technologies, such as electric
arc discharge,®"12!3 |aser ablation pyrolysis,®****'!* chemi-
cal vapour deposition (CVD),?**1311¢ plasma and laser assisted
CVvD'7!% and mechanothermal methods'!? have been devel-
oped to produce both SWCNTs and MWCNTs. Among these
techniques, CVD was determined to be the best method that
could produce CNTs in large quantities with low production
cost.”? The price for SWCNTs and MWCNTS is reported to be
approximately 50-100 and 15-50 euros per kg, respectively.”®
The price of CNTs, especially MWCNTS, is actually comparable
to that of ZrO, (28.34 euros per kg) but much lower than that
of WO, (61.32 euros per kg).'?° High catalyst costs can also be
the result of using mixed oxide catalysts such as CaO-CeO,,
Ca0-MgO and WO;-ZrO,. In addition, the price of MWCNTs is
even more attractive compared to the price of enzymes
(lipases) for industrial-scale use, which cost approximately
774.25 euros per kg.””

3.4 Other excellent properties of CNTs

Even though CNTs are considered to be inert compared to
other catalyst support materials such as alumina and silica,
the presence of five-membered rings at the caps, unsaturated
valences at the edges and defects in the graphitic hexagonal
crystallites lead to relatively higher reactive sites®™®® that
enable CNTs to be functionalised through chemical methods.
Furthermore, compared to activated carbon, the high purity of
CNTs can avoid self-poisoning®'%!?! and eventually
increase the catalyst's life-time.

The ability to introduce a variety of functional groups onto
the CNTs' surface with the purpose of designing specific
physicochemical properties®+'?? allows CNTs to serve as
catalyst supports in various catalytic reactions, especially
transesterification. A wide variety of feedstocks, such as palm
oil, soybean oil, corn oil, jatropha oil, sea mango oil, neem oil,
palm fatty acid distillate (PFAD) and waste cooking oil, are now
available in the market for biodiesel production. In general,
the oil sources can be classified as oil with high contents of
water and free fatty acids (FFA) or refined oil. To avoid soap
formation when reacting an oil with high FFA and water
contents, such as jatropha oil or waste cooking oil,”*!** CNTs
can be functionalised with an acid group. For reactions with
refined oil, CNTs can be functionalised with a base group.
Moreover, the impressive mechanical properties and thermal
stability!®11312! exhibited by CNTs have encouraged the
development of mixed matrix membranes (MMM) used for
transesterification. The role of functionalised CNTs can be
extended beyond catalyst support to include membrane filling
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to enhance the mechanical strength, as well as the chemical
and thermal stability, of the membrane.?

4 Functionalisation methods to transform
CNTs into catalysts for transesterification

CNTs can become catalytically"active via chemical functiona-
lisation. The CNTs involved in biodiesel production are usually
MWCNTs*?! because of their lower price compared to
SWCNTs. To create catalysts for transesterification, MWCNTSs
can be functionalised with 4 different functional groups: a
base group,®®* an acid group,?* an enzyme,'?*12* coated with
metal oxides or sulfated metal‘oxides.’?¢"'?® Prior to functio-
nalisation, CNTs need to be purified to remove the metal
catalysts used in the synthesised of the CNTs, as well as other
carbon-based impurities. The purification and functionalisa-
tion of MWCNTSs to create catalysts for transesterification will
be discussed in detail in the following sections.

4.1 Purification of CNTs <

The purification of CNTs is needed to remove impurities, such
as amorphous carbon, graphite compound, fullerenes and
metal particles, that form during the CNTs’ synthesis
process.’®® Among the available purification techniques,
liquid phase oxidation by refluxing in an acid solution?!3°
has been adopted to purify MWCNTSs prior to functionalisation
to generate catalyst supports for transesterification. This acid
treatment is usually associated with the ultrasonication
treatment because it can help to disentangle and open the
tube caps, forming defects in the sidewalls, followed by
oxidation along the walls. Aside from purification, the acid
treatment plays another vital role by incorporating the ends
and sidewalls of the MWCNTs with a high density of oxygen-
containing groups (mainly the carboxyl groups).®® The
presence of carboxyl groups on the sidewalls of the MWCNTs
is crucial because these groups can undergo a variety of
reactions that then enable the MWCNTSs to be functionalised
with specific functional groups.'® The MWCNTs used in the
production of biodiesel are usually treated in concentrated
HNO;, a mixture of HNO; and HCI (in a ratio of 1: 1) or a
mixture of concentrated H,SO, and HNO; (in a ratio of 3 : 1)
in the temperature range of 50-80 °C for 3 to 24 h.'?*"*! prior
to acid treatment, the MWCNTs are suspended in the acid
solution and sonicated for 1 h.'3° After acid treatment, the
MWCNTs are filtered, washed with excess water until neutral,
and then dried at 120 °C for 12 h. The purified and treated
MWCNTs are denoted as MWCNTs-COOH.'*' The MWCNTs-
COOH are then ready to be functionalised with specific
functional groups (base, acid or enzyme), depending on the
feedstock used in transesterification.

4.2 Functionalisation with amino groups

Amino groups have been repoged to be able to anchor onto
MWCNTs, transforming them into base catalysts for transes-
terification.®® The synthesis routes for the preparation of
amino-functionalised MWCNTs are shown in Fig. 2. Amino
groups can be grafted onto MWCNTSs via direct thermal mixing
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Fig. 2 Synthetic routes for the preparation of amino-functionalised MWCNTs.53132

of the MWCNTs with long chain amines™?'*® or direct
grafting of the amino groups to surface defects by the C-C

coupling reaction.®®® The direct thermal mixing method -

consists of 3 steps: acid oxidation to create the carboxylic
groups, acylation (usually with thionyl chloride (SOCI;)) and
amidation.’®? The drawback of this technique is that the basic
properties of the amino groups will be negatively affected by
the nearby acidic O-containing functional groups, causing
poor catalytic activity and low stability.®® Therefore, Villa et al.
(2009, 2010)*%° developed a technique to directly graft the
desired amino groups to surface defects by C-C coupling
reactions. In their method, pristine MWCNTs are first reacted
with n-butyl lithium (n-BuLi) in excess to activate the terminal
C-H bonds near the defect. sites and create nucleophilic
carbon atoms (C-Li). Then, bromo amino derivatives or
bromoalkylamine is added to perform the electrophilic attack
on the C-Li bonds to anchor the amino groups to the surface
of the MWCNTs, forming N-MWCNTs. Lithium bromide is
formed as a by-product.®®* The amine groups, triethylamine,
ethylamine and pyrrolidine are then grafted onto the MWCNTs
to create the transesterification catalysts Et;N-CNTs, EtNH,-
CNTs and C,H,N-CNTs, respectively. Results from thermo-
gravimetric analysis-mass spectrometry (TG-MS) indicated that
the amine groups were successfully anchored on the MWCNTSs
because all three amino-functionalised MWCNTs were stable
at a temperature higher than the boiling point of the
corresponding amines. Thess catalysts were tested in the

9076 | RSC Adv., 2013, 3, 9070-95094

transesterification of glyceryl tributyrate with methanol (a
model reaction for the production of biodiesel) to produce
methyl butanoate. The basic site densities, in mmol g™*, for
Et;N-CNTs, EtNH,-CNTs and C,HyN-CNTs were reported to be
1, 0.99 and 0.54, respectively. With the highest basic site
density, Et;N-CNTs were found to be the most active catalyst,
achieving 77% conversion in 8 h of reaction time. Meanwhile,
under the same reaction conditions, the EtNH,-CNTs and
C4HoN-CNTs catalysts reached much lower conversions of 55%
and 20%, respectively.® It was reported that the washing of the
amino-functionalised MWCNTs before and after the reaction
was a vital procedure.*$® The amino-functionalised MWCNTs
were washed after the functionalisation process to remove
excess lithium. The trace amount of lithium in the catalyst
may contribute to its catalytic activity because lithium is
known to be able to catalyse the transesterification reac-
tion.5313413% Therefore, the amino-functionalised MWCNTSs
synthesised using n-BuLi were thoroughly washed in a
methanol solution.®?

4.3 Functionalisation with acid catalyst groups

The process of functionalising CNTs with a sulfonic group
(SO;H) is known as sulfonation.'*® SO;H has been identified
as a promising catalyst group for use in transesterification
because high yields of biodiesel can be obtained.'****® Thus,
SO;H seems to be the perfect candidate to be grafted onto the
surface of MWCNTs for the catalysis of transesterification/
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Fig. 3 Reaction mechanism of sulfonated MWCNTSs for the transesterification of triglycerides and esterification of fatty acid.'*®

esterification. There are 7 types of sulfonation methods that
have been reported to functionalise MWCNTs with SO;H
groups. The reaction mechanisms of sulfonated MWCNTs in
the transesterification of TG and the esterification of fatty acid
have been proposed, as shown in Fig. 3. MG (RCOOR’)
represents TG in this case. First, the carbonyl oxygen of the
free fatty acid and monoglyceride interact with the acidic sites
(SO;H groups) on the MWCNTS' surface to form the carboca-
tion. Then, a tetrahedral intermediate is produced by the
nucleophilic attack of the methanol on the carbocation. In the
esterification reaction, the tetrahedral intermediate eliminates
a water molecule to form one mole of methyl ester.
Transesterification is a stepwise reaction in which the TG is

converted to DG, then to MG, and finally to glycerol. Therefore,
the tetrahedral intermediate formed during the reaction
removes DG, MG and glycerol when TG, DG and MG come
in contact with the acidic sites, respectively.!°

4.3.1 Thermal treatment with concentrated H,SO0,.
Functionalisation of MWCNTs vig a thermal treatment with
concentrated H,SO, is the only reported sulfonation method
that has been used to transform MWCNTs into catalysts for
biodiesel production.”? Sulfonated MWCNTs with a high
density of SO;H groups can be prepared by treating
MWCNTs with concentrated H,SO; at high temperature.'*®
The synthesis route of sulfonated MWCNTs is shown in Fig. 4.
MWCNTs-COOH obtained from acid oxidation were first

—COOH —COO0SO;H
—COOH —COOSO;H
> —COOH - > —COOSO;H
Acid Sulfonation, 210-
oxidation 300°C, 10-24 h
—COOH > ’ SO;H
under N; flow [fCO0S0,
—COOH —COOSO;H
Pristine Oxidized Sulfonated
MWCNTs MWCNTs MWCNTs

Fig. 4 Sulfonation of MWCNTSs via thermal treatment with concentrated H;50x.
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mixed with concentrated H,S0, (96-98%)°"**>'*® and then
sonicated for 30 min.**!*! The temperature reported for this
sulfonation method ranged between 120-300 °C. The functio-
nalisation was carried out for 10-28 h under a blanket of
nitrogen (80 mL min~?)?213%141 o purge or remove
moisture in the reaction chamber.'# After the treatment, the
product was washed repeatedly with distilled water to remove
excess acid and then was driéd at 120 °C for 12 h.'****° The
sulfonated MWCNTs are denoted as s-MWCNTs.'*® It was
reported that a higher sulfonation temperature could produce
MWOCNTs with a higher density of SO;H groups®! because high
temperatures favours the surface functionality of MWCNTs
with SO;H groups. High energy must be provided to overcome
the energy barrier in the formation of C-S bonds. The presence
of SO;H groups in the MWCNTs was confirmed by the
appearance of bands at 1317 cm™* (SO, asymmetric stretching
mode), 1179 cm ™! (SO, symmetric stretching mode), 520 cm™!
(C-S stretching mode) and 684 em™" (S=0 stretching mode of
SO;H) in the FTIR spectrum. A considerable sulfur element
shown in energy dispersive spectrometer (EDS) also indicated
the presence of sulfur groups ip the MWCNTS. In addition, the
binding energy value of 288.8 eV which was assigned as carbon
atoms bounded with oxygen or sulfur functionalized groups in
X-ray photoelectron spectroscopy (XPS) spectra further con-
firmed the existence of sulfur groups in MWCNTs. It was
estimated that approximately 20 wt% of the SO;H groups
could be anchored onto the CNTs. The surface acidities of the
s-MWCNTs were determined_by the ammonia temperature-
programmed adsorption-desorption technique (NH;-TPD) and
were reported to be 1.90 mmol g~*.'*° The acid density of
these s-MWCNTs was approximately 32 times higher than that
of sulfonated activated carbon (0.06 mmol g~*) produced
under the same sulfonation conditions.'*® The s-MWCNTSs
were found to disperse well in alcohol (ethanol).**'** This
property is believed to provide good contact between the oil,
alcohol and catalyst, thus enhancing the reaction rate of
transesterification/esterification.

4.3.2 In situ polymerisation of acetic anhydride and H,S0,.
MWCNTSs-COOH from acid oxidation were added to a mixture
of 20 mL of H,SO, (95-97% purity) and 300 mL of acetic
anhydride ((CH;-CO),0). The mixture was continuously stirred
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for 2 h at 70 °C and allowed to cool to room temperature. The
resulting product was repeatedly washed with ultrapure water
and dried overnight in an oven at 70 °C. The synthesis route is
shown in Fig. 5. The presence of SO;H groups in the MWCNTs
was confirmed by the sulfur peak appeared in EDS spectra'®
and the FTIR spectrum bands at 682, 1382 and 1726 cm™* (the
stretching modes of sulfonic acid groups).'** This sulfonation
method is usually used to adopt metal nanoparticles (Pd, Ni
and Sn) to serve as catalysts for oxidation processes such as
ethylene glycol electro-oxidation and ethanol oxidation. The
deposition of metal nanoparticles onto the s-MWCNTs is
based on the electrostatic interaction between the positively
charged metal nanoparticles and the negatively charged SO;H
groups.lda.ltﬂ

4.3.3 In sitze polymerisation of 4-styrenesulfonate. In situ
polymerisation of 4-styrenesulfonate is another sulfonation
approach that can be used to anchor SO;H groups on the
MWCNTs' surface. Two types of 4-styrenesulfonate mixtures
have been reported to functionalise MWCNTs: sodium
4-styrenesulfonate (NaSS) mixed with ammonium persulfate
((NH,),S;05) and 4-styrenesulfonate mixed with isoamyl
nitrite.*>*¢ In the first combination, a predetermined
amount of NaSS and purified MWCNTSs were mixed with some
deionised (DI) water and stirred vigorously for 10 h at room
temperature. Then, (NH4),S;0s was added, and the mixture
was heated to 65 °C with continuous stirring for 48 h to start
the polymerisation. After cooling to room temperature, the
mixture was diluted with some DI water and sonicated for 1 h.
The mixture was then washed several times with DI water and
filtered. Then, a large amount of 4M H,SO, was added to the
filtered product and stirred for 24 h at room temperature to
transform the sulfonated MWCNTs from the Na* form to the
H* form. Eventually, the mixture was washed with excess DI
water, filtered and dried in a vacuum oven at 60 °C for 12 h.!4¢
In the second combination, a proper amount of isoamy!
nitrite, purified MWCNTs and 4-styrenesulfonate were stirred
for 1 h at room temperature. Then, the temperature was
gradually increased to 70 °C with continued stirring for 2 h.
The resulting product was washed with dimethylformamide
and hot chloroform 3 times and then dried at 70 °C overnight
in a vacuum oven to obtain the sulfonated MWCNTs (s-

—COOH L—COOSOH L —C00S0; M*”

—OH ——O0SO;H —0S0;,M**
, 70°C,2h M* -

— ——COOH —CO0SOH ————————» —COO0SO; M
Acid H,50;+ (CH;-CO):0 NaBHJ/
oxidation L oH L 0SOH cthylenc L 050, M
glycol
COOH —COO0SO;H CO0SOy"M*”
Pristine Sulfonated s-MWCNTs/M
MWCNTs MWCNTSs
M = Pd, Ni or Sn

Fig. 5 Sulfonation of MWCNTs via in situ polymerisation of acetic anhydride and H3SO,.
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145,146

MWCNTSs).%° The synthesis routes for both combinations of
4-styrenesulfonate are shown in Fig. 6. The successful of this
method to graft polystyrene sulfonic acid groups onto the
MWCNTs was confirmed by FTIR spectra and thermogravi-
metric analysis (TGA). The peaks at 1044 and 1190 cm™! in
FTIR spectra indicated the SO, group asymmetric and
symmetric vibrational adsorption respectively. Furthermore,
a sharp weight loss at 150 °C due to the decomposition of
polystyrene sulfonic acid groups in TGA further strengthen the
presence of sulfonic groups in MWCNTSs.'® The s-MWCNTs
produced by this sulfonation method were used to increase
platinum utilisation in fuel cells.%*4¢

4.3.4 Thermal treatment of p-toluenesulfonic acid (TsOH)
with p-glucose. MWCNTs can also be sulfonated via the
thermal treatment of p-toluenesulfonic acid (TsOH) with p-
glucose. The sulfonated MWCNTs prepared by this method are
also known as carbohydrate-derived solid acid catalysts.’*” The
aqueous mixture of purified MWCNTs, TsOH and p-glucose
was suspended by ultrasonication for 2 h. Then, the suspen-
sion was thermally treated in a Teflon-sealed autoclave at 180
°C for 24 h. The products were filtered and washed repeatedly
with deionised water and ethanol and then dried in a vacuum
oven at 50 °C for 24 h.'*"'%® MWCNTs sulfonated by this
method are denoted as MWCNTSs/C-SO;H.*® The possible
mechanism in the synthesis of MWCNTs/C-SO;H is illustrated
in Fig. 7. Glucose was dehydrated to form 5-(hydroxymethyl)-2-
furaldehyde (HMF), which would then absorb on to the
MWCNTSs’ surface via n-n* interactions. Next, the HMF was
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hydrothermally carbonised and reacted with TsOH to produce
C-SO,H on the surface of the MWCNTs.'¥"'*® Finally, the
MWCNTSs/C-SO;H was further reacted with pyrrole to obtain
the MWCNTs/C-SO;H/Ppy composite. This composite was
obtained via low temperature in situ polymerisation caused by
the strong electron and hydrogen bonding interactions
between the SO;H groups and the amino groups of the
pyrrole.*® The presence of SO;H groups in MWCNTs was
supported by the absorption bands at 1007, 1032 and 1118
ecm™! in FTIR spectra and the considerable sulfur element in
EDS.™” This carbon base solid catalyst was used as the
electrode material for electrochemical capacitors**® and in
catalysing the esterification reaction of succinic acid and
ethanol.*”

4.3.5 Thermal decomposition of ammonium sulfate
((NH,),S0,). MWCNTs have been sulfonated via the thermal
decomposition of (NH,),S0,. First, the MWCNTs were mixed
with a predetermined weight percentage of the (NH,),SO,
solution. The weight percentage,was defined as the ratio of the
weight of (NH,),SO, to the total weight of (NH,),SO; and the
MWCNTSs. After the mixture was well agitated, it was heated at
235 °C for 30 min to produce sulfonated MWCNTs.464° The
synthesis route for this sulfonation method is illustrated in
Fig. 8. Hydrogen atoms are always found on the surface of the
MWCNTs because they are usually produced from hydrocar-
bon materials.**®*° Therefore} it is believed that the SO,
groups produced from the decomposition of (NH,),SO, at 235
°C react with carbon via the surface hydrogen atoms on the
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Fig. 7 Proposed mechanism for the synthesis of MWCNTs/C-SO3H via thermal treatment of p-toluenesulfonic acid (TsOH) with D-glucose.'”-18

MWCNTs to form the SO;H groups. EDS confirmed the
existence of sulfur group in the sulfonated MWCNTSs.**® This
method is normally used to sulfonate the MWCNT-supported
platinum catalysts for proton exchange membrane fuel cells
and polymer electrolyte fuel cells.'61%°

4.3.6 Reaction with aminomethanesulfonic/aminobenzene-
sulfonic acid. The reaction of MWCNTs with aminomethane-
sulfonic/aminobenzenesulfonic acid is another sulfonation
approach that has been used to graft SO;H groups onto
MWGCNTs. Before the reaction with aminomethanesulfonic or
aminobenzenesulfonic acid, MCNTs-COOH was dispersed in a
SOCI, solution with the aid of sonication for 2 h and then was
refluxed with stirring at temperatures in the range of 60-65 °C
for 12-24 h.'*'*% The residual SOCI, was removed by either
distillation®* or filtration of the homogeneous suspension
and then washed with excess distilled water'®' to obtain
MWCNTs-COCI. The aminomethanesulifonic acid solution was
prepared by dissolving 2 g of aminomethanesulfonic acid in
250 mL of deionised water. Then, the MWCNTs-COCI powder
was added to the solution and stirred for 24 h at 80 °C. The
resulting product was recovered by filtration through a nylon
membrane, followed by drying at 100 °C.**! In contrast, for the
reaction with aminobenzenesulfonic acid, the MWCNTs-COCI
was first dispersed in THF and then reacted with a

4-aminobenzene sulfonic acid solution in a slightly basic
medium under reflux (60 °C). The mixture was filtered and
washed several times with deionised water followed by drying
in a vacuum oven for 24 h at 60 °C.'*! The effectiveness of this
sulfonation method was confirmed by the EDS analysis and
the appearance of the absorption bands at 1266 cm™!
(asymmetric stretching vibrations of O=5=O in the SO;H
groups) in the FTIR spectra.’® Tripathi et al. (2011)'*" used
TGA to confirm and quantify the amount of SO;H groups
grafted into the MWCNTs and the calculated SO;H groups
content was about 8 wt%.

Yang et al. (2008)'5? reported a different approach to
sulfonate MWCNTs with 4-aminobenzenesulfonic acid. A
mixture containing 150 mL H,SO, (96%), 2060 mg purified
MWCNTs and 100 g (NH,),S,0; was stirred for 6 h. Then, 5.54
g of 4-aminobenzenesulfonic acid was added to the mixture,
and stirring was continued for 2 h to effectively disperse the
aniline (aminobenzene) throughout the mixture. This was
followed by the addition of 2.208 g NaNO, and the slow
addition of 2,2-azobisisobutyronitrile (AIBN) (1.2 g). The
mixture was then homogenised for 6 h at 80 °C in an oil
bath. The resulting product was filtered and washed with
deionised water, acetone and fresh N,N-dimethylformamide
(DMF) and then dried in a vacuum oven for 24 h at 50 °C. The

—H —"'SOJH
—COOH —‘COOS();H
235 °C, 30 min
— Ly —SO;H
Acid (NH4)250,4
~oxidation L —COOH —"COOSOBH
Pristine Surface hydrogen atom
MWCNTs

[ 4
Fig. 8 Sulfonation of MWCNTSs via thermal decomposition of (NH,)2504."4%4°
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presence of SO;H groups in the MWCNTs was confirmed by
the absorption bands at 681 and 1170 em™* (S-O group) in the
FTIR spectra. Unlike the method of Tripathi et al. (2011)*** and
Yun et al. (2011),"** the method of Yang et al. (2008)**? did not
need -NH, groups in the sulphonated MWCNTs. This
observation was confirmed when no -NH, groups with peaks
at 3200-3400 cm ™! appeared in the IR spectrum. This type of
sulfonated MWCNTs was used in fuel cell applica-
tions.'*"*51%2 pig 9 summarised the sulfonation routes of
MWCNTs with aminomethanesulfonic/aminobenzenesulfonic
acid.

4.3.7 Oxidation of thiol groups by H,0,. In this type of
sulfonation method, fluorinated single-walled carbon nano-
tubes (CNT-F) were used instead of MWCNTs-COOH. First, 70
mg of P;S;o was stirred into a solution that contained 60 mg of
sodium and 7 mL of ethanol for 15 min to generate hydrogen
sulfide (H,S), which further reacted with sodium ethoxide to
produce soluble H,S in the suspension. Then, 22 mg of CNT-F
was added to the suspension and heated at 70 °C for 3 h. The
black product was filtered, washed with ethanol (3 portions in
10 mL) and dried under vacuum to obtain sidewall thiolated
carbon nanotubes (CNT-SH). Then, CNT-SH was oxidised in 5
mL of 30% H,0, at 60 °C for 1 h. The product was filtered,
washed with ethanol and re-suspended in 10% H,SO, (10 mL)
with constant stirring for 1 h to complete the protonation. The
final product was filtered, washed until a neutral pH was
obtained, and then dried at 80 °C for 12 h. The effectiveness of
this sulfonation method was confirmed by FTIR, XPS and TGA
analysis. The absorption bands at 700, 1145 and 1202 cm™*
indicated the existence of S-H and SO;H in the sample. In XPS
analysis, the appearance of peak at 169.5 eV was assigned to a
higher oxidation state of sulfur, CNT-SO;H, while the peak at
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163.5 €V was assigned to a reduced form of sulfur, CNT-SH. In
TGA analysis, the weight loss between 300 and 560 °C caused
by the decomposition of SO,H side groups further confirmed
the existence of sulfur groups in the CNTs.**? Fig. 10 illustrates
the sulfonation route of CNT-F via the oxidation of thiol
groups by H;0,.

L
4.4 Functionalisation with enzymes

The biocompatibility of CNTs at the cellular level enables them
to be applied in the biological and medical fields.'$*'3*
Therefore, many efforts have been focused on the biological
functionalisation of CNTs such as enzyme immobilisa-
tion,'24125156.157 The resulting enzyme functionalised CNTs
have been used in biosensors,'*®'5® biological recogni-
tion,’%®'%! the delivery of bioactive molecules'®?*** and
biocatalysts.'® The covalent enzyme immobilisation techni-
que has been adopted to prepare biosensors,'®*™'$” biofuel
cells™®®'%° and biocatalysts.”*® Both SWCNTs'**'S” and
MWCNTSs!24125170 haye been used for enzyme immobilisation.
It was reported that transesterification and esterification can
be catalysed by lipases.*?>'”! Different types of lipases such as
Candida rugosa,'*® Candida antarctica®®® and Pseudomonas
cepacia,**” have been immobilised on CNTs. To immobilise
Candida rugosa, MWCNTs were first converted into MWCNTs-
COOH via acid oxidation. Then, the MWCNTs-COOH was
sonicated in n-hexane for 30 min to produce a homogeneous
suspension. Then, Candida sugosa was added and the
suspension was stirred for 24 h at 60 °C. The lipase
functionalised MWCNTs were separated via a centrifuge and
washed with ethanol in an ultrasonic bath 3 times. The
covalent bonding between the MWCNTs and lipase involved
the formation of the sp®, and the disruption of n-electrons by

&
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the lipase treatment was confirmed by the increase of the Ap/
Ag ratio in the Raman spectra from 0.64 to 1.2.'*

To immobilise Candida antarctica, 5 mg of MWCNT-COOH
was first sonicated in 11 mL of Tris-HCl buffer at a
concentration of 0.05 M and pH 7.5 for 1 h, followed by the
addition of 1 mL of enzyme solution. Next, the mixture was
incubated, with constant stirring, at 30 °C for 1 h and then at 4
°C for 24 h. The functionalised MWCNTs were centrifugally
separated and then washed with water and hexane. If reverse
micelles (water in oil microemulsions) were used as the
dispersion medium, 5 mg of MWCNTs-COOH was added to 1
mL of iso-octane that contained 0.2 M bis-(2-ethylhexyl)
sulfosuccinate sodium salt (AOT). The mixture was subjected
to sonication for 5 min. Then, 36 pL of the enzyme solution
was added and vigorously shaken to formulate the reverse
micelles. After that, the washing process was similar to that
described above. Pavlidis et. al. (2010)'* investigated the
ability of enzymes to be immobilised onto different types of
functionalised MWCNTs, such as carboxylated MWCNTs
(MWCNTs-COOH), poly-amine  terminated = MWCNTs
(MWCNTs-NH) and alkylated MWCNTs (MWCNTs-R), that
could be used as immobilisation carriers. Their results showed
that a higher enzyme loading was obtained with MWCNTs-
COOH due to the recognition of the carboxyl groups by the
active sites of the enzyme, leading to the covalent attachment
of the enzyme to the MWCNTs-COOH.'?

In general, the immobilisation of enzymes is carried out in a
buffer solution. Owing to the intrinsic van der Waals forces,
CNTs are not soluble in the buffer solution, causing the
immobilisation process to be inefficient. To overcome this
limitation, Lee et al. (2010)**” investigated the immobilisation
of Pseudomonas cepacia in an ionic liquid at room temperature.
SWCNTs were used as the immobilization carrier. The
SWCNTs were first suspended in 6 mL of the ionic liquid
1-butyl-3-methylimidazolium tetrafluoroborate (BMIM-BF,)
and then functionalised by reacting with 1-pyrenebutyric acid
N-hydroxysuccinimide ester in,dimethyformamide (DMF). The
mixture was stirred at room temperature for 12 h, followed by
the precipitation of the functionalised SWCNTs using 30 mL of
methanol. The precipitate was washed with pure methanol
and dried under vacuum. Subsequently, the functionalised
SWCNTs were re-suspended in BMIM-BF,, followed by the
addition of the Pseudomonas cepacia lipase. The heterogeneous
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mixture was stirred at room temperature for 24 h. The mixture
was then filtered, washed with a phosphate buffer and then
dried under vacuum. The results showed that the enzyme
immobilisation was most efficient when conducted in an ionic
liquid medium. Fig. 11 summarises the synthesis routes of
lipase functionalised CNTs.

4.5 CNTs coated with metal oxides or sulfated metal oxides.

Metal oxides such as ZrO, or TiO, and their sulfated
derivatives (SO4*"/ZrO, and SO,%7/TiO;) have been reported
as transesterification/esterification catalysts. Therefore, it is
possible that the CNTs coated with these metal oxides or their
sulfated derivatives could serve as catalysts in biodiesel
production. There are several ways to synthesise CNTs/ZrO,
including the hydrothermal crystallisation of zirconium
hydroxide in the presence of CNTSs at 200 °C,'”? hydrothermal
treatment of MWCNTs in an ZrOCl,-8H,0 aqueous solu-
tion,'”? isothermal hydrolysis of ZrOCl,-8H,0 and the con-
ventional chemical precipitation method.'?® In the isothermal
hydrolysis process, a 0.2 M solution was prepared from solid
ZrOCl,-8H,0 (the precursor to the synthesis of the ZrO,
coating). Then, 30 mg of MWCNTs (without any pretreatment)
was added to the aqueous solution, and the mixture was
subjected to 30 min of sonication to produce a black
suspension of MWCNTs. The resulting suspension was then
refluxed in a thermostatic water bath at 100 °C to carry out the
isothermal hydrolysis of ZrOCl,. During the hydrolysis
process, the suspension was sonicated for 10 min every 24 h
to maintain a good dispersion of the MWCNTs in the aqueous
solution. The reaction was stopped when the black suspension
turned grey. High-resolution transmission electron micro-
scopy (HRTEM) images showed that the isothermal hydrolysis
process was able to produce MWCNTs with uniform coverage
of the ZrO, nanoparticles. However, the chemical precipitation
process produced a non-homogeneous and non-uniform ZrO,
coating because of the rapid reaction caused by the addition of
NH,OH into the suspension.'?®

Sulfated zirconia and sulfated TiO, supported on MWCNTs
composites have been prepared using a similar method. Their
synthesis begin with the use of ZrOCl,-8H,0 or Ti(SO,).,
ammonia (NH3) and H,S0, as the starting material, precipitat-
ing agent and sulfating agent, respectively. First, a predeter-
mined amount of MWCNTs was mixed with the 0.2 M
ZrOCl,-8H,0 solution or Ti(SO,), solution. Then, the NH;
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aqueous solution was gradually dropped into the mixture to
adjust the pH to 10, and the mixture was stirred for 24 h at
room temperature. No washing was performed for the sulfated
TiO,, and the solution was subjected to the drying process at
110 °C for 24 h. In the case of the sulfated ZrO,, the obtained
ZrO,-nH,0 sol was centrifugally washed with distilled water
until none of the Cl™ ions could be detected by AgNO,, and
then it was dried at 110 °C for 10 h. The sulfating agent of 0.5
M H,S50, was mixed with the grounded ZrQ,-nH,O/MWCNTs
composites or TiO,/MWCNTs composites and vigorously
stirred for 15 min or 1 h, respectively. After filtration and
drying at 90-100 °C, the powder was calcined at 550 °C under
N, flow for 1 h to produce the s-ZrO,/MWCNTSs or s-TiO,/
MWCNTSs. The presence of sulfate groups in these composites
were confirmed by IR spectra analysis. Both the s-ZrO,/
MWCNTs and s-TiO,/MWCNTs composites were used to
enhance electron and proton conductivity as well as the
catalytic activity of the Pt electrocatalyst in alcohol (methanol
and ethanol) elecro-oxidation.™’*® It is believed that both
composites could be used as transesterification/esterification cata-
lysts because the superacid nature of the sulfated TiO, and sulfated
Zr0, remained unchanged in the MWCNTS composites.'>12

5 Process parameters for biodiesel
production using functionalised CNTs as
catalysts

To produce biodiesel in a more sustainable and cost effective
manner, the most important process parameters that should
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be taken into consideration will be discussed in the following
sections. The performance of various catalysts and their

reaction conditions are summarised in
Table 2‘ 21,28,35,63,95,101,130,174-189

5.1 Reaction temperature

villa et al (2010)*® investigated the effects of the reaction
temperature on the catalytic activity of amino-functionalised
MWCNTs (Et;N-CNT) in the transesterification of glyceryl
tributyrate with methanol. At 90 °C, a complete conversion of
glyceryl tributyrate could be achieved in 2 h. If the reaction
temperature was lower than 75 °C, 6 h were needed to achieve
90% conversion. A higher energy consumption and higher
pressure were needed to maintain methanol in the liquid
phase at the higher reaction temperature; thus, a lower
reaction temperature is more suitable. However, the lower
reaction temperature needed a longer reaction time. At a
reaction temperature of 60 °C and a reaction time of 8 h, a
conversion of 77% was reported. Similar to the other basic
catalysts, such as NaOH, Na/NaOH/y-Al,0;, BaZnO and KF/
ZnO, Et;N-CNT showed good activities at low temperature.
Other basic catalysts such as MgO(Ill), CHT, ZnO, KNO,/KL
zeolite and KNO,/ZrO,, required much higher reaction
temperatures because the basig sites of these catalysts are of
medium strength.'%°

The CNTs-based solid acid catalyst ssMWCNTSs produced via
thermal treatment with concentrated H,SO, were used to
catalyse the esterification of oleic acid with methanol to
produce methyl oleate. An increase in the reaction tempera-
ture from 120 to 135 °C caused a significant increase in the
conversion of oleic acid, from 93.2 to 95.5%, in a reaction time
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Table 2 Comparison of reaction conditions and performances of various biodiesel production catalysts

Reaction conditions

Catalyst Catalyst . =
Methanol to  concentration, Reaction basicity/acidity,
Feedstock Catalyst used T(°C) oil molar ratio wt% time,¢ mmolg™" Yield (%) References
Homogeneous base  Sunflower oil NaOH 60 6:1 1.0 2.0 — 97 174
Homogeneous acid  Soybean oil H,50, 65 30:1 1.0 50.0 - Conversion >99 175
Waste cooking oil  H;SO4 95 20:1 4.0 10.0 - Conversion >S50 176
Heterogeneous base  Soybean oil Na/NaOH/y-Al;0; 60 9:1 2.3 2.0 — 83 101
Glyceryl tributyrate  Et;N-CNT 60 12:1 2.0 8.0 1.00 77 63
Soybean oil Ba/ZnO 65 12:1 6.0 1.0 14.54 Conversion =95 177
Soybean oil KF/ZnO 65 10:1 3.0 9.0 1.62 Conversion = 87 178
Soybean oil KNO;/ALO; Methanol reflux temperature 15:1 6.5 7.0 6.67 Conversion = 87 179
Soybean oil KI/Al,O; Methanol reflux temperature 15:1 2.5 8.0 1.56 Conversion = 96 28
Soybean oil MgO (1) 200 1:1 5.0 1.0 3.9 CO, pmol m™? >95 180
Soybean oil CHT 200 11:1 5.0 1.0 2.6 CO, ymol m™% >95 180
Crude coconut oil  KNO3/KL zeolite 200 6:1 3.0 4.2 — 77 181
Crude coconut 0il  KNO,/ZrO, 200 6:1 3.0 4.2 — 66 181
Crude coconut 0il  ZnO 200 6:1 3.0 4.2 —_ 78 181
Heterogeneous acid  Oleic acid HMFI(25) zeolites 60 15:1 5.6 1.0 0.08 85 182
Oleic acid s-MWCNTs 135 64:1 0.2 1.5 1.9'%° Conversion = 96 21
Soybean oil vOP 150 27:1 6.5 1.0 —_ 80 95
Acidic sunflower oil Fe-Zn-1 170 15:1 3.0 8.0 1.96'% Conversion = 98 184
Crude coconut oil  SO4/SnO, 200 6:1 3.0 4.2 — 81 181
Sunflower, mustard 15 WZ-750 200 20:1 3.0 5.0 2.6 NH; nm~? 97 185
and sesame oil
Soybean oil wz 250 40:1° 6.7° 4.0 - Conversion >90 35
Cottonseed oil 5027/Zr0, 230 12:1 2.0 8.0 - >90 186
Purified palm oil  §0,>7/ZrO, 250 24:1 0.5 10 min  0.495 Conversion = 90 187
Palm fatty acid 50,27/Zr0, 250 6:1 0.5 1min  0.495 Conversion = 75 187
Soybean oil SZA 300 40:1° 6.7% 4.0 - 80 35
Immobilised enzyme Crude palm oil Lipase T. lanuginosus 30 65:1 6.7 6 - 85 188
Lipase from E. Room temperature 4:1 5 30 min — Conversion = 85 189

@ Self-estimation.

Jatropha curcas oil

aerogenes

Mmalnsy

S32UBAPY JSY
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of 1.5 h. The conversion slightly decreased to 95.4% when the
temperature was further increased to 145 °C. The decrease in
oleic acid conversion implied that the reaction equilibrium
was achieved. Therefore, the optimum temperature for the
esterification of oleic acid catalysed by s-MWCNTs is 135 °C,
with a reaction time of 1.5 h.2! As shown in Table 2, the
reaction temperature required for s-MWCNT is approximately
50% less than that for other solid acid catalysts such as SO,/
ZrO,, WZ and SZA.

Due to the slower reaction rate of acid catalysed transester-
ification/esterification, the reaction temperature required for
acid catalysts is higher than that for basic catalysts. However,
acid catalysts are more flexible than basic catalysts because
they are less sensitive to FFA and can perform transesterifica-
tion and esterification reactions simultaneously.’®'%?
Therefore, s-MWCNTs can potentially produce biodiesel from
cheaper feedstocks, such as non-edible oils, waste cooking oils
and even unrefined crude oils with high FFA content, to
reduce the overall biodiesel production cost. Irrespective of the
type of catalysts used to produce biodiesel, the conversion of
oil to FAME was found to be positively affected by increasing
the reaction temperature. This increase can be easily justified
because transesterification/esterification is an endothermic
process.’®3% According to the Le Chatelier's principle, by
increasing the temperature, the equilibrium of the reaction
can shift to the forward direction, favouring the conversion of
oil or FFA into FAME.

5.2 Methanol to oil ratio

The molar ratio of the oil/FFA to methanol is another crucial
factor in transesterification or esterification. Based on the
stoichiometric equation, three moles of methanol per mole of
TG are required for transesterification. Meanwhile, one mole
of methanol per mole of fatty acid is needed for esterifica-
tion.'®® Due to the reversible nature of both the transester-
ification and esterification reactions, a large excess of
methanol is required to drive the reaction forward towards
the formation of FAME.® Different molar ratios of methanol to
glyceryl tributyrate (6 : 1,12 : 1, 24 : 1 and 60 : 1) were studied
in the transesterification reaction catalysed by Et;N-CNT. It
was reported that the system became more active with a higher
amount of methanol. Complete conversion was achieved for
molar ratios of 24 : 1 and 60 : 1 in 4 h and 2 h, respectively.
When using a molar ratio of 12:1, 77% conversion was
obtained after 8 h. In contrast, for a molar ratio of 6 : 1, a fast
deactivation of the catalysts was observed, which may have
been due to the strong adsorption of oil (glyceryl tributyrate) to
the active sites. Considering the overall production cost of
biodiesel, the optimum methanol to glyceryl tributyrate ratio
was determined to be 12 : 1.5

In the esterification reaction with s-MWCNTs as the catalyst,
the effect of different molar ratios of methanol to oleic acid
(5.2:1,5.8:1,6.4:1,7 : 1and 7.6 : 1) was studied. The oleic
acid conversions for methanol to oleic acid ratios of 5.2 and
6.4 were 94.4 and 95.9%, respectively. Further increasing the
molar ratio to 7.6 only caused a slight 0.2% increase in the
oleic acid conversion, to 96.1%. Therefore, the optimum
methanol to oleic acid ratio for the esterification catalysed by
s-MWCNTs was reported to be 6.4 : 1.2 It is believed that both
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the transesterification and esterification reactions begin with
the chemisorptions of the triglycerides and fatty acids on the
active sites of the catalysts. These chemisorbed molecules are
then protonated at the carbonyl group to form carbocations,
which are then attacked by methanol to produce esters. In an
environment with excess methanol, the attack of the methanol
molecules on the carbocations is enhanced, thus increasing
the conversion. However, if the molar ratio of methanol to oil/
fatty acid is too extreme, the catalyst active sites will be flooded
by an excess of methanol instead of triglycerides or fatty acid.
Therefore, a concentration of methanol that is too high in the
transesterification/esterification system will prevent the TG or
fatty acid molecules from being protonated at the active sites
of the catalysts.?"®° In addition, the higher the methanol to
oil/fatty acid ratios, the more difficult the separation of the
non-polar phase from the polar phase.'®® Moreover, when the
molar ratio increases, the separation cost of excess methanol
via distillation also increases.’®’

5.3 Catalyst concentration

Shu et al (2009)?' studied the effect of various s-MWCNTs
loadings on the conversion of oleic acid with methanol. The
amount of s-MWCNTs used in the reaction varied from 0.14 to
0.24 wt% based on the weight per cent of oleic acid. The
reaction temperature and methanol ratio were fixed at 135 °C
and 6.4, respectively. The conversion of oleic acid was found to
be positively affected by the catalyst concentration because the
total number of available active sites for reaction increased
when the catalyst concentration increased. An increase in the
catalyst concentration from 0.14 to 0.20 wit% caused an
increase in the conversion of oleic acid from 93.6 to 95.4%.
However, a further increase in the catalyst loading, from 0.2 to
0.24 wt%, caused only a minor conversion increase of 0.6%.
Therefore, the reported optimum catalyst concentration for
the esterification of oleic acid using s-MWCNTs was deter-
mined to be 0.2 wt%. It is interesting to note that the
esterification process of oleic acid using the s-MWCNTs
catalyst required 5 times less catalyst than the homogeneous
NaOH catalysts, as shown in Table 2. This can further reduce
the overall production cost of biodiesel.

Regardless of the MWCNTs' functionality (either base or
acid catalyst groups), the catalyst concentration used in the
reaction was strongly dependerit on the amount of functional
groups grafted on the MWCNTs.®%® In other words, the
catalyst concentration is correlated to the basic or acid site
density of the functionalised MWCNTSs. Villa et al (2009)®
compared the performance of different amines grafted on
MWCNTS in the transesterification of glyceryl tributyrate with
methanol. C,HgN-CNTs showed the lowest catalytic perfor-
mance because they contained the least number of amino
groups grafted on the MWCNTs and the lowest basic site
density (0.54 mmol g™*) compared to Et,N-CNTs and EtNH,-
CNTs (which had basic site densities of 1.00 and 0.99 mmol
g7, respectively). To achieve the same yield, a higher amount
of catalyst with a lower basic or acid density is required. Using
the same type of amino-functiopalised MWCNTs (Et;N-CNTs)
but with a different basic site density, which could be tuned by
grafting amines at different pK, values, Villa et al. (2010)®
further confirmed that the catalyst with the highest concen-
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tration of basic groups was the most active catalyst in the
transesterification of glyceryl tributyrate with methanol.
Therefore, the abundance of functional groups on the surface
of the MWCNTs is a key factosr for highly active catalysts.

5.4 Reaction time

The reaction time for the transesterification catalysed by Et;N-
CNTs was greatly influenced by the reaction temperature and
methanol to oil ratio used during the reaction. At a fixed
catalyst concentration and methanol to oil ratio, complete
conversion was achieved ip only 2 h if the reaction
temperature was increased to 90 °C. As the reaction
temperature decreased to 75 °C, the reaction time required
to achieve 90% conversion was increased to 6 h, whereas at 60
°C, it took 8 h to achieve only 77% conversion. However, when
using the highest methanol to oil ratio, 60 :1, complete
conversion was achieved in 2 h. Meanwhile, for a methanol to
oil ratio of 24 : 1, 50% more time (4 h) was required to achieve
complete conversion.®® It is believed that the same situation
arises wherein an increase in catalyst concentration can
reduce the reaction time because the active sites available
for reaction are increased.

Regardless of the catalyst types (homogeneous or hetero-
geneous)'??%!%8 and the technologies (conventional, super-
critical and reactive extraction)'?'*® used to produce
biodiesel, the conversion or yield of biodiesel is found to
increase with longer reaction times until equilibrium is
achieved. When using ssMWCNTs as the catalyst at 135 °C
and with a 6.4 : 1 methanol to oleic acid ratio, an increase in
the reaction time from 1.5 to 2 h caused a slight decrease in
oleic acid conversion, from 95.5 to 95.1%. Therefore, it can be
concluded that the reaction equilibrium was reached after 1.5
h when using s-MWCNTs as a catalyst, and the reaction time of
1.5 h was reported to be the optimum reaction time.*

6 Possible configurations of functionalised
MWCNTs in transesterification/
esterification reaction systems

Several configurations of functionalised MWCNTs are used in
transesterification/esterification reaction systems, such as the
direct dispersion of functionalised MWCNTs in a reaction
medium and operation coupled with membranes incorporat-
ing functionalised CNTs. Each configuration uses a different
approach to biodiesel production.

6.1 Direct dispersion of functionalised MWCNTs in a reaction
medium

The direct mixing of catalysts with reactants is the most
common configuration in heterogeneous catalysis. In this
configuration, functionalised MWCNTs were dispersed into oil
and methanol, which is then stirred during the reaction.>*!
Prior to the reaction, the mixture was ultrasonicated to
improve the dispersion of functionalised MWCNTs in the
reaction medium. The ultrasonic shock-waves promote the
separation of functionalised MWCNTs from bundles or
agglomerations,2®® thus increasing the contact area between
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the active sites and reactants. After reaction, the functionalised
MWCNTs were filtered and the product mixtures were
subjected to further purification to remove by-products
(glycerol and water), excess alcohol and DG. When functiona-
lised MWCNTSs are used as catalysts for transesterification, the
reaction mixture consist of a three-phase system in which the
reaction rate will be limited by mass transfer.?*! Therefore, the
effect of stirring is crucial to overcoming this limitation,
especially for this configuration. For a fixed reaction time, a
higher biodiesel yield could be achieved using a higher stirring
speed.'?

6.2 Combination of functionalised MWCNTs with membrane

Recent biodiesel production technology uses a membrane
reactor that combines the catalysts and membrane in a
reaction system.®* A membrane reactor is also known as a
membrane-based reactive separator.*”> The three different
combinations of functionalised MWCNTs and membranes are
membranes without functionalised MWCNTs incorporated,
packed bed membrane reactors and mixed matrix membranes
(MMMs) with embedded functionalised MWCNTs. Each
configuration will be discussed in the following section.

6.2.1 Membrane without functionalised MWCNTs incorpo-
rated. This type of noncontact configuration between the
membrane and the catalyst is known as a catalytically inert
membrane in which the functionalised MWCNTSs are added to
the reaction medium but not embedded inside the mem-
brane.*2°® In this catalyst configuration, functionalized
MWCNTs are directly dispersed in the reactants and the
mixture is stirred during the reaction. The membranes can be
tubular or disc-shaped.?®*?°* When the transmembrane
pressure (TMP) is increased, the desired products will
permeate through the membrane.?’® The components that
permeate through the membrane depend on the membrane
type:* hydrophilic, hydrophobic or organophilic. The opera-
tional concept for ceramic/carbon membranes and polymeric
membranes is completely different. Separation by ceramic and
carbon membranes is based on the oil droplet size2%*
Therefore, methanol, with a relatively small molecular size,
and other soluble components such as glycerol, water and
biodiesel are able to pass through the membrane into the
permeate stream>°® and then be separated into non-polar and
polar phases.?”” The non-polar phase contains over 85% of
FAME and the remaining is methanol as well as trace amounts
of DG.2% To comply with the American Society for Testing and
Materials (ASTM) or European Standards (EN) for biodiesel,
further purification of the separated biodiesel is needed to
remove the excess methanol and DG. Meanwhile, the separa-
tion concept for polymeric membranes is based on the
interaction between the target component (usually glycerol
and water) and the polymer functional groups of the
membrane.?®® Glycerol, water and methanol can be removed
from the reaction mixture because they can form hydrogen
bonds with the OH groups in the polymer membrane.?%52%

6.2.2 Packed bed membrane reactor with functionalised
MWCNTs. A packed bed membrane reactor consisting of
potassium hydroxide (KOH) catalyst supported on palm-shell-
activated carbon has been developed to produce biodiesel in a
continuous process. The catalysts were packed inside the
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tubular TiO,/Al,0; ceramic membrane reactor. The reactants
were charged into the reactor using a circulating pump. The
reaction occurred when oil and methanol passed through the
catalyst bed in the reactor. High-quality biodiesel can be
produced from the packed bed membrane reactor.?*®
Therefore, functionalised MWCNTs can be used to replace
the activated carbon to be packed inside the membrane
reactor, serving as a transesterification catalyst.

6.2.3 Mixed matrix membrane (MMM). MMM is a mem-
brane that contains inorganic filler in a polymer matrix. MMM
combines the superior permeability and selectivity of inor-
ganic membranes with the economical processing capabilities
of polymeric membranes.>’® MMM is also known as a
catalytically active membrane.?*® CNTs are one of the common
inorganic fillers for MMM?'? because of their unique proper-
ties, such as high surface area and ability to be functionalised
and dispersed into an organic polymer matrix to enhance the
mechanical strength of MMM with minimal filler content.?!!
Therefore, the embedded functionalised MWCNTSs play two
roles in MMM: that of a membrane filler and that of a
transesterification catalyst. Two approaches can be applied to
produce biodiesel using MMM membranes: 1) cutting the
MMM membrane into small squares and loading them
together with the reactants and 2) placing the disc-shaped
MMM membrane into a membrane reactor.?°® The separation
principle of MMM membranes is the same as that of
conventional polymeric membranes because the MMM matrix
is also polymer-based. The advantage of this catalytically active
membrane is the reduction of the need of a purification
process for the post-reaction permeate stream because by-
products such as glycerol and water were continuously
removed during the reaction.*

7 Catalyst life-time and regeneration

Similar to other transesterification catalysts, the Et;N-CNTs
also suffered from a significant deactivation after the first
reaction cycle in which the conversion of glyceryl tributyrate
dropped to almost 60% in the second run of the reaction and
continued to drop for subsequent cycles. This decrease was
due to the strong adsorption of triglycerides on the active sites.
This attribution has been supported by the TEM images of the
spent catalysts in which the amorphous species was observed
around the CNTs and inside their channels. However, these
adsorbed triglycerides can be easily removed by washing the
spent catalyst in methanol several times and drying at 80 °C
after each transesterification cycle. The washed and regener-
ated catalyst was deactivated slightly but still showed an
extremely stable catalytic activity in which the conversion was
maintained above 90%, even after 6 reaction cycles.® Thus, it
was recommended that the amino-functionalised MWCNTs be
pre-contacted with methanol for 10 min before adding the oil
to avoid the adsorption of triglycerides to the inner and outer
catalyst surfaces.®® Villa et al. (2009)® studied the leaching of
grafted amine by performing acid-base titrations on the spent
catalyst. The titration result showed that the generated pH of
the spent Et;N-CNT catalyst was 10.26 and that the content of
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the corresponding basic groups in the catalyst was 0.96 mmol
g™'. In comparison to the freshly synthesised Et;N-CNT
catalyst, with a basic site density of 1.00 mmol g™* (Table 2),
the leaching of the basic groups was only 4% after the 6 cycles.
Moreover, the use of gas chromatography-mass spectrometry
(GC-MS) to analyse the reaction solution after each reaction
indicated the absence of EtN, most likely because the
concentration of the leached amines in the solution was too
low to be detected. Therefore, the amino groups were well
anchored on the surface of the MWCNTs.

To the best of our knowledge, no studies have been
performed to investigate the reusability and regeneration of
s-MWCNTs used in biodiesel production. However, the spent
s-MWCNTs could be reactivated using the regeneration
method for sulfonated carbon-based catalysts derived from a
glucose-starch mixture. The sulfonated carbon-based catalyst,
when treated in concentrated H,SO, (98%), exhibited a
catalytic activity close to its original level. Meanwhile, the
regeneration of the spent sulfonated carbon-based catalyst
after treatment with 5% diluted H,SO, could achieve a FAME
yield of 60%. On the other hand, the washing of the spent
catalyst in methanol and cyclohexane did not affect the
regeneration of the catalyst activity, producing a FAME yield of
below 10%. This low value might due to the leaching of SO;H
groups from polycyclic aromatic hydrocarbons during the
extensive methanol washing.>'*

8 Other catalytic applications of carbon
nanotubes

.. 03 - r . . 3
In addition to esterification and transesterification, functio-
nalised CNTs have also been used to serve as a novel support
materials in other catalytic reactions, such as Fischer-Tropsch

synthesis,*'* selective hydrogenation,?!?'® polymerisation,?!’
cyanosilylation,®*® gas oil hydrotreatment,?*® bioethanol
synthesis,*® polysaccharide degradation®** and oxidation

222-226 t 227

reaction for fuel cells as well as wastewater treatmen

Iron catalysts supported on oxygen-functionalised
MWCNTs (O-MWCNTS) or nitrogen-functionalised MWCNTs
(N-MWCNTSs) were used in high-temperature Fischer-Tropsch
syntheses to produce short-chain olefins. O-MWCNTSs were
obtained via gas-phase treatment using nitric acid vapour at
200 °C for 24 h. Meanwhile, to introduce N-containing
functional groups, the O-MWCNTs were further treated at
400 °C for 6 h under an ammonia flow. Iron nanoparticles with
particle sizes below 9 nm were deposited on the functionalised
MWCNTSs via ammonium iron citrate impregnation process
followed by calcination and finally reduction in pure H, at 380
°C to form Fe/O-MWCNTs and Fe/N-MWCNTs. Short-chain
olefins were synthesised by pasing the syngas (45% CO, 45%
H, and 10% Ar) over the catalysts with a specific flow rate of
833 scem/g min~! and an absolute pressure of 25 bar. Both
catalysts (Fe/O-MWCNTs and Fe/N-MWCNTs) showed excel-
lent olefin selectivity in the short-chain region [S(C3~Ce) >
85%] and low chain growth probability (¢ < 0.5). Fe/N-

[
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MWCNTs exhibited almost twofold higher activity than Fe/O-
MWCNTs after 50 h on stream under steady-state conditions.
Therefore, Fe/N-MWCNT catalysts are more suitable Fischer-
Tropsch catalysts for the production of short-chain olefins due
to their high catalytic activity, high selectivity of olefins, low
chain growth probability and superior long-term stability.**

In addition, functionalised;MWCNT-supported metal cata-
lysts were also applied to the selective hydrogenation of
phenylacetylene and p-chloronitrobenzene. MWCNT-sup-
ported Pt catalysts were used for the hydrogenation of
phenylacetylene (PA). MWCNTs were functionalised with
oxygen-containing groups by oxidative treatment with 100
mL of 0.2 M HNO; and 0.6 M H,SO, for 4 h. The deposition of
Pt particles onto MWCNTs was achieved via the chemical
reduction of H,PtCls-6H,0 by ethylene glycol in the presence
of NaOH. The catalyst was then activated under a hydrogen
stream at 300 °C for 2 h followed by cooling to room
temperature. Pre-determined amounts of the catalyst, ethanol
and PA were mixed, and the hydrogenation reaction was
carried out at 50 °C for 1 h under stirring in a H, environment
(0.4 MPa). The MWCNT-supported Pt catalysts showed super-
jor catalytic activity, with PA conversion and selectivity to
styrene of 99% and 88%, respectively. This high catalytic
activity was most likely due to better dispersion of the Pt
nanoparticles MWCNTs.?'* On the other hand, MWCNT-
supported ruthenium catalysts were used for the hydrogena-
tion of p-chloronitrobenzené” with methanol to selectively
produce p-chloroaniline. The purified MWCNTs were first
subjected to surface activation by refluxing the MWCNTs in
nitric acid to produce hydrophilic MWCNTs with oxygen-
containing surface groups. Next, the ruthenium catalysts were
prepared by impregnation from triruthenium dodecacarbonyl
(99%) in hexane at approximately 20 °C. The hydrogenation
reaction was performed between 40 °C and 60 °C under a
hydrogen pressure of 10 to 35 bar in an autoclave under
stirring. The catalysts showed excellent performance in
producing p-chloroaniline with 94% selectivity. The catalytic
activity of the MWCNT-supported ruthenium catalysts was
reported to be one order of magnitude higher than that of a
commercial Ru/AlLOj; catalyst.2'®

A SWCNT-supported nickel(u) carborane complex, ([closo-1-
Ni(PPh;),-2-Me-3-((CH,)JNH-)}-n>-2,3-C,BoH,][OELt],(SWCNT),
was studied in olefin (ethylene and vinyl chloride) polymerisa-
tion. This catalysts were synthesised via the in situ preparation
of  nido-C,Be-carborane-functionalised =~ SWCNTs  with
dichlorobis(triphenylphosphine)nickel(u). The polymerisation
of ethylene and vinyl chloride catalysed by the SWCNT-
supported nickel(n) carborane complex was carried out in
THF in the presence of methylaluminoxane (MAO, 10 wt%
solution in toluene) as a co-catalyst. The SWCNT-supported
nickel(i) carborane complex was more active for olefin
polymerisation than it homogeneous analogue, closo-1-
Ni(PPh3)2-2-Me-3-Pentyl-n5-2,3{'C2BgH9, in the presence of
MAO co-catalyst.>"’

SWCNT-supported vanadyl salen complexes were used to
catalyse the cyanosilylation of aldehydes with trimethysilylcya-
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nide. SWCNTs were first functionalised at the tips with
terminal thiol groups via nitric acid treatment followed by
reaction with thionyl chloride in DMF and subsequently
transformed into amides by treating with 2-aminoethanethiol
in the presence of a tertiary amine to trap the evolved
hydrochloric acid. Styryl-functionalised vanadyl Schiff base
was covalently bonded on the modified SWCNTs by a radical
chain mechanism initiated by azoisobutyronitrile (AIBN). The
SWCNT-supported vanadyl salen complex catalysts showed a
high activity for cyanosilylation using benzaldehyde as a
substrate to catalyse the reaction, even at a low substrate-to-
catalyst ratio. The conversions of benzaldehyde by SWCNT-
supported vanadyl salen complexes catalysts were similar to
that by a homogeneous catalyst (tetrabutyl vanadyl salen
dissolved in chloroform). No leaching was observed for the
SWCNT-supported vanadyl salen complex catalysts, and the
catalysts can be reused for five consecutive runs without a
decrease in activity.?'®

Hydrotreatment is a crude oil refining process to remove
hydrocarbon molecules that contain nitrogen and sulfur
groups from gas oil using H, over a catalyst. MWCNT-
supported NiMo catalysts (NiMo/MWCNTs) were used to
hydrotreat gas oil derived from Athabasca bitumen. The
MWCNTs were first treated with 52% nitric acid and refluxed
for 8 h to create carboxylic functional groups on the surface.
The functional groups on the surface of MWCNTs play an
important role in preventing the leaching of Ni and Mo
particles during the reaction. The NiMo/MWCNT catalysts
were prepared by a pore-filling wet impregnation method. The
hydrotreatment of light gas oil (LGO) derived from Athabasca
bitumen was performed in a trickle bed reactor under typical
industrial conditions: pressure of 8.8 MPa, H,/feed ratio of 600
mL ml™?, weight hourly space velocity (WHSV) of 4.5 h™" and
temperature of 345, 360 and 375 °C. To achieve high
hydrotreating activity, 3 wt% Ni and 12 wt% Mo was the
optimum catalyst loading on MWCNTs. The catalytic activity of
3 wt% Ni-12 wt% Mo/MWCNT catalysts was significant higher
than that of conventional Al,0;-based catalysts due to the
uniform pore size of MWCNTs, which can reduce the mass
transfer problem during the reaction. In addition, the absence
of strong acid sites in MWCNTs reduces the strong interaction
between metal particles and support and favours the complete
sulfidation of Mo species.?'®

The conversion of syngas from biomass gasification is an
alternative to fermentation for bioethanol production.
MWCNT/silica-supported Cu-Co catalysts have been used to
produce bioethanol from biomass-derived syngas. The pur-
ified MWCNTs were functionalised with pyrogallol. Next,
amino silica was added to the solution and sonicated for 1
h. The introduction of pyrogallol on the support surface
enhances the interaction of metal ions with the support. Next,
the MWCNT/silica composite was used as support for the
preparation of catalysts viz incipient wetness impregnation of
copper nitrate (Cu(NO3),'3H,0) and cobalt nitrate
{Co(NO;),'6H,0). The catalysts were reduced in situ under H,
flow (45 mL min~?) at 300 °C for 14 h before synthesis gas (85

This journal is © The Royal Society of Chemistry 2013



RSC Advances

mL min~") with a H,/CO ratio of 1.0 was introduced and the
pressure of the reactor was increased to 5 MPa. The increase of
MWCNT content in the catalyst support could reduce
methanol production and increase the production of C2 +
alcohol.?2®

The biomass component, cellulose, is degraded by different
cellulases (enzymes) produced by microorganisms. Recently, a
unique bio-inspired catalyst that mimics the structure of active
sites in real enzymes using functionalised CNTs has been
synthesised for cellobiose degradation. CNTs were first
subjected to acid treatment to create carboxylic groups on
the CNT surface. The carboxyl group on CNTs contributes to
the cellobiose degradation. The catalysts functioned optimally
at a pH of approximately 3, which allowed the artificial
catalysts to better mimic the steric orientation of the
nucleophilic and acid-base catalytic active sites of the sugar
degradable enzyme. The COOH-CNTs only mimicked the
active site conformation of the natural cellulase. Therefore,
the catalytic effect of COOH-CNTs was only partial. However,
the number of catalytic sites per molecule of the COOH-CNTs
was higher than that of other sugar degradable catalysts, such
as B-glucosidase and exoglucanase.?*!

Platinum (Pt)-based catalysts are the best and most
commonly used catalyst for fuel cells. However, Pt catalysts
are usually easily poisoned due to the gradual deposition of
the dissociated organic molecular species on the metal
surface.22%22° Therefore, intensive research has been carried
out to improve the kinetic and poison tolerance of Pt-based
catalysts.?> The hydrofluoric acid (HF)-treated MWOCNT-
supported Pt catalysts®?® as well as chitosan and heteropolya-
cid of phosphomolybdic acid functionalised MWCNT-sup-
ported PtRu catalysts (PtRu/HPMo-CS-MWCNTs)?*2  are
commonly used for direct methanol fuel cells (DMFCs). To
prepare the HF-treated MWCNT-supported Pt catalysts, the
MWCNTs were first treated in HF solution to induce defects on
the surface of the pristine MWCNTSs. Intermittent microwave
heating (IMH) of H,O, solution is then employed to form
functional groups on the defect areas. The treated MWCNTSs
were then added into a well mixed mixture of chloroplatinic
acid (the starting precursor) and ethylene glycol. The pH of the
mixture was adjusted to above 10, and a well dispersed slurry
was obtained upon stirring and ultrasonication for 15 min.
Next, the slurry was microwave-heated and hydrochloric acid
was added. The HF-treated MWCNT-supported Pt catalysts
prepared using a 10 s-on/20 s-off pulsing protocol over five
cycles exhibited the best activity towards methanol oxidation.
The catalysts also showed significantly improved stability
towards the methanol oxidation conditions, which was
attributed to the improved MWCNT modifications, which
enhance the interaction between the Pt nanoparticles and
MWCNTs.2?®> To prepare the PtRu/HPMo-CS-MWCNTS,
MWCNTs were first functionalised noncovalently with phos-
phomolybdic acid and chitosan at room temperature without
the use of corrosive acids to produce a homogeneous surface
of functional groups with no detrimental effect on the
graphene structures of the MWCNTs. An impregnation
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method was used to deposit PtRu nanoparticles on functiona-
lised MWCNTs. The PtRu/HPMo-CS-MWCNTs catalysts
showed higher electrocatalytic activity for methanol oxidation
and better tolerance toward CO poisoning due to the finer
particle size and uniform distribution of PtRu nanoparticles
on HPMo-CS-MWCNTs than those of the PtRu nanoparticles
supported on conventional acid-treated MWCNTs. In addition,
the presence of heteropolyacids enhances the electrooxidation
of intermediate species such as CO and eventually reduces the
poisoning of catalysts.?** Similarly to DMFC, the catalysts for
direct ethanol fuel cells (DEFCs) are also PtRu nanopatrticles.
Yang et al. (2012)*** reported the use of polyoxyethylene
bis(amine)-functionalised MWGCNTs as supports for PtRu
nanoparticles for ethanol oxidation. MWCNTs wrapped by
polyoxyethylene bis(amine) linear molecules were denoted as
POB-MWCNTSs. The deposition“of PtRu nanoparticles on the
POB-MWCNTs was achieved via polyol reduction. The PtRu/
POB-MWCNTs catalysts showed a higher electrochemical
active surface area (EAS) based on CO stripping voltammo-
grams, better electrocatalytic activity and higher stability for
ethanol oxidation in acidic solution than those for PtRu
nanoparticles deposited on acid-treated MWCNTSs and carbon
black catalysts. On the other hand, palladium (Pd) and Pd-
derived catalysts were used as in direct formic acid fuel cell
(DFAFCs) because of their better performance in formic acid
oxidation relative to Pt-derived catalysts. In DFAFC, MWCNTSs
were noncovalently functionalised with 1,10-phenanthroline
(phen). The Pd/phen-MWCNTs catalysts were prepared using
PgCl, as starting precursor. “The phen-MWCNTSs possess
supramolecular n-n stacking, which preserves the integrity
and electronic structure of the MWCNTS, in contrast to acid-
treated MWCNTSs. Moreover, the presence of N atoms in phen
enables the Pd nanoparticles to homogeneously anchor onto
the phen-MWCNTs and generate good electrocatalytic activity
and stability for formic acid oxidation.?26

Wet air oxidation (WAO) is an effective alternative to
eliminating hazardous, toxic and highly concentrated organic
compounds in wastewater produced by the chemical, petro-
chemical, pharmaceutical, agricultural and textile indus-
tries.?27230231 The oxygen-containing functional groups and
carboxylic acid groups play an important role in WAO.
Therefore, MWCNTs were functionalised by different oxidants,
such as HNO;/H,S0;, H,0,, O3 and air, to serve as catalysts for
the WAO of phenol. The WAO of phenol using functionalised
MWCNTs was carried out under a reaction temperature of 155
°C and total pressure of 2.5 MPa. The results showed that the
MWCNTs treated with O; exhibited the highest catalytic
activity, with the ability to refnove 100% phenol and 80%
total organic carbon (TOC). This high removal was O;-treated
MWCNTs possessing more oxygen-containing functional
groups and carboxylic acid groups and having a weakly acidic
nature. In addition, the Os-treated MWCNTs showed good
catalytic stability, with almost the same phenol and TOC
removal observed in 4 cyclic reactions.??’
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9 Challenges and future outlook of using
functionalized CNTs as catalyst support

Both theoretical and experimiental works have proven that
CNTs can be functionalised to serve as catalysts for biodiesel
production. However, many technical barriers still must be
overcome, including catalyst reproducibility, environmental
compatibility and scaling-up. In the synthesis of high-purity
CNTs, the large-scale synthesis of high-purity CNTs with
controllable diameters, lengths, chiralities and conductivities
remains a challenge.>®?> The synthesis of MWCNTs with a
controllable number of walls is another significant chal-
lenge.”®® The MWCNT type (thin MWCNTs with three to six
walls or thick MWCNTs with more than six walls) suitable for
use as the catalyst support in biodiesel production remains
unknown. Moreover, the synthesis of isolated CNTs with the
desired structures has not yet reached maturity in which a
single CNT itself does not possess the same diameter and
chirality over its entire length.?*?>?*3 As noted, CNTs have been
successfully produced using almost all metals; however, the
effects of different metal catalysts on the physical and
chemical properties of the grown CNTs remain unstudied.
The required properties of CNTs as the catalyst support in
transesterification/esterification are thought to differ from the
CNTs used in other applications, such as in electronic devices
and hydrogen storage. Thus, if the type of metal used and the
properties of the grown CNTs are well correlated, it would be
easier to select CNTs with the optimal properties for different
applications.?**

The raw CNTs must be purified because they contain
amorphous carbon and metal catalyst impurities. Therefore,
the demand for uniform, high-purity CNTs with low cost and
on large scales is another major challenge that must be
overcome. An effective technique to purify, tailor the structure
and properties of and sort CNTs needs to be developed.** In
addition, a standard characterisation protocol or quality
control assessment of CNTs is critically needed for evaluating
and comparing the characteristics of CNTs synthesis by
different methods.?*2%3

The functionalisation of CNTs has broadened the applica-
tion of CNTs in heterogeneous catalysis. However, the
structure of the functionalisegl CNTs on an atomic scale has
not been fully studied. Although scanning tunnelling micro-
scopy (STM), which can record atomically resolved images of
bare CNTs and structural defects, can be used for this purpose,
the unequivocal imaging of individual functional groups
located on the sidewall of CNTs still remains to be
investigated. Moreover, future investigation should focus on
the study of the density and distribution of functional groups/
moieties for both the convex and concave surfaces of CNTs.
This study is vital because it helps provide a clearer picture of
the dependence of chemical reactivity on the detailed structure
of CNTs.®® There is still a room to improve the functionalisa-
tion of MWCNTs with basic or acidic groups to improve the
active catalytic sides to serve as catalysts in biodiesel
production. Therefore, the reported catalysts might not be

9090 | RSC Adv., 2013, 3, 3070-9094

RSC Advances

the best catalyst for transesterification/esterification.
Optimisation and modelling will be needed to advance the
catalyst into commercial application. Moreover, the applic-
ability of base or acid functionalised MWCNTSs in common
biodiesel feedstock, such as refined oil, crude oil, waste oil, the
low-value by-product PFAD or even municipal activated sludge
containing lipid®** has been minimally studied because,
before this study, functionalised MWCNTs had only been
applied in pure and single-components (such as glyceryl
tributyrate and oleic acid) forms.

10 Conclusion

The obstacles encountered by conventional heterogeneous
catalysts in transesterification/esterification have hindered
fully economically feasible biodiesel production. The emer-
gence of functionalised CNTs as catalyst support offers a
solution for future biodiesel production that has the potential
to be developed into large-scale production. The main
advantages of functionalised CNTs as catalyst support in
biodiesel production are that they overcome the mass transfer
limitation, low catalyst stability and high cost of precious
metal catalysts faced by the conventional heterogeneous
catalysts in transesterification/esterification. MWCNTSs are
normally used as the catalyst support in transesterification/
esterification reaction. MWCNTs can be functionalised with
four different functional groups to serve as a catalyst in
transesterification or esterification reactions, including basic
catalyst groups, acidic catalyst groups, enzymes and metal
particles. The reported functionalised MWCNTs involved in
biodiesel production are amino functionalised MWCNTs and
sulfonated MWCNTs via thermal treatment with concentrated
H,SO,. The findings indicated that the functionalised
MWCNTs required a lower reaction temperature, methanol-
to-oil ratio and catalyst concentration in transesterification/
esterification reaction compared to conventional catalysts.
However, the application of functionalised MWCNTs to the
biodiesel production industry requires more studies to
optimise the density of functional groups anchored on
MWCNTs and the regeneration of the spent catalyst to
increase the lifetime of functionalised MWCNTSs. In addition,
more studies are needed to demonstrate the application of the
functionalised MWCNTs in common biodiesel feedstock.
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Abstracts

DNA and their bigger pore size. Gel-electrophoresis studies reveal
that these nancparticles efficiently complex with plasmid DNA and
protect it form enzymatic digestion of DNase 1. By the use of
MSNs and functionalized MSNs we have achieved low cyloloxicity
and higher DNA transformation.
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Fluorescent Carbon Nanodots for Medical Research and
Light Harvesting

Qin Li, Environmenlal Engineering & Queensland Micro- and
Nanotechnology Centre, Griffith Universily, Australia

Carbon, a malerial usually associated with ‘black’, was recently
found to be fluorescent in multi-colours when it is in the size of a
few nanometers and applied with certain surface functionalisaticn.
These brightly luminescent carbon nanodots have profound
implications, because carbon is cheap and abundant, and is
chemically inert and biocompatible. Carbon Nanodots represent a
promising substitute to semiconductor-based Quantum Dots in
various application fields. This talk will present the novel
synthesis routes to carbon nanodots and their versatile
applications in medical research and light harvesting devices.
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Analysis of the Interaction and Effect of Magnetic Nano-
particles Ini a Bio-compatible Polymeric Electro-spun Nano-
fibre Matrix

Bradley R Hawkins, Curtin Universily, Australia

Deeptangshu S Chaudhary, Curtin University, Australia

The effect of magnetic nano-particles within bio-compatible nano-
fibrous mats is a key idea that has been illustrated recently,
exploring the inferaction between a select few polymers. This
research looks at a new bio-polymeric configuration that focusses
on cther characteristics, such as the uniformity of the nano-
structure; and ensuring that the nano-fibres and nano-particles are
well-dispersed. Material selection has also been fundamental in
identifying a blend that will optimise the physical properties of the
nano-structure. Iron-based magnetic nano-particles produce a
stimull-responsive system through the avatlability of super-
paramagnetic particles within the nano-structure. This property
has been-confirmed through zero-field cooled, field cooled, and
hysteresis tasting by the use of a superconducting quantum
interferenice device magnetometer. The nano-fibrous mat was
produced by electrospinning a blend of chitosan and
polycaprolactone. The paramelers of this procedure were
optimised to-achieve the best size consistency. This involved
manipulating the applied voltage and polymer concentration. The
iron-based magnelic particles were synthesised by the sonication
of tron(}l) chloride and iron(llf) chloride solutions, and were
measured to be 15 - 20 nm. They were then integrated into the.
experiment by adding thém to the polymer solution prior lo
electrospinning. Analysis of the embedded magnetic particles in
the polymer matrix was completed using transmission electron
microscopy and X-ray diffraction to cbserve particle
agglomeratien, differential scanning calorimetry to determine
crystallinity changes and thermal properties, and mechanical
testing todétermine the integrity of the system. The nanoparticles
were fourid to be well-dispersed within the nano-fibre matrix, with
minimal agglorieration.
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Scalable Fabrication of Uniform Microparticles with Highly
Ordered Mesoporous Structures )

Kathryn E Waldron, Monash University, Australia

Winston D Wu, Monash University, Australia

Cordelia Selomulya, Monash Unjversily, Australia

Wenjie Liu, Monash Universily, Australia

Dongyuan Zhao, Fudan University, China

Xiao D Chen, Xiamen University, China

Mesoporous silica is a versatile material with controllable pore
size and ease of funclionalization, enabling them to be employed
in a vast range of applications, slch as catalysis, adsorption, and

» drug delivery. A common method to produce mesoporous silica is

via a wet chemistry route involving multiple steps; frequently with
organic solvents, while producing relatively small amounts of
(often polydisperse) nanoparticles. Spray drying offers a faster,
easily scalable route of production without wasle. The use ofa
micro-fluidic jet spray dryer deﬁoped at Mongsh University
enables the: production of monodisperse mncropartlcles in larger
quantities compared to wet synthiesis methods, Here, a
combination‘of surfactant templated and evaporahon induced self-
assembly provzdes the ability to control the-pore size and the
particle size of mesoporous microparticles produced. A protocol to
assemble these particles was developed with their properties
characterized via TEM .SEM, XRD, and nitrogen adsorption. The
microparticles demonstrated higﬁly ordered hexagonal
mesostructures with high surface areas and pore volumes closely
approaching those of mesoporous nanoparticles. The increase in
surfactant to silica ratio resufted i in increasing surface area and
pore volume, provided thatithe concentration of surfactant was
sufficient for the self-organlsat:on of surfactant-silica micelles,
while particle size could be contyplled by varying the initial solute
content in the precursor. Thls work contributed towards.the
understanding of formation mecl 'nisms and effects of process
parameters on the synthesis of miesoporous materials via the
spray drying approach.:The knowledge is useful in enabling a
rapid and scalable pracess for the‘production of functional
particles for a wide range of applmhons
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L
Structure Modification of Multkwajled CarbouNanotubes
Buckypaper using Polyvinyl Alcoholf, Fabricatlop and
Characterization
Kian Fel Yes, Universiti Sains Malaysia (USM), Malaysla
Abdul Rahman Mohamed, Universiti Salns Malaysla (USM),
Malaysia
Soon Huat Tan, Universiti Sains Malays:a Melaysia: -

Functionalized multi-walled carbon nanotubes (MWCNTs) were
used to prepare buckypaper (BR) via.simple filration method and
the'résulted BP wasimiodified by polyvinyl alcohol (PVA). In this
modification method, firstly, the faw MWCNTs were purified by
using nitric acid. Then, sulfonic acid ‘groups (-SO3H) were
covalently grafted onto the surface of purified MWCNTS by
treating with concentrated sulfuric aeid at temperature 250 °C.
The functionalized-MWCNTs were then dispersed in ethanol and
the suspension was filtered to form, sgﬁ-supporﬁng functicnalized
BP. Then, PVA solution was coated éhi the BP by solution casting
method. The raw, purified and fdﬁcﬁ@nahzed MWCNTs were
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characterized by using scanning electron microscopy (SEM),
transmission electron microscopy (TEM), thermogravimetric
analysis (TGA) and Fourier transform-infrared spectroscopy (FT-
IR). TGA results showed that the thermal stability of MWCNTs
increased after treating with acid, whereas FT-IR spectra revealed
the appearance of -SO3H groups on the functionalized-MWCNTSs.
On the other hand, the dropped of contact angle from 64.5° to
43.7° indicaled that the hydrophilicity of PVA coated-purified BP
increased after functionalization. The thickness of PVA coated-
functionalized BP increased with respect to the increased of
functionalized-MWCNTSs loading. Tensile test results indicated that
the overall mechanical properties of the PVA coated-functionalized
BP improved as compared to the PVA film.
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Mitigating the Deposition of Bidactives during Membrane
Filtration

Zaid S Saleh, Piant and Food Research Limited, New Zealand
Judie M Fam, Plant and Food Research Limited, New Zealand
Steffen A Friedrich, Plant and Food Research Limited, New
Zealand

-

The recovery of phenolic compounds from apple juice was studied
on a laboratory pilot-scale using a commercially viable filtration
process. The fouling mechanism was characterised and modelled
using a polysulphone SelRO® spiral-wound membrane with a
molecular weight cut-off (MWCO) of 1 kDa and 0.25 kDa. The
retention of various compounds including total and individual
phenolics proteins and certain tyges of sugars was determined
analytically. The effects of temperature (20, 30, 40, & 50°C), feed
concentration (5, 10, 15 & 20°Brix), transmembrane pressure (5,
10, 15, & 20 bar) and pH (2, 3, 4, & 5) on permeate flux, fouling
and membrane performance were determined. Different types of
foufing mechanisms, Including reversible and irreversible
concentration polarisation, cake formation, pore blocking, or a
combination of the aforementionéd, were investigated. Fouling is
detected by a decrease in permeate flux with time. The permeate
flux was greater at higher temperatures, pH values and pressures,
and lower at higher feed concentrations. Modelling of the
permeate flux using available predictive fouling models in
fterature gave comparable results. It was found that cake
formation was the dominant reversible fouling mechanism in the 1
kDa membrane and that pore bidcking was the dominant type of
fouling occurring in the 0.25 kDa membrane. The filtration process
was optimised, the optimum operating conditions were identified
and a fouling mitigation strategy is recommended.
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Recovery of Engineered Nanomaterials by Dead-End and
Cross-Flow Ultrafiltration Membranes from Water
So-Ryong Chas, The University of Sydney, Australia
Hee-Chan Jang, The University of Sydney, Ausiralia
Tahereh Noeiaghaei, The University of Sydney, Australia
Soleyman Mamisahebi, University of Technology, Sydney,
Australia

Ho-Kyong Shon, Universily of Téchnology, Sydney, Australia
Jong-Oh Kim, Gangneung-Wonju National University, Korea
Mark R Wiesner, Duke University, United States

Jieun Lee, The University of Sydney, Australia
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More than one thousand consumer products containing
engineered nancmaterials (ENMs) such as silver, carbon,
titanium, silica, zinc, and gold are available in the markets. The
ever-increasing use of ENMs in commercial products and
applications has raised concems over the potentidl consequence
of environmental and human exposure. Although'it is not clear at
the outset if the potential for significant harm even exists, the best
way to minimise the risks of ENMs might be secure recovery of
the materials from manufacturing, recycling, and disposal points
before they are discharged into the environments:: The mobility of
ENMs is influenced by the size and surface charge of the particles
in the environmental media in which they are contained. It was
clearly shown that primary engineered nanoparticles tend to from
colloidal aggregates even in déionized (DI) water. To recover the
ENMs from various waler streams, it is important to understand
fate/transport of ENMs and their interaction with other
environmental components. Here, we explore the:effects of
natural organic matter (NOM) and pressure gradient on recovery
efficiency of carbon nanomaterials by membrang filtration. As a
result; we-show that the more hydrophilic engineered
nanoparticles showed lower separation efiiciency by membrane
filtration than the less hydroxylated nanoparticle aggregates. The
results highlight the difficulties encountered when tackling the
separation of heterogeneous nanomaterials from aqueous
suspension using cdnventional membranes.

Keywords: Engineered nanomaterials, recovery, colloidal
aggregales, natural organic matter, and ultrafiltration membrane.
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Non-destructive Characterization of Nano-filtration and
Reverse Osmosis Membrane Module Fouling using Magnetic
Resonance Imaging .

Michael L Johns, School of Mechanical and Chemical
Engineering, The University.of Westem Australia, Auslralia

Einar O Fridjonsson, School of Mechanical and Chemical
Engineering, The University of Westem Auslralia, Australia

Hans S Vrouwenvelder, Department of Biotechnology, Facuity of
Applied Sciences, TU Delft, The Netheriands

Magnetic Resanance Imaging (MRI) has been applied.to hon-
invasively elucidate several aspects of bio-fouling of nano-filtration
and revesse osmosis membranes (ROMs) modiiles as a function
of fouling time. These include the spatial distribution of biomass
accumulation and its eflect on system hydrodynaniics, the effect
on these parameters of ROM cleaning protocols and the detailed
validation of 3D simulations of ROM bio-fouling. These
developments are summarised and preliminary work using the
earth's magnetic field for MRI detection purposes of bidfouling
outlined.
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Proteln Recovery using Mixed Matrix Membranes
Incorporating Hydroxyapatite as Adsorbents

Serene WL Chuah, The University of Auckland, New Zealand
Darrefl Alec Patterson, Department of Chemical Engineering,
University of Bath, United Kingdom

Mark | Jones, University of Auckland, New Zealand

The main aim of this project is to characterise and optimise the
use of hydroxyapatite (HAP) as an adsorbent for proteins in mixed
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R4F16-114
Formulation Factors Effecting Bioactive Properties of Scaffolds
Prepared From Nano-Hydroxyapatite and Zirconia

Jareonporn Saekhow, Jasadee Kaewsrichan and Lupong Kaewsichan*
*Corresponding author: lupong.k@psu.ac.th

Abstract: Nano-hydroxyapatite (nHA) was prepared by sol-gel method using
Ca(NOs), and (HN,4);HPO, as starting reagents. The synthesized nHA was separately
blended with ZrO- at a mole ratio of 0.01, 0.05, 0.1, 0.2 and 0.5, respectively named
as F1, F2, F3, F4 and F5. Scaffolds were fabricated by dipping and then sintering at
either 1150 or 1250 °C for 2 h. After immersed in PBS for 3 days, greater amounts of
mat-like apatite were apparent for F1 and F3 compared to the others as evaluated by
SEM. In regarding to sintering temperatures, more amounts of the apatite were
formed at the higher heating level. XRF data showed that the Ca/P ratio decreased by
Zr-supplement, resulting in the incorporation of Zr into HA lattices. The new
bioactive materials developed might be useful in the fields of bone tissue engineering
and functional drug delivery.

R4F16-115
Poly(vinyl alcohol) Functionalized Multi-walled Carbon Nanotube-
Chitosan Membranes and Their Application in Dehydration of
Acetone via Pervaporation

-

Qian Wen Yeang, Yoke Kooi Cheng, Sharif Hussein Sharif Zein and Soon Huat Tan*
*Corresponding author: chshtan@eng.usm.my

Abstract: The main obstacle being faced in the process of producing a good quality
of the multi-walled carbon nanotubes (MWCNTs) based nanocomposite is achieving
homogeneous dispersion of MWCNTs in the polymer matrix as MWCNTSs tends to
form agglomeration. Thus, the present work focuses on the functionalization of
MWCNTSs with poly(vinyl alcohol) (PVA) which is miscible with chitosan in order to
improve the compatibility and dispersion of MWCNTs in chitosan matrix.
Pervaporation results showed that PVA-MWCNT/chitosan nanocomposite
membranes exhibited an increase in the selectivity towards water and decrease in
permeate flux when the concentration of acetone in the feed solution was increased.
Furthermore, the permeability of the PVA-MWCNT membrane increased while the
selectivity decreased as compared to pure chitosan membrane. Nevertheless, the
selectivity of the nanocomposite decreased while the permeate flux improved when
increasing the feed temperature. When low vacuum was applied, both the selectivity
and permeate flux declined as a result of the reduced driving force. In another
approach, PVA functionalized MWCNT was bulk aligned on the polyvinylidene
fluoride (PVDF) membrane by simple filtration method and further coated with
chitosan to form a three-layer composite membrane. As for the three-layer
nanocomposite membrane, it revealed immense improvement on permeate flux and
selectivity compared to the dense nanocomposite membrane.
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Technical Report

Title: Development of carbon Nanotubes supported ionic liquid membrane (SILM) and

their application in pervaporation process

Introduction

Pervaporatiofl has been recognized as an energy-efficient process. Its distinguished
separation characteristics, i.e., its phase change from liquid to vapour mediated by a driving force
induced by a chemical activity difference, provide high efficiency to the separation of close-
boiling-point and azeotrope mixtures. To date, most of the pervaporation process have focused
on the use of solid membranes fabricated from a pure polymer, such as poly(vinyl alcohol) (PVA)
(1, 2] and chitosan [3, 4], or a mix-matrix membrane [5, 6] that incorporates an inorganic filler
into the polymer. |

Instead of using solid membranes, many studies have started to use SILM in the
pervaporation process. Briefly, SILM consists of an ionic liquid that is immobilised into a porous
support. The porous support is used to supply the necessary mechanical stability to the SILM,
whereas the liquid membrane which involves the use of ionic liquid acts as a semi-permeable
barrier and govems"the mass transport. Ionic liquid is an organic liquid salt that possesses a
relatively low melting point, which enables it to remain in the liquid state at room temperature. It
has a better thermal stability and a low-to-negligible vapour pressure, which make it difficult to
vaporise. Numerous studies on the applications of SILM in pervaporation for the separation of
organic compounds from dilute aqueous solutions have been reported [7-13]. Although the use of
SILM is always associated with an instability problem caused by the leaching of the liquid
membrane from the porous support, particularly under high pressure or vacuum conditions,
several methods have been proposed to overcome this limitation, and these include re-
immobilisation of the liquid membrane [14], surface coating [15], and mixing with a base
polymer to form a thin, stable film [16]. In addition, the use of a porous support with a smaller
pore diameter would also help enhance the SILM stability [17, 18].

Other than providing physical stability, the porous support in SILM also plays a
significant role as a medium to entrap and firmly hold the liquid membrane. Most of the porous
supports are prepared from a polymeric substance, such as polypropylene [14], polyvinylidene

fluoride (PVDF) [19] and polysulfone [20]. To improve the performance of SILMs, this research

1



presents the novel production of a high-stability SILM using buckypaper (BP) as a porous
support. BP is one of the carbon-nanotubes (CNTs)-based membranes that are solely composed
of entangled assemblies of CNTs held together by van der Waals interactions at tube-tube
junctions and arranged as a planar film [21]. The entanglement of the randomly orientated CNT
bundles could form a highly porous network structure with a free volume up to 70% of its total
volume [22]. BP has exhibited vast potential applications in hydrogen storage [23], actuators
[24], sensors [25] and artificial muscles [26]. Recent studies conducted by Yee et al. [27] also
reported the application of BP in the membrane separation process. The introduction of BPasa
pre-selective layer in an asymmetric membrane was found to control the permeability and

enhance the pervaporation performance of the resulting asymmetric membrane.

Objectives
The primary aim of the research is to synthesize a high stability supported ionic liquid membrane
(SILM) by employing a liquid membrane phase consists of an ionic liquid blend with polyvinyl
alcohol (PVA) polymer and immobilized in a buckypaper (BP) to form a buckypaper supported
ionic liquid membrane (BP-SILM). The specific aims are:

e To study on the effectiveness of the BP-SILM in the pervaporation of binary mixtures

and ternary azeotropic mixtures. ‘
e To investigate the separation characteristic of the BP-SILM in the pervaporation and

evaluate the effect of the operating conditions on its pervaporation performance.

METHODOLOGY

Preparation of PVA and [Bmim] [BF4)

The PVA solution was prepared by dissolving 5 wt.% PVA powder in distilled water under
vigorous stirring at 80°C for 6 h. After the PVA powder was fully dissolved in water, the stirring
process was maintained at room temperature overnight. In addition, the [Bmim][BF4] solution
was prepared by dissolving 5 wt.% [Bmim][BF4] in distilled water and stirring at room
temperature. Both the [Bmim][BF,] and PVA solutions were carefully mixed to form a
[Bmim][BF4]-PVA solution at weight ratios of 30/70, 50/50, and 70/30.



(]

Preparation of BP and BP-SILM |

The MWCNTs were chemically oxidised and transformed into BP sheets with diameters of 90
mm through a wet processing technique. A pre-weighed amount of oxidised MWCNTs was
dispersed in ethanol and sonicated for 15 min, and the MWCNT suspension subjected then to
vacuum filtration through a 0.45-um nylon membrane filter. The resulting BP was then washed
with distilled water’ Five different weights of BPs, ranging from 3.44 to 5.88 mg/cm® of
MWCNTs, were prepared. The vacuum filtration process was continued to immobilise the
[Bmim][BF4]-PVA solution in the BP, and the process was stopped once a thin visible layer of
excess [Bmim][BF4]-PVA solution was observed on the surface of the BPs. The excess
[Bmim][BF4]-PVA was removed using a transfer pipette, and the as-formed BP-SILM was then
peeled off from the membrane filter and dried at room temperature. After drying, the BP-SILM
was immersed in a cross-linking bath containing 2.5 mL of glutaraldehyde, 2.5 mL of
hydrochloric acid and water-acetone mixtures (30/70 vol.%). BP was infiltrated with three
different concentration of [Bmim][BF;]-PVA mixtures: 30/70, 50/50 and 70/30 wt.%. The
resulted BP-SILMs were coded as BP-SILM-30, BP-SILM-50 and BP-SILM-70, respectively.
The efficiency of the BP to entrap [Bmim][BF,;]-PVA was calculated based on the following
equation: ’

Mgp_siim — Mpp
Mpp

where Mpgp_si and Mpp refer to the weights of the BP-SILM and BP, respectively.

y

Immobilised content =

1)

Liquid sorption study

The BP-SILMs were immersed into solutions and placed in a sealed vessel. The sorption process
was then continued at room temperature for 72 h until the equilibrium state was achieved. The
swollen BP-SILMs were rapidly removed from the vessel and weighed immediately after
blotting the excess adhered liquid. The total amount of liquid sorbed was determined using the

following equation:

M + = Mpp_siy
Degree of swelling = —EF=SILM

(2)

MBP—SILM



where Mgp_g; 1y and M , represent the weights of the dry and swollen BP-SILMs,

BP-SILM

respectively. According to the Flory-Huggins theory, the binary interaction parameter Y,

between component i and the BP-SILM was calculated using the following equation [28]:
In(1—-vp)+v

Xim = 7;,: = 3)

Um

where v, is the volume fraction of the membrane in the swollen BP-SILM. ‘

Pervaporation experiments

The pervaporation experiments were performed using a laboratory-scale pervaporation test rig.
The BP-SILM was mounted onto a stainless-steel permeation cell supported with a porous
stainless-steel plate and supplied an effective surface area of 8.6 cm>. Feed solutions were
circulated between the feed tank and the permeation cell at a constant flow rate. The operating
temperatures of the feed solutions were maintained between 30°C and 70°C and the downstream
pressure was maintained within 5 to 25 mmHg. The pervaporation process was operated for 4 h,
the permeate vapour was condensed and collected in cold traps immersed in liquid nitrogen. The
collected permeate sample was weighed, and its composition was analysed. The pervaporation
performance of the BP-SILM was assessed in terms of the permeation flux, J, and the separation

factor for component i, B, as expressed in the following equations:

__Q
J=Txt )

EESTE

where Q refers to the mass (g) of the permeate collected at time interval ¢ (h), 4 (m?) is the

membrane effective surface area, and X; and Y; represent the mass fractions of component i in the
feed and permeate, respectively.
In addition, the membrane intrinsic properties can be evaluated in terms of the permeance, P, and

the membrane selectivity, o, which were calculated using the following equations:

Ji #
LT MW (yxpi®t - yip) ©
a= P ™



where MW; is the molar mass (g/mol) of component i, y;, x; and pf¢ are the activity coefficient,
molar fraction and saturated vapour pressure (mmHg), respectively, of component i at the feed
side, y; is the mole fraction of component i at the permeate side and p is the total downstream

pressure (mmHg).

Characterisation

Thermogravimetric analysis (TGA) of the BP-SILMs was performed using a PerkinElmer STA
6000 Simultaneous Thermal Analyzer. The specimens were placed in an alumina crucible and
heated from room temperature to 900°C with a heating rate of 10°C/min under air conditions.
The surface morphology and cross section of each of the BP-SILMs and the elemental
compositions of the samples were visualised using a Quanta 450 FEG scanning electron
microscope (SEM) equipped with an energy dispersive X-ray (EDX) apparatus. The membranes

were fractured in liquid nitrogen to avoid any polymer deformation prior to the test.

Contact angle measurement

The contact angles of water on the membranes were measured via the sessile drop technique
using a Rame-Hart standard goniometer Model 250 equipped with a video camera at room
temperature. A contz'olled volume of 6 puL of deionised water was carefully dropped onto the
sample. The image of each drop shape was captured using a video camera, and the corresponding

contact angle was determined using the supplied software.

Determination of the mechanical properties

The mechanical properties of the membrane were examined using an Instron table-mounted
universal testing machine. Each of the specimens was cut into a dumbbell shape with a gauge
length of 22 mm. The load cell was set to maximum with a constant crosshead speed of 1

mm/min. The tensile strength and elongation at break were determined.



RESULTS AND DISCUSSION
Characterisation

The thermal stability of the [Bmim][BF4]-PVA blended membranes and the pure
[Bmim][BF,] and PVA membranes were also determined using TGA. As shown in the TGA
thermogram presented in Figure 1, pure [Bmim][BF4] exhibited a single-stage degradation,
which started at 300°C and was completed at 550°C. Pure PVA membrane exhibited degradation
at three different temperature ranges: the first degradation below 100°C involves removal of the
residual moisture, the subsequent stage at a temperature between 180 and 400°C appears to
involve the elimination of side groups, and the last stage at 400 to 600°C appears to be due to
breakdown of the polymer backbone [29]. A decrease in thermal stability was observed in the
blended membranes compared with the pure [Bmim][BF;]. However, note that the
decomposition temperature of the blend membrane was increased in the ascending order of 30/70,
50/50 and 70/30 wt.% [Bmim][BF;]-PVA. This observation reveals that the thermal stability of

the blended membrane increased with respect to the content of [Bmim][BF,] in the blend.
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Figure 1: Thermogravimetric thermogram of pure [Bmim][BF,], [Bmim][BF4]-PVA in 30/70,

50/50 and 70/30 wt.%, and pure PVA. .

The SEM surface morphologies of the BP and BP-SILM are shown in Figure 2. The
MWCNT threads were clearly visible, randomly entangled with each other and predominately

horizontal to the surface of the BP without any significant agglomeration. The entanglement of
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MWCNTs in the BP formed a rather small interstitial pore, whereas the surface of the BP-SILM
was denser, and the MWCNTSs were found to be covered by [Bmim][BF4]-PVA. From the cross-
sectional view, the texture of the BP-SILM was found to be more closely and neatly packed than
the BP. This observation can be attributed to the capability of [Bmim][BF4]-PVA to penetrate
and be immobilised in the deeper interstitial pores in the BP. The presence of [Bmim][BF;]-PVA
in the BP-SILM was further verified through EDX: 1.06% fluorine atoms were detected in the
cross-section of BP-SILM, which may be associated with the presence of [Bmim][BF4]. Thus,
the result confirmed that [Bmim][BF;]-PVA can be effectively immobilised in the interstitial

pores of the BP via the vacuum-based technique.
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Figure 2: SEM image of the surface morphologies of (a) BP, (b) BP-SILM, and (c) PVDF
membrane filter and the cross-sectional views of (d) BP and (e) BP-SILM.

The effect of the MWCNT content in BP on the immobilisation of [Bmim][BF4]-PVA are
summarised in Table 1. Because polymeric membrane filters are commonly used in the
fabrication of SLMs, a 0.22-um PVDF membrane filter was used for comparison purposes. The
results revealed that the content of immobilised [Bmim][BF4]-PVA in BP was significantly
higher than that found in the PVDF membrane filters. This difference can be attributed to the
tortuosity of the porous structure and the pore size of BP. As the loading of MWCNTs increased,
the content of the immobilised [Bmim][BF4]-PVA also increased until an optimum MWCNT
loading in BP of 5.31 mg/cm?, at which the immobilisation achieved an optimum content of 0.71
g/g MWCNTSs. A further increase in the MWCNT loading in the BP resulted in a decrease in the
immobilised [Bmim][BF4;]-PVA content, which may be caused by the fact that aggregated
MWCNTs eventually decreased the interstitial pore distribution in the resulting BP, thereby
reducing their efficiency to entrap [Bmim][BF;]-PVA. In addition to the immobilised
[Bmim][BF4]-PVA content, the thickness of the resulting BP-SILM exhibited an increase in the
MWCNT content of the BP, and the use of BP as a porous support enabled the formation of a
thinner-layer membrane compared with the SILM formed using a PVDF membrane filter as a

support.



Table 1. Effect of the CNT content in the BP on the immobilisation of PVA-[Bmim][BF,).

CNT content in the BP Immobilised content Thickness
(mg/em’) (g/g MWCNTS) (pm)
3.44 0.60 76
4.01 0.63 84
4.89 0.68 90
5.31 0.71 117
5.88 0.65 123
0.22-pm PVDF membrane filter 0.08 125

Based on the mechanical properties presented in Table 2, the tensile stress and elongation
of the BP-SILMs were significantly increased with an increase in the MWCNT loading of the BP,
and the optimum tensile stress was achieved with MWCNT content in the BP-SILM of 5.31
mg/cm?. The increase in the mechanical properties with an increase in the MWCNT loading of
the BP may be due to the increase in the number of entangled MWCNTs, which strengthens the
MWCNT network. Furthermore, the immobilised [Bmim][BF4]-PVA may serve as a binder to
tighten the connection between the MWCNTs in the BP. However, a decrease in the mechanical
properties of the BP=SILM was observed at loadings greater than the optimum MWCNT loading
of 5.31 mg/cm®. As mentioned earlier, increasing the MWCNT content up to 5.88 mg/cm?
caused the formation of aggregated MWCNTs, which impairs the mechanical stability of the BP
structure. Moreover, the MWCNT network in the BP with 5.88 mg/cm®> MWCNT may be
loosely bound because the immobilised content of [Bmim][BF4]-PVA, which served as a binding
agent was reduced. Therefore, after the optimum immobilisation capacity and the mechanical
properties were determined, the subsequent experiments were performed using the BP-SILM
with 5.31-mg/cm* MWCNT BP.

Table 2. Effect of the CNT content in the BP on the mechanical properties of the BP-SILM.

CNT content in the Tensile stress Elongation at break
BP (MPa) (%)
(mg/cm®)
3.44 6.83 3.77
4.01 9.15 4.56
4.59 11.34 5.24
5.31 14.18 6.46
5.88 10.62 5.33
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The contact angle measurements presented in Table 3 indicate that the contact angle of
PVA after infiltration in BP was slightly higher compared with that obtained with a pure PVA
membrane: an increase in the contact angle from 55.4° to 73.5° was observed. This increase can
be ascribed to the intrinsic hydrophobicity of the MWCNTs. However, the contact angle of the
BP-SILM decreased from 68.6° to 46.9° when the content of [Bmim][BF4] in BP-SILM was
increased from 30 to 70 wt.%. This behaviour indicated an increase in the hydrophilicity of the
membrane because the presence of [BF4] anions in [Bmim][BF4] tends to form hydrogen bonds
with water [30], thereby reducing the surface tension of the water droplet and increasing the
wettability of the BP-SILM surface.

Table 3. Contact angle measurements as a function of the weight fraction oyf [Bmim][BF,] in the
BP-SILM.

Type of membrane Contact angle (°)
PVA membrane 55.4
BP-PVA® 73.5
BP-SILM-30" 68.6
BP-SILM-50¢ 53.5
BP-SILM-70° 46.9

Liquid sorption study
Ethyelne glycol and water

Based on the degree of swelling presented in Table 4, the sorption capability of BP-SILM
in water and ethylene glycol was found to be increased with an increase in the content of
[Bmim][BF,] in the BP-SILM. The increase in the sorption of water with increasing [Bmim][BF,]
is simply due to the tendency of the [BF4] anions to interact with water and form hydrogen
bonds. In addition, the increase in the sorption in ethylene glycol with increasing content of
[Bmim][BF,] in BP-SILM can be attributed to the hydrophobic interaction and the hydrogen
bond formed between the [Bmim]" cation with the -O- of the termini—~OH in ethylene glycol [31,
32]. Although the presence of [Bmim][BF,] increased the sorption of both water and ethylene
glycol, the affinity of the membrane can still be traced to the binary interaction parameter, ym: a
stronger affinity between the component and membrane is usually indicated:by a lower y;, value.
As shown in Table 4, the values of yx;, for both water and ethylene glycol with BP-SILM

decreased with an increase in the [Bmim][BF,4] content, suggesting a stronger interaction
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between the water and ethylene glycol with the increased [Bmim][BF4] content in the BP-SILM.
However, note that ghe Yim value of water is lower than that of ethylene glycol. This behaviour

implies that the interaction of BP-SILM with water is greater than that with ethylene glycol.

Table 4. Sorption data of the BP-SILMs as a function of the weight fraction of [Bmim][BF,].

Type of BP-SILMs* Degree of swelling (g/g membrane) Interaction parameter, i,

Water Ethylene glycol Water Ethylene glycol
BP-SILM-30 1.2185 0.6890 0.6990 0.8508
BP-SILM-50 1.3352 0.7867 0.6837 0.8152
BP-SILM-70 1.5520 0.8170 0.6607 0.8057

Ethyl acetate, ethanol and water

As illustrated in the column chart presented in Figure 3, the degrees of swelling of the
BP-SILM-70 in pure ethyl acetate, ethanol and water were 0.27, 0.54 and 1.55 g/g membrane,
respectively. The results indicate that the sorption capacity of the membrane was the highest in
water, followed by ethanol and ethyl acetate. The yx;,, values for ethyl acetate, ethanol and water
were 1.32, 0.84, and 0.77, respectively. This finding indicates that the affinity of the membrane
for these three components is in the following descending order: water, ethanol and ethyl acetate.
Thus, the differences in membrane sorption capacity are simply due to the preference of the
membrane to interact with these components. The sorption behaviour of BP-SILM-70 in water
can be explained by the hydrogen bonds formed between [BF4]  anion with hydrogen atom in
water and the imidazolium ring in [Bmin]® cation with an oxygen atom in water. A similar
interaction behaviour may also occur in ethanol. A relatively low sorption of ethyl acetate was
observed in BP-SILM-70 due to its lower affinity with the membrane. This finding can be
credited to the poor miscibility of ethyl acetate in [Bmim][BF,].

11
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Figure 3: Degree of swelling of BP-SILM-70 at various feed solution conditions

When the BP-SILM-70 was immersed in the azeotropic mixture of ethyl
acetate/ethanol/water, the membrane became swollen with a swelling degree of 0.55 g/g
membrane. As clearly shown in Figure 3, the composition of the sorbed liquid predominantly
consisted of water, which constituted 91.8 wt.% of the total composition of the sorption, whereas
ethanol and ethyl acetate appear as minor components of the composition, with contents of 6.9
and 1.3 wt.%, respectively. This result can be attributed to the higher affinity of BP-SILM-70 for
water as a result of the presence of [Bmim][BF4]. Moreover, the strong interaction between ethyl
acetate and ethanol would also weaken their capability to interact with the membrane [33], hence
favouring the sorption of water. It can be noted that the sorption of ethanol was found to be
approximately five-fold higher than that of ethyl acetate. This finding can be explained by the
fact that ionic liquids tend to exhibit a greater attractive interaction with molecules of greater

polarity [34].

Pervaporation dehydration of ethylene glycol/water binary mixtures
%
Effect of the [Bmim[[BF ] content in the BP-SILM
The pervaporation experiments were performed under the operating conditions of 10 wt.%

water in the feed solution at 30°C and a downstream pressure of 5 mmHg. The impact of the

2
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presence of BP was also studied by comparing the pervaporation performance between the pure
PVA and the BP-PVA membranes. As depicted in Figure 4 (a) and (b), the permeation flux of
BP-PVA was approximately three-fold higher than that of the pure PVA membranes, but the
permeate concentrat;on of water in BP-PVA was slightly lower, which lead to a lower separation
factor as compared to the pure PVA membrane. When the pervaporation performances were
compared in terms of the membrane intrinsic permeability, as showed in Figure 4 (c), the
permeance of water and ethylene glycol in BP-PVA were approximately three-fold higher
compared to pure PVA membrane; however the selectivity was considerably lower. This finding
demonstrates that the presence of BP increases the permeability of the membrane due to the
additional frictionless transport pathway for the permeation of molecules provided by the inner
hollow core of the MWCNTs in the BP. The pervaporation performance can be further enhanced
with the addition of [Bmim][BF,]. As observed in Figure 4 (a), the partial permeation flux of
water was substantially increased with increasing content of [Bmim][BF] in BP-SILM while the
partial permeation flux of ethylene glycol remain almost constant. The increase in the
[Bmim][BF4] content improved the hydrophilicity of the membrane, which could facilitate the
contact of water with the membrane surface. Additionally, the presence of [Bmim][BF4] could
contribute to a decrease in the mass transfer resistance, thus enabling the rapid permeation of the
components through the membrane. Overall, the BP-SILM-70 exhibits the highest separation
factor among these three BP-SILMs; therefore, the subsequent pervaporation studies were
conducted using the BP-SILM-70.
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of ethylene glycol/water

Effect of the feed concentration

The effect of the feed concentration on was studied using a feed water concentration in

the range of 10 to 50 wt.% at 30°C and 5 mmHg. As shown in Figure 5 (a), the permeation flux

was clearly increased with an increase in the feed water concentration, whereas the separation

factor exhibited the opposite trend. At the lower feed water concentration, the high viscosity and

slow motion of ethylene glycol provide a steric effect that hinders the transportation of water

molecules. Furthermore, the high polarity of ethylene glycol may easily form hydrogen bonds
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with water moleculeg and delay permeation of water. In addition, the lower water activity in the
feed side also leads to lower permeation flux. On the other hand, an increase in the feed water
concentration caused the BP-SILM-70 to promptly swell and eventually increased the free
volume in the membrane; causing the membrane become susceptible to the permeation of both
water and ethylene glycol molecules, thereby increased the permeation flux but compromising
the separation factor. Figure 5 (b) clearly shows that the permeances of BP-SILM-70 are
dependent on the concentration after eliminating the driving force contribution. Increasing the
water concentration in the feed solution markedly increased the permeability for ethylene glycol

and caused the membrane to be less water selective.
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Figure 5: Effect of feed concentration of water on the (a) permeation flux, (b) permeate
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Effect of the feed temperature
The effect of the feed temperature was investigated by varying the feed temperature from

30°C to 70°C at a feed water concentration of 10 wt.% and 5 mmHg. Based on the results shown
in Figure 6 (a) and (b), the permeation flux progressively increased with increasing feed
temperature, but the separation factor declined with increasing feed temperature. This behaviour
could be the result of the ascending saturated vapour pressure of both water and ethylene glycol
with elevated temperature. In addition, an increase in temperature caused the molecules to
become sufficiently energetic to break the cohesive force and reduce the viscosity in the feed
solution, thereby reducing the mass transport resistance at the membrane-feed solution interface.
Moreover, the additional free volume spaces generated as a result of the increase in the thermal
mobility of the molecule in the BP-SILM-70 at higher temperature also enhanced the permeation,
but this effect was at the expense of decreasing the separation factor of the membrane. The
permeance plot in Figure 6 (c) clearly depict an increase in feed temperature would decrease the
permeance of water and ethylene glycol. However, a steeper decrease was observed in the
permeance of water as compared to ethylene glycol, which implied the feed temperature has a

more pronounce impact on the permeance of water, hence decrease the membrane selectivity for
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Figure 6: Effect of feed temperature on the (a) permeation flux, (b) permeate concentration and

separation factor and (c) permeance and selectivity in pervaporation separation of ethylene
glycol/water

The temperature dependence of the permeation flux and permeance were found to be

described by an Arrhenius-type relationship:

Ji = Jioexp (— %) €))
P; = Pyexp (- %) 9

where Ej represents the activation energy for the permeation of component i, which takes into
account the impact of the driving force and Ep; is the permeation activation energy that
characterised the dependence of the membrane permeability on temperature. As shown in Figure
7 (a), the Ej; values, which were obtained from the slope of a semi-logarithmic plot of the
permeation flux as a function of the reciprocal of the absolute temperature (1/T), were 17 kJ/mol
and 46 kJ/mol for the permeation of water and ethylene glycol, respectively. The obtained Ej
values implied that the effect of temperature on the permeation of ethylene glycol is greater than
that on the permeation of water. Thus, the Ej; values explained the reduced separation factor of
the membrane with increasing feed temperature.

However, note that both the membrane permeance and the selectivity were found to
decrease at elevated feed temperatures. As shown in Figure 7 (b), the Ep; values for water and

ethylene glycol were -43 kJ/mol and -21 kJ/mol, respectively. According to the solution-
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diffusion mechanism, the permeance was based on the diffusion and sorption of the permeating
component; for this reason, the permeation activation energy is the total of the heat of sorption
and the activation energy for diffusion [35]. In most cases, the sorption is usually an exothermic
process, whereas the diffusion is generally endothermic; therefore, the negative permeation
activation energy appears to suggest that the membrane permeance is governed by the
exothermic sorption process. Thus, the decreasing permeance observed with elevated
temperature may be due to the reduction in sorption. This finding can be explained by the fact
that the molecules are energetic at higher temperatures, which results in the molecules being
more disordered and highly dispersed, thereby reducing the possibilities for each molecule to

interact with the membrane.
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Figure 7: Arrhenius plot of (a) the permeation flux and (b) the permeance. '

Pervaporation dehydration of ethyl acetate/ethanol/water ternary azeotropic mixtures

The pervaporation data summarized in Table 5 clearly demonstrate the capability of BP-
SILM-70 to dehydrate the ternary azeotropic mixture of ethyl acetate, ethanol and water via a
pervaporation process. The permeation flux and permeate concentration showed that water
appeared to be a major component in the permeate, followed by ethanol and ethyl acetate.
Moreover, the separation factor as well as the permeance and selectivity 4lso indicate the high
preference of the membrane for the permeation of water. According to the solution-diffusion
mechanism, the separation ability of the membrane is dependent on both its sorption selectivity

and diffusion selectivity [36]. However, the data shown in Table 5 clearly suggest that the
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permeation in BP-SI‘BLM-70 is governed by the sorption process because the sorption selectivity
of BP-SILM-70 for water is apparently higher than the diffusion selectivity. This finding can be
attributed to the limited interaction between ethyl acetate and [Bmim][BF,] in BP-SILM-70, and
the tendency of ethanol to form interactions with ethyl acetate, which in turn promotes the
permeability of water in BP-SILM-70.

Table 5: Performance of BP-SILM-70 for the pervaporation of the ternary azeotropic mixture of
ethyl acetate/ethanol/water at 30°C and 5 mmHg.

Ethyl acetate/ethanol/water

Feed concentration (wt.%) 82.6/8.4/9
Permeation flux (g-m’z-h'll

Total 385.33
Ethyl acétate 5.09
Ethanol 10.09
Water 370.16

Permeate concentration (wt. %)

Ethyl acetate 1.32
Ethanol 2.62
Water 96.06

Permeance (Gpu)

Ethyl acetate 3.94
Ethanol 118.56
Water 4729.93
Separation factor, # 246.65
ﬁSorp 113.20
Poir ~ 2.18
Selectivity 38.61
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Effect of the feed temperature

The feed temperature was varied from 30 to 70°C with a constant downstream pressure of
5 mmHg. As shown in Figure 8 (a), the permeation fluxes of ethyl acetate, ethanol and water
gradually increased as the feed temperature was increased from 30 to 70°C, thereby increasing
the overall permeation flux. On the other hand, as observed in Figure 8 (b), the permeate
concentration of water was steadily decreased and the concentrations of ethyl acetate and ethanol
were slightly increased with elevations in the feed temperature. This eventually caused a decline
in the separation factor of BP-SILM-70 for water with an increase in the feed temperature. In
general, an increase in the feed temperature would increase the partial pressure of ethyl acetate,
ethanol and water on the feed side as a result of increases in their vapour pressures at higher
temperature. This increase would therefore induce a greater driving force for the permeation of
these three components across the membrane. Moreover, an increase in the feed temperature may
also supply the necessary energy to break the cohesive forces within the molecules in the feed
mixtures and accelerate their mobility in the membrane. In addition, thermal expansion in the
membrane would generate free volume in the membrane, which would allow easier permeation
of the molecules. Thus, the combination of all of these effects explains the increase in
permeation flux obtained with an increase in the feed temperature at the cost of reducing the
separation factor of the membrane for water. Based on the plot of the permeance as a function of
the feed temperature presented in Figure 8 (c), the permeance of water is apparently higher than
the permeance of ethanol and ethyl acetate, which implies the preference of the membrane for
the permeation of water compared with ethanol and ethyl acetate. However, with an increase in
the feed temperature, the permeance of water steeply decreased, whereas slight decreases in the
permeance values of both ethanol and ethyl acetate were obtained. The steep decrease in the
permeance of water obtained with an increase in the feed temperature eventually decreased the

selectivity of the membrane for water.
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Figure 8: Effect of the feed temperature on the (a) permeation flux, (b) permeate concentration
and separation factor and (c) permeance and selectivity in the separation of the ternary azeotropic
mixture of ethyl acetate/ethanol/water through pervaporation.

The temperature dependence of the permeation flux and permeance were also expressed

through Arrhenius relations and the activation energies, Ej; and Ep;, were determined from the

slope of the Arrhenius plot presented in Figure 9 and are summarized in Table 6.
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Table 6: Activation energy, Ej; and Ep;, for ethyl acetate, ethanol and water

Activation energy (kJ/mol)

Ej Ep:
Ethyl acetate 30.87 -3.24
Ethanol 28.78 -13.27
Water 8.64 -36.69

Based on the data shown in Table 6, the activation energies for both E; and Ep,
respectively, were in the ascending order of water followed by ethanol and ethyl acetate. The
highest Ej; value obtained in ethyl acetate imply that the permeation flux of ethyl acetate is more
sensitive to variation in feed temperature. In spite of this, the smallest E; values obtained in
water may reflect its higher affinity with the membrane. This may rise from the fact that
activation energy can be thought as the minimum energy required for permeation and the
smallest activation energy enables the water to easily permeate through the membrane. On the
other hand, the lowest Ep; value obtained in water indicates a strong temperature dependence on
the permeance of water. As mentioned earlier, the negative Ep; value obtained denotes to the
dominant of dissolution process in permeance and caused the decrease of permeance with

increasing feed temperature.
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Figure 9: Semi-logarithmic Arrhenius plot of the (a) permeation flux and (b) permeance
obtained for separation of the ternary azeotropic mixture of ethyl acetate/ethanol/water through
pervaporation as a function of the reciprocal of the absolute temperature.
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Effect of the downstream pressure

The downstream pressure was varied from 5 to 25 mmHg while the feed temperature was
maintained at 30 °C, As clearly demonstrated in Figure 10 (a), the permeation flux of water was
markedly decreased and the permeation fluxes of ethanol and ethyl acetate were slightly
increased with increases in the downstream pressure. The permeate concentration of water, as
observed in Figure 10 (b), was decreased whereas the permeate concentrations of ethyl acetate
and ethanol were increased. Accordingly, the separation factor of the membrane for water
decreased with an increase in the downstream pressure.

An increase in downstream pressure will lower the driving force created between the feed
and permeate sides of the membrane. This may slow the diffusion and desorption rates of a
component across the membrane and may cause a reduction in the permeation flux. However, the
increases in the permeation fluxes of ethyl acetate and ethanol obtained with increases in the
downstream pressure can be explained by their intrinsic permeability in the membrane. The plot
of the permeance in Figure 10 (c), demonstrates that the permeance of water, ethanol and ethyl
acetate gradually increased with increases in the downstream pressure. The reduced driving force
obtained as a result of increases in the downstream pressure would definitely hinder the
diffusivity of a component and its desorption from the membrane, which would cause the sorbed
components to be trapped inside the membrane. As discussed earlier, the sorbed components
(mainly water molecules due to their higher affinity may cause the membrane swelling, thereby
increasing the solubility and permeability of both ethyl acetate and ethanol in the membrane but

compromised the separation factor and selectivity of the membrane for water.
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Figure 10: Effect of the downstream pressure on the (a) permeation flux, (b) permeate
concentration and separation factor and (c) permeance and selectivity in the separation of the
ternary azeotropic mixture of ethyl acetate/ethanol/water through pervaporation.

Membrane stability in binary and ternary mixtures pervaporation

In this study, the stability of the BP-SILM-70 was assessed by continuous operation for
120 hours with 10 wt.% feed concentration of water at 30 °C and the downstream pressure was
maintained at 5 mmHg. A fresh feed mixture was prepared at every 12 hours of operation. As
shown in Figure 11, the BP-SILM-70 demonstrated a robust pervaporation performance over an
operating period of 120 hours in both the binary and ternary mixtures pervaporation. The
permeation fluxes were within 5% of deviation. Because of the sepgration factor of the
membrane is very sensitive toward a small changes in the permeate concentration of water, the
permeate concentration of water was used to evaluate the stability of the membrane. It is clearly
showed that the water permeate concentration were not more than 5% error. In addition, it is
interesting to note that there was no significant change in the weight of the BP-SILM-70
throughout the operating periods. The result implied a considerably good long-term physical
stability exhibited in BP-SILM-70 without any significant loss of the liquid membrane. This can
be credited to the formation of stable compound as a result of the blending of the [Bmim][BF,]
with PVA which enable the [Bmim][BF,] to be strongly held inside the interstitial pores of BP
and withstand its displacement from the BP under higher transmembrane pressure condition.
Apart from that, the good stability in the BP-SILM-70 can also attributed to the use of BP as a

3
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membrane support. The highly tortuous porous structure and smaller interstitial pore size in BP

could aid in securing the immobilized liquid membrane.
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Figure 11: Pervaporation performances of BP-SILM-70 of (a) ethylene glycol/ water binary
mixtures and (b) ethyl acetate/ethanol/water ternary azeotropic mixture for 120 h operation time

Conclusions

A novel symmetric SILM was successfully prepared by infiltrating BP with a [Bmim][BF;]-PVA
blend to form a BP-SILM. The immobilisation via a vacuum-based technique allowed the
entrapment of the [Bmim][BF,]-PVA inside the deeper interstitial pores of the BP. The structure
of the BP-SILM, in which the support and selective membrane layer of BP-SILM are merged
into a single layer to form a symmetric membrane, was found to be different from structure of
conventional asymmetric membranes. This novel structure reduced the overall membrane
thickness and mass transport resistance. In addition, the use of BP as a support enhanced the
thermal and mechanical stability of the BP-SILM and improved the immobilised capacity of the
[Bmim][BF;]-PVA, which can be attributed to the presence of a tortuous pore structure and the
small interstitial pore size of the BP. The interaction of BP-SILM with water was found to
increase with an increase in the content of [Bmim][BF;] because the presence of a higher content
of [Bmim][BF,] significantly improved the hydrophilicity of the BP-SILM. The novel BP-SILM
was successfully applied in the pervaporation of ethylene glycol/water binary mixture and ethyl

acetate/ethanol/water ternary azeotropic mixture. The presence of BP provided an additional
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transport pathway to enhance the permeation of the BP-SILM. A higher content of [Bmim][BF;]
in BP-SILM improved the pervaporation performance. The optimum pervaporation performance
was obtained using the BP-SILM-70. The BP-SILM demonstrated considerably good membrane

stability and a robust performance for an operating period of 120 hours.
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