CHAPTER |
INTRODUCTION

Pervaporation, a type of membrane separation techniques, is well-known for
separating azeotropic and close-boiling point mixtures. It plays an important role in
production of ethanol fuel from ethanol-water mixture due to its advantages over the
other separation processes in many aspects, including; less intensive energy, no
azeotrope, no need for harsh chemicals, less space requirement for installation, etc.
(O’Brien et al., 2000). However, because the economic feasibility of the pervaporation is
significantly dependent of the production cost and the membrane performance, thus, the
deployment of a high performance membrane must be a major focus for developing a
cost-effective ethanol manufacturing process (Di Luccio et al., 2002).

A polymeric membrane is commonly selected due to its high processability and
low production cost. One of the most interesting polymer for preparing a polymeric
membrane is polybenzoxazine (PBZ), a novel class of high performance phenolic resin,
due to its many interesting aspects, such as high thermal, chemical, and mechanical
stability (Takeichi et al., 2005). However, similar to most of the pervaporation membranes,
partially crosslinked PBZ membrane still faced a problem of swelling, drastically reducing
the membrane stability and separation performance (Pakkethati et al., 2011; Qiao and
Chung, 2005; Zhang et al., 2006). To overcome this issue, use of the fully crosslinked
polymeric membrane is one way for reducing the swelling and improving the membrane
durability. Although an increase in the degree of the polymer crosslinking causes a
reduction of the swelling behavior, the resulting lower permeation flux and flexibility
become major drawbacks (Hilmioglu and Tulbentci, 2004; Praptowidodo, 2005).

The ceramic-supported, crosslinked polymeric membrane should be a promising

solution for producing higher stability and separation performance of the membrane while



the permeation flux is still maintained if the thickness of the polymer membrane is thin
enough (Huang et al.,, 1999). Many researchers found that using a ceramic support could
improve not only the membrane stability, but also its separation performance (Liu et al.,

2012; Zhu et al., 2010).

Objectives

The purpose of this research is to determine the optimum conditions for
preparing ceramic-supported PBZ-based membranes, which are; 0-Al,O3 supported PBZ
membranes, O-Al;Os supported NaA-PBZ double layered membranes, and 0O-Al;O3
supported NaA-PBZ mixed matrix membranes (NaA-PBZ MMM), by investigating the effect
of preparation parameters, such as; PBZ precursor concentration, dipping time, NaA
zeolite coating time, and amount of NaA zeolite loading, on the membrane formation and
performance of ethanol/water separation via pervaporation. The operation parameters,
such as; feed ethanol concentration and operating temperature, were also studied and

discussed, as well.



CHAPTER I
LITERATURE REVIEW

2.1 Bioethanol

Bioethanol is a natural alcohol obtained via fermentation, mostly from starches,
sugars, and cellulosic materials, by microorganisms (Mamma et al., 1996; Sheikh et al,
2013). It was considered as a renewable energy source and has received more attentions
as an alternative energy for replacing fossil fuel usage due to the increasing of global
concerns about the depletion of fossil fuel in over the last decade (Tao et al., 2005).
However, due to the limitations of fermentation process, the produced ethanol has a very
low concentration, approximately 10-12 wt%. To overcome the problem, a purification

process is necessary (Chen et al., 2014).

2.2 Pervaporation
2.2.1 Introduction to pervaporation technology
Pervaporation is a separation of liquid-liquid mixture using a selective
membrane. It is a well-known technique that used to break the azeotropic mixture and
separate close-boiling point mixture that cannot be accomplished by using normal
distillation (Chapman et al., 2008). Pervaporation is also known as a less energy-intensive
technique for separating ethanol-water mixture when comparing to distillation and other
conventional separating techniques (Kunnakorn et al., 2013).
The liquid mixture is fed at upstream side (ambient pressure) to contact
with the selective membrane that allows the desired component to transport through
(which is called “permeate”) and prevents the other components from passing through

(which is called “retentate”). Meanwhile, the downstream side is being held under



vacuum that causes permeate to be evaporated. The retentate is concentrated by

recycling back to the feed reservoir, as shown in Fig. 2.1.
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Figure 2.1 Schematic diagram of pervaporation process (Chapman et al., 2008)

The pervaporation performance can be determined by two parameters,
permeation flux and separation factor, that imply to productivity and quality of the
separation, as given in eq. 2.1 and 2.2, respectively.

The permeation flux (J, g m? h?) is expressed as:
w
J=— (2.1)
A-t
where W is the weight of permeate (g), A is the effective membrane area (m?), and t is the

pervaporation time (h).

The separation factor (O, dimensionless) is expressed as:

(WH 20 j
W
o =~ EOH Jper (2.2)
(WH 20 J
WEtOH Ret
where wypo and weon are the weight fractions of water and ethanol from the permeate

side (denoted as Per) and the retentate side (denoted as Ret), respectively.

2.2.2 Membranes for pervaporation dehydration of ethanol



To maximize the pervaporation performance, a development of membrane
that has high separation performance, high chemical stability, and high mechanical

strength must be a major focus (Sun et al., 2013).

2.2.2.1 Polybenzoxazine membrane
Polybenzoxazine (PBZ) is a class of high performance thermosetting
phenolic resin, obtaining from the polymerization of benzoxazine resin via thermally
activated ring-opening reaction (Fig. 2.2). A primary amine, phenol, and phenolic
compound are used as a starting materials for synthesize benzoxazine resin (Burke and

Stephens, 1952; Ghosh et al., 2007).
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Figure 2.2 Benzoxazine polymerization (Hacaloglu et al., 2011)

PBZ has been attracted great attention for serving as separating
membrane in pervaporation applications due to its high thermal, mechanical, and
chemical stability (Takeichi et al., 2005). The potential of using PBZ as the pervaporation
membrane for separating ethanol/water mixture was studied by Pakkethati et al. (2011).
They synthesized three different PBZs from bisphenol-A (BPA), formaldehyde, and three
different primary diamines; hexamethylenediamine (HDA), tetraethylenepentamine (TEPA),
and tetraethylenetriamine (TETA) to prepare poly(BA-hda), poly(BA-tepa), and poly(BA-
teta) membrane, respectively. It was found that all PBZ membranes exhibited an

excellent thermal stability up to 240 °C. The pervaporation of 10 wt% feed ethanol



mixture at 70 °C showed that the poly(BA-hda) membrane provided the highest durability
with a service time longer than 120 h, a maximum permeation flux of 1.52 ke m? h*, and
separation factor of more than 10,000, indicating outstanding separation performance for
the ethanol/water separation, leading to a great potential of using PBZ membrane in

water/ethanol separation applications.

2.2.2.2 Sodium A (NaA) zeolite membrane

NaA zeolite (also referred as zeolite A or 4A zeolite) is sodium
aluminosilicate with Linde Type A (LTA) framework. Because NaA zeolite has a well-
defined pore opening of about 4 A, it provides molecular-sieving effect for separating
water (kinetic diameter of 2.6 A) and ethanol molecules (kinetic diameter of 5.2 A) (Shah
et al., 2000). In 2006, Kuanchertchoo et al. proposed an effective method for synthesizing
uniform nano-sized NaA zeolite particles by using silatrane and alumatrane as a precursor.
They also found that the optimum conditions for synthesizing the most uniform and
smallest size of NaA zeolite particles was to use SiO;:Al,03:3Na,0:410H,0 synthesis
formula with addition of 3 wt% NaA zeolite seed and using microwave heating at 80 °C for
6 h (Kuanchertchoo et al., 2006). However, in order to prepre a NaA zeolite membrane,
the continuous layer of NaA zeolite must be formed. One of the most effective technique
to prepare a continuous NaA zeolite layer was proposed by Huang et al. (2004), see Fig.
2.3. They successfully synthesized NaA zeolite membrane on a tubular alumina support
by using a technique called secondary growth with vacuum seeding method. The result
showed that vacuum could help in reducing the influence of gravitational force on the
NaA zeolite particles, allowing them to be attached on the support surface more
homogeneously, resulting in the NaA zeolite membrane formed on the support more

uniformly (Huang et al., 2004).
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Figure 2.3 Mechanisms of zeolite membrane formation by hydrothermal synthesis.
(@)Without vacuum assistance, (b) with vacuum assistance. FC: capillary force, FV: vacuum

force, FG: gravitation force, and FR: resultant force (Huang et al., 2007).
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CHAPTER 1lI
EXPERIMENTAL

3.1 Materials

Formaldehyde (CH,0O, 37 wt% in water; Merk), bisphenol-A (BPA, 97% purity;
Aldrich), tetraethylenepentamine (TEPA, 85% purity, Aldrich) and diethylenetriamine
(DETA, 99% purity; Aldrich), and hexamethylenediamine (HDA, 98% purity; Aldrich) were
used for PBZ precursor synthesis in 1,4-dioxane (analytical grade; RCl Labscan) as a
solvent. Ethanol (absolute; RCl Labscan) mixed with deionized water was used as
pervaporation feed. Sodium hydroxide (NaOH, 99% purity; RCl Labscan), aluminum
hydroxide hydrate (AUOH);-xH,0O; Sigma), and fumed silica (SiO,, AEROSIL® 380; supported
by Evonik) were used to synthesize NaA zeolite. Tubular Ol-alumina support with inner
and outer diameters of 9 and 11 mm, respectively, was purchased from the National
Metal and Materials Technology Center (MTEQ). It was cut to 6 cm long, cleaned with
deionized water using an ultra-sonic bath, dried in an oven, and calcined in a furnace at

400 °C for 3 h to remove any organic impurities before being used.

3.2 Synthesis of PBZ precursors

The PBZ precursor was synthesized using quasi-solventless method with 1:1:4
(phenolic compound : primary amine : formaldehyde) formula (Pakkethati et al., 2011).
Prior to the synthesis, phenolic compound (i.e. BPA) and primary amine (e.g. HDA, TEPA,
and DETA) were prepared according to their state obtained from vendor, for example, BPA
and HDA are solid at room temperature so they are required to dissolved into 1,4-dioxane
to prepare BPA and HDA solution before being used for synthesis; on the other hand,
TEPA and DETA are liquid thus they can be used directly from the bottle. To synthesize

PBZ precursor, formaldehyde was added into BPA solution and stirred until a
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homogeneous mixture was obtained. The amine was then added dropwise into the
mixture and stirred until a yellow viscous solution of PBZ precursor was obtained.
However, in case of using HDA, it is important to keep the BPA/CH,O mixtures in an ice
bath under 10 °C before adding HDA solution into it, to suppress the side reactions. After
that, the pretreatment at 80 °C was also required for obtaining the yellow viscous
solution. Finally, the obtained PBZ precursor was diluted with solvent to 5-25 wt% PBZ

concentrations before being used in membrane preparation step.

3.3 Synthesis of NaA zeolite particles

The NaA zeolite particles was synthesized via oxide one-pot synthesis (OOPS)
using Al,03:5i0,:3Na,0:410H,0 formula as was described elsewhere (Kuanchertchoo et
al., 2006). Firstly, Sodium hydroxide was dissolved in deionized water, followed by adding
aluminum hydroxide hydrate, and fumed silica, respectively. The mixture was stirred
overnight before heating treatment in a microwave oven (Milestone - ETHOS SEL) set at 60
°C for 10 h. The obtained particle was washed with deionized water, dried, and calcined

at 550 °C for 3 h.

3.4 Preparation of PBZ membrane

The PBZ was coated on the outer surface of the support using dip-coating
technique. A PTFE cap was used to clog at both ends of the support to prevent coating at
inside. The support was then dipped into the PBZ precursor solution and dried in oven at
100 °C for 30 min. The process between dipping and drying were continuously done in
cycle which was counted as the number of dipping cycle. The final sample was heated in

an oven to convert PBZ precursor to PBZ membrane.
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3.5 Preparation of NaA-PBZ double layered membrane

A NaA zeolite particles was coated on the support using vacuum-assisted method
according to seeding method proposed by Huang et al. (Huang et al., 2004; Huang et al,,
2007). The support was closed at one side using a PTFE cap and connect with a vacuum
pump the other side. The support was immersed in the NaA zeolite suspension and
applied vacuum. After the coating, the support was dried in oven. Finally, the support was

coated with PBZ precursor in a similar way as preparing PBZ membrane.

3.6 Preparation of NaA-PBZ mixed matrix membrane
The method for preparing the PBZ membrane as was described previously is also
used in this case, except that NaA zeolite was first added to the PBZ precursor and

dispersed by ultra-sonication before the dip-coating procedure.

3.7 Characterizations
1 Equipment

Differential scanning calorimeter (DSC; Mettler Toledo - DSC-822e) was
used to determine the crosslinking temperature of the PBZ precursor using a heating rate
of 10 °C min™ under N, flow. Thermogravimetric analyzer (TGA; PerkinElmer) was used to
investigate thermal behavior of the PBZ using heating rate of 20 °C min™ under N, flow. X-
ray diffractometer (XRD; Rigaku - Smartlab), using CuKQl as the X-ray sources, was used to
confirmed the structure of zeolite. Scanning electron microscope (SEM; Hitachi - TEM
3000) and field emission scanning electron microscope (FE-SEM; Hitachi — S-4800) were
used to identify the morphology of the synthesized zeolite and to measure the thickness

of the prepared membrane.
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2 Pervaporation testing

The pervaporation system was carried out at 70 °C and the pressure of
permeate side was maintained constantly at 10 mmHg using vacuum pump (Edwards). A
peristaltic pump (Masterflex) was used to feed the mixture of ethanol and water. The
effect of number of dipping cycle and PBZ concentration on separation performance were
investigated using fixed 50:50 (ethanol:water, w/w) feed mixture. The effect of ethanol-
water ratio in feed on optimized membrane was studied with feed ratios of 10:90, 30:70,
50:50, 70:30 and 90:10. The quantities of ethanol and water from both retentate and
permeate sides were determined using Gas Chromatography (GC; Agilent — 3890N)

equipped with TCD detector using He as a carrier gas.

3 Swelling behavior of membrane
The test on swelling was conducted to investigate the separation
mechanism of the membrane. A piece of thin membrane film was submerged under
various solvents ranging from pure water, ethanol/water mixture, to absolute ethanol in a
closed container. The system was kept at 70 °C, similar to the actual pervaporation
temperature, for 48 h. The degree of swelling (D) was calculated using Equation (3.1)

(Pakkethati et al., 2011):

Ws—Wgq

Ds (%) = x 100 (3.1)

where Ws is the weight of the swollen membrane and Wd is the weight of dry membrane.
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CHAPTER IV
NOVEL POLYMERIC MEMBRANE MATERIALS FOR ETHANOL/WATER SEPARATION VIA

PERVAPORATION

4.1 Abstract

In this research, novel polybenzoxazine (PBZ) membranes, synthesized from
bisphenol-A, formaldehyde and diamines, were coated on a tubular alumina support by
dip-coating technique for ethanol purification application via pervaporation. The effects of
dipping time and precursor concentration on the membrane preparation and the
separation performance showed that both PBZ membranes were remarkably stable,
resistant to swelling, and provided an impressively high separation factor of higher than
10,000 for all ethanol concentration ranges, characteristics implying that they could be a

good candidate for high purity ethanol production.

4.2 Introduction

An increase in energy use has spurred greater interest in producing ethanol fuel
for vehicle use. The ethanol fuel, however, must be highly pure to prevent damage to
vehicles. It is well known that in obtaining highly pure ethanol, membrane technology can
be much more energy efficient than conventional technology. Thus, a membrane with
high mechanical strength and chemical resistance is required [1,2]. Polybenzoxazine (PBZ),
a thermosetting phenolic resin, is a good candidate for serving this purpose because it has
a high performance in both mechanical and chemical properties due to its thermally
activated structure, allowing the ring polymerization to occur and form strong network
structures [3-5]. Pakkethathi et al. [6] studied three different partly crosslinked PBZ
membranes for separating 10:90 ethanol:water mixture via pervaporation, and found that

only one membrane revealed a good performance in both permeation flux and
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selectivity. However, all membranes have low mechanical strength and chemical
resistance since they cannot tolerate both vacuum force and higher ethanol
concentration. In this research, fully crosslinked PBZ membranes were studied to
overcome these problems. To prevent brittleness from fully crosslinking PBZ as well as to
improve membrane strength, a tubular alumina support was employed [7]. The effect of

PBZ type on swelling behavior and separation performance was also investigated.

4.3 Experimental
1 Tubular alumina supported membrane preparation

Two different partly crosslinked PBZ precursors were first synthesized using
two different diamines, viz.,, tetraethylenepentamine (tepa, 85% purity, Aldrich) and
diethylenetriamine (deta, 99% purity, Aldrich), as described elsewhere [4,6]. Meanwhile,
the Q-alumina tube (effective length = 43 mm, purchased from National Metal and
Materials Technology Center (MTEC), Thailand) was cleaned with deionized water in an
ultrasonicator bath before calcining at 400 °C for 3 h to remove organic dirt.

The PBZ precursors synthesized from tepa or deta were denoted as
poly(BA-tepa) and poly(BA-deta), respectively. Using dip-coating technique, PBZ precursors
were first diluted by 1,4-dioxane (analytical grade, Labscan) to prepare 10 to 30 wt% of
poly(BA-tepa) and poly(BA-deta) solutions. The calcined alumina support (one end closed
with Teflon cap) was dipped into the solution before drying at 100 °C in oven, followed
by polymerization at 200 °C or 180 °C, for poly(BA-tepa) or poly(BA-deta), respectively.
Both dipping and drying steps were carried out as a cycle, the so called dipping cycle, and
were repeated until a functional membrane (or a membrane giving a good separation

performance) was obtained.
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2 Membrane characterization

Surface morphology and thickness of membranes were characterized by
scanning electron microscope (SEM, JEOL JSM-540LV). Gas chromatography (GC, Agilent
6890N) equipped with TCD detector was used to determine the quality of ethanol in both
permeate and retentate while testing performance.

To study the swelling behavior, three different solvents (pure ethanol
(EtOH, absolute, Labscan), water, and 50:50 (w/w) (ethanol/water), were used. Into each
solvent, 0.1 ¢ PBZ thin film was immersed, and the system was maintained at 70 °C
similar to the actual performance study. The degree of swelling (D;) of the membrane

sample was defined as [6]:

W, — W,
Wo

D =

S

x100 (4.1)

where wy is the initial weight of the membrane sample and w; is the weight of the

membrane swollen.

3 Performance study

The performance of PBZ membranes was carried out in batch
pervaporation with a feed flow rate of 900 ml min™ using a peristaltic pump (Masterflex).
The interior pressure was maintained constantly at 10 mmHg using a vacuum pump
(Edwards). The ethanol concentration and temperature in the feed were varied to study
the pervaporation performance of each PBZ membrane. The amount of permeate was
measured to determine the total permeation flux and the ethanol concentrations in both
permeate and retentate were determined for the separation factor, as follows [7,8].

Total permeation flux (J) (g m?h™) is defined as:

J = W
A*t

(4.2)
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where W is the weight of permeate, A is the membrane effective surface area, and t is the
pervaporation time.
Separation factor (Ql) is defined as:

X

[ H?20 ] permeate

X
_ _VEtOH
OH20/Et0H = ~ (4.3)
[ H 20 7retentate

XEtOH
where X0 and Xeon are the weight fractions of water and ethanol in permeate and

retentate, respectively.

4.4 Results and discussion
1 Membrane fabrication

The images of the prepared membranes are shown in Fig. 4.1. The surface
image of Ol-alumina support shows that the particle size varied from 0.5 to 3 Um (Fig.
4.1a). After finishing the dipping process, the surface is completely covered with a smooth
and dense polymer layer, as shown in Fig. 4.1b. Because the major separation mechanism
occurs at this polymer layer [9], it is important to prepare the membrane with a minimum
of defect. The cross-sectional images of poly(BA-tepa) and poly(BA-deta) are shown in Fig.
4.1c-4.1h. The thickness of the prepared polymer layer was analyzed and summarized in
Table 4.1. As can be seen in Fig. 4.1c and 1f, no dense poly(BA-tepa) and poly(BA-deta)
membrane layers prepared from 10 and 20 wt% precursors, respectively, were observed
on the support surface even when they were continuously dipped up to 10 times (Table
4.1), indicating that those concentrations were too low for preparing the membranes.
However, instead of coating on the surface, the polymers penetrated into the support,
probably due to a very low solution viscosity. The dense polymer layer was observed
when the precursor concentration was up to 20 and 30 wt% for poly(BA-tepa) and

poly(BA-deta), respectively. It is worth noting that only 20 wt% poly(BA-tepa) was needed
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to obtain a dense layer while poly(BA-deta) needed 30wt% concentration. Tepa contains
more amine groups, resulting in more intermolecular H-bonding and making poly(BA-tepa)
membrane fabrication easier to achieve [10]. This result can be confirmed by the thicker
poly(BA-tepa) membrane layer. In addition, when comparing membranes produced at the
same precursor concentration (i.e. 30 wt%, see Fig. 4.1e and 4.1g), poly(BA-tepa) also
requires fewer dipping cycles to obtain a dense membrane. Not only were fewer dipping
cycles needed to produce a membrane, but the resultant thinner membrane layer
improved the membrane performance, resulting in a thinner polymer layer and
consequently providing a higher permeation flux [6,9]. Conclusively, a defect-free polymer
layer cannot be obtained if the precursor concentration is too high or too low. The
optimal precursor concentrations for preparing poly(BA-deta) and poly(BA-tepa)

membranes were at 30-40 and 20-30 wt9%, respectively.
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TM3000_2655 NL D47 x50k  20um TM3000_3531 D6.1 x5.0k  20um

TM3000_5330 D53 x3.0k 30um TM3000_5335 N D52 x30k 30um

TM3000_5340 D5.9 x3.0k 30um TM3000_5338 D5.6 x3.0k 30 um

TM3000_5337 N D50 x3.0k 30um TM3000_5333 D52 x3.0k 30um

Figure 4.1 SEM surface images of (a) uncoated O-alumina support; (b) O-alumina
supported PBZ membrane; cross-sectional images of poly(BA-tepa) at (c) 10 wt%; (d) 20

wt%; (e) 30 wt% and poly(BA-deta) at (f) 20 wt%; (g) 30 wt %; (h) 40 wt%, respectively
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Table 4.1 Effect of PBZ concentration on number of dipping cycle requirement and

membrane separation performance

Precursor Number of dipping Averaged membrane
Polymer
concentration/wt% cycle requirement layer thickness/pm*
10 10**
Poly(BA-
20 5 19.8
tepa)
30 2 11.9
10 10**
Poly(BA- 20 10%
deta) 30 i 15.4
a0 2 13.0

* — measured from SEM
** — all membranes prepared up to 10 times of dipping cycles are leaked and no

separation performance was observed

2 Membrane performance
To study the membrane performance, pervaporation is generally utilized
and in this study a batch system containing a mixture of water-ethanol was operated,
thus, retentate was recycled back to feed while water was permeated through the
membrane. As expected, the feed ethanol concentration increased with time. A

pervaporation experiment using a feed ethanol concentration ranging from 10 to 90 wt%
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EtOH was conducted to study the performance and stability of the membranes. Poly(BA-
tepa) and poly(BA-deta) membranes prepared from 30 and 40 wt% precursor
concentrations, respectively, were chosen since the lowest number of dipping cycles in
preparation was needed, taking the shortest time in fabrication. Moreover, the thinnest
membrane layer was obtained, maximizing the permeation flux. From Fig. 4.2, the highest
total permeation flux of both poly(BA-tepa) and poly(BA-deta) are observed at 10
WE%EtOH feed with a value of 20.25 ¢ m? h' (Fig. 4.2a) and 19.45 ¢ m? h* (Fig. 4.2b),
respectively, with a separation factor higher than 10,000, indicating that the permeate
contained mostly water. As the ethanol concentration gets higher; the water partial
pressure in the feed should be lower, causing a lower permeation flux [11]. Although the
separation factor of the membranes are not different, the poly(BA-tepa) membrane shows
a greater reduction in the total permeation flux than the poly(BA-deta) membrane at
higher feed ethanol concentrations. To clarify this result, a swelling behavior test was
conducted in pure water, pure ethanol, and 50:50 water/ethanol solvents, and the results
are shown in Fig. 4.3a to 4.3c, respectively. Neither membrane was swollen by water
molecules after more than 10 days, but both were swollen by ethanol molecules, with
the maximum swelling degree of 3.1 and 2.1 for poly(BA-tepa) and poly(BA-deta),
respectively (Fig. 4.3b). Although these swelling degree results are considerably small,
they could indicate that the membranes are more hydrophobic. Fu et al. [12] suggested
that the sorption of ethanol in hydrophobic membranes restricts the molecular transport
in the polymer layer, which would be the major reason in decreasing of permeation flux
besides the lowering of water partial pressure. Thus, the drastic decrease of the total
permeation flux of poly(BA-tepa) at higher ethanol concentration (Fig. 4.2a) may result
from the higher molecular restriction by ethanol molecules adsorbed in the membrane,
as confirmed by the larger amount of the swollen membrane in ethanol (Fig. 4.3b). The

swelling behavior testing also revealed the multiple sorption of water and ethanol
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molecules in a mixture of ethanol and water (Fig. 4.3c). The water molecules could
adsorb in the membrane via H-bonding with ethanol, resulting in a higher degree of
swelling than in pure ethanol conditions [13]. However, those swelling results are again
very small, thus still resulting in a separation factor higher than 10,000 with no sign of
being damaged since no drastic drop in the separation factor was observed in all ethanol
concentrations [14,15]. The results could suggest the excellent stability of PBZ
membranes in any ethanol/water mixture, leading to a great potential for the use of these
membranes in the ethanol purification process, especially in a highly pure ethanol

concentration for renewable energy.

4.5 Conclusions

Poly(BA-deta) and poly(BA-tepa) membranes on tubular O-alumina support were
successfully fabricated. The PBZ precursor concentration was a major factor in controlling
the membrane performance. Poly(BA-tepa) required less precursor concentration to
obtain a functional membrane than poly(BA-deta). However, both membranes provide
good stability and separation performance at all ethanol concentrations, indicating a

potential material for high purity ethanol production.
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Figure 4.2 Effect of feed ethanol concentration on membrane separation performance of

(a) poly(BA-tepa) and (b) poly(BA-deta)
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CHAPTER V
PREPARATION OF POLYBENZOXAZINE/NaA ZEOLITE DOUBLE LAYERED MEMBRANE FOR

ETHANOL/WATER PERVAPORATION APPLICATIONS

5.1 Abstract

Polybenzoxazine (PBZ)/NaA zeolite double layered membrane was developed for
ethanol/water separation purpose. The effects of membrane preparation parameters,
including coating time and crosslinking temperature, on membrane separation
performance were studied. It was found that the PBZ layer was well coated on the NaA
zeolite layer regardless NaA zeolite coating conditions. The optimum crosslinking
temperature to achieve the PBZ layer was found at 170 °C. The obtained membrane
provided a high separation factor of more than 10,000 and was highly stable in the feed

ethanol concentration of 35-90 wt% with multiple runs of pervaporation testing.

5.2 Introduction

Due to global concerning on fossil fuel depletion over the last few years, the use
of alternative renewable energy for the vehicle fuel substitution has received more
attention. Bioethanol has a great potential for serving this purpose because it can be
produced from abundantly natural resources, such as biomass. Moreover, it provides
much less climate change due to much less carbon dioxide emission.[1] However, to
produce ethanol fuel from bioethanol, an energy efficient separation process, such as
pervaporation, is required. The pervaporation is a membrane separation process and well-
known for purifying ethanol. Many researchers have focused on development of high
performance membrane to improve the separation efficiency.[2-4]

Polybenzoxazine (PBZ) can be served as the pervaporation membrane due to its

high thermal, chemical, and mechanical stability.[2,5,6] However, membrane stability is



29

another drawback to achieve a better separation performance. One strategy to overcome
this drawback is to incorporate NaA zeolite into PBZ membrane to improve the
ethanol/water separation performance into PBZ.[6,7]

In this work, a new preparation of the PBZ/NaA zeolite membrane for ethanol
purification via pervaporation technique was developed by forming a double layered
membrane. The effects of the membrane preparation parameters on pervaporation
performance were studied and discussed. The membrane stability was also determined

from multiple tests under the pervaporation condition.

5.3 Experimental
1. Chemicals
Fumed silicon dioxide (SiO,, AEROSIL® 380) was supported by Evonik.
Aluminum hydroxide hydrate (AU(OH);.xH,0), 1,6-hexamethylenediamine (HDA, 98 %
purity), and Bisphenol-A (BPA, 97 % purity) were purchased from Aldrich. Sodium
hydroxide (NaOH, AR grade), 1,4-dioxane, and ethanol (EtOH, absolute) were purchased
from RCl Labscan limited. Formaldehyde (CH5O, 37 wt% in water) was purchased from
Merck. Tubular support with 11 mm O.D., 9 mm I.D., and 43 mm effective length was
purchased from MTEC.
2. Equipment
A differential scanning calorimeter (DSC, Mettler DSC822) was used to study
a polymerization process of PBZ precursor using a heating rate of 10 °C min™ under a N,
flow. The morphologies of the support and the membrane were investigated using a field
emission scanning electron microscope (FE-SEM, Hitachi S-4800). A thermogravimetric
analyzer (TGA, PerkinElmer) was used to investigate thermal behavior of the membrane
using a heating rate of 20 °C min™ under a N, flow. Gas chromatograph (GC, Agilent 6890N)

equipped with TCD detector was used to determine chemical composition of
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ethanol/water mixture. A microwave oven (Milestone ETHOS SEL) was used to synthesize

NaA zeolite.

3. Synthesis of NaA zeolite particles
NaA zeolite particles were synthesized according to the procedure
described by Kuanchertchoo et al.’s work.[8] Sodium hydroxide, aluminum hydroxide
hydrate, and fumed silica were mixed together in water using 3Na,0:SiO;:Al,05:410H,0
formula. The mixture was stirred overnight and microwave heated at 60 °C. The obtained

NaA zeolite was washed repeatedly with deionized water and dried in an oven.

4. Synthesis of PBZ precursor
PBZ precursor preparation was followed the procedure described
elsewhere using BPA:HDA:4CH50 formula.[2] Two mixture solutions of BPA and HDA were
separately prepared by dissolving 3.42 ¢ of BPA and 1.74 ¢ of HDA in 1,4-dioxane before
mixing them together in an ice baht with addition of formaldehyde. The mixture was then
stired until homogenous, followed by pretreatment at 80 °C to obtain a transparent

yellow liquid of PBZ.

5. Preparation of PBZ/NaA zeolite double layered membrane
Prior to the preparation, a tubular alumina support was cut, cleaned with
deionized water, dried, and calcined at 400 °C for 3 h to remove any organic dirt. NaA
zeolite particles were coated on the support using vacuum-assisted method according to
seeding method proposed by Huang et al. [8] One side of the support was sealed with
PTFE tape and the other side was connected with a vacuum pump. The support was
immersed in the NaA zeolite suspension, which was prepared by dispersing 7 ¢ of NaA

particles in 1 liter of deionized water using an ultrasonic bath. Vacuum was then applied
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for various times (2-6 min). After the coating, the support was dried in an oven before dip-
coating with PBZ following the procedure described elsewhere. [6,9] The support was
dipped into a PBZ precursor solution twice before crosslinking at a suitable temperature

for 30 min. The final membrane was gently cooled to room temperature.

6. Pervaporation process
The process was set at 70 °C with the pressure of the permeate side was
kept constant at 10 mmHg. A feed mixture was circulated between a feed tank and the
retentate side using a feed pump with a flow rate of 900 ml min™. The permeate was
condensed using a liquid nitrogen cold trap to determine the permeation flux. The
quantities of ethanol and water from both permeate and retentate were used to
calculate the separation factor. The permeation flux and the separation factor are

calculated from the following equations:[10]:

Permeation flux (J, g m?h™) is expressed by:

J=—_ (5.1)
t

W
A.
where W is the permeate weight (g), A is the effective membrane surface area (m?), and t

is the pervaporation time (h).

Separation factor (Q) is expressed by:

_ (X water /X ethanol ) perm
(X water / X ethanol ) reten

(5.2)

where Xyater/Xethanol 1S the weight ratio of water to ethanol in permeate and retentate,

denoted as perm and reten, respectively.
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5.4 Results and discussion
1 Effect of NaA zeolite coating time

Vacuum coating time was varied to determine an optimal condition for
preparing NaA zeolite layer. SEM images of Q-Al,03 support surface before and after the
coating are shown in Fig. 5.1. The image of the plain support (Fig. 5.1a) revealed an
irregular shape and non-uniform size of alumina particles varying from 0.5-5 um. After 2
min of the coating (Fig 5.1b), the uniformly cubic shape of NaA zeolite particles with an
average size of 0.5 pm were found on the surface, but not fully covered. When increasing
the coating time to 4 min (Fig. 5.1c), the O-Al,O3 support was fully covered by an orderly
arranged NaA zeolite particles. However, if the coating time was extended to 6 min (Fig.
5.1d), the smoothness of NaA zeolite layer was reduced and the excessive particles were
found on top since the excess NaA particles were unable to attach to the support. [8]

To determine the optimal coating time, the pervaporation of 50:50
(EtOH:H,0O) mixture was conducted to determine the membrane performance and the
results are shown in Fig. 5.2. It was surprising that the surface roughness of 6 min of
coating did not cause any negative effect to the membrane performance as both
permeation flux and separation factor were still increasing with the coating time. This is
implied that the PBZ outmost layer was well coated on the NaA zeolite layer and well
protected the mixture from leaking, as confirmed by the almost identical values of the
separation factor for all coating time. The presence of NaA zeolite facilitates the
transportation of water, thus making the permeation rate of water be increased [7,11]. The
maximum total permeation flux was found to be 106 ¢ m? h™ for the 6 min coating time

with the separation factor of more than 10,000.
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Figure 5.1 FE-SEM surface images of (a) plain O-Al,O3 support; NaA zeolite particles

coated support with vacuum coating time of (b) 2 min; (c) 4 min; and (d) 6 min.
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Figure 5.2  Pervaporation performance of 50:50 (w/w) ethanol/water mixture using

PBZ/NaA zeolite double layered membrane

2 Effect of crosslinking temperature

DSC thermograms of PBZ after crosslinking at various temperatures are
shown in Fig. 5.3. The exothermic peak was referred to crosslinking reaction of the PBZ
precursor. At 100 °C crosslinking temperature, a large exothermic peak was observed,
indicating the complete crosslinking of PBZ precursor [12]. The peak was reduced when
increasing crosslinking temperature and also shifted its onset toward a higher temperature,
meaning that higher crosslinking degree was obtained as more benzoxazine rings were
opened and crosslinked. At the crosslinking temperature of 180 °C, no peak was observed,
implying that the maximum crosslinking degree of PBZ precursor was reached as most of

benzoxazine rings were opened and crosslinked [13].
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Figure 5.3 DSC thermograms of PBZ after crosslinked at various temperatures.

TGA thermogram shown in Fig. 5.4 revealed thermal behavior of PBZ. The
thermogram showed two major weight loss at 150°-250 °C and 260°-470 °C, in agreement
with the results observed by Takeichi and Agag. [14] The weight loss at 150°-250 °C can
be visually observed from the changing of the membrane color as increasing the
crosslinking temperature, see Fig. 5.5. The PBZ membrane was pearly yellow at the
crosslinking temperature of 140 °C (Fig. 5.5a) and became orange at the crosslinking
temperature of 160 °C (Fig. 5.5b), followed by brown at 170 °C (Fig.5. 5¢). At 180 °C (Fig.

5.5d), the membrane became dark brown which reflected to a higher degree of

degradation [2].
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Figure 5.6 shows that the total permeation flux was increased with the
crosslinking temperature up to 170 °C before decreasing. This result could be explained
by the change of physical structure of polymer, as proposed a mechanism by Berean et

)

al.’s [15]. They also found that the permeability of polydimethylsiloxane (PDMS)
membrane was increased with crosslinking temperature, due to the increasing of intensity
of bonds stretching at pendant groups, resulting in more polymer chain flexibility, and
thus causing the decreasing of crosslink density. However, at the crosslinking temperature
above 170 °C, the separation factor was found to decrease due to the degradation of PBZ

layer, creating some defects on the membrane. Therefore, the optimum crosslinking

temperature for preparing the membrane was 170 °C.
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Figure 5.6 Total permeation flux and separation factor of PBZ/NaA double layered

membrane as a function of crosslinking temperature
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3 Membrane stability testing
The membrane was tested under various feed ethanol concentrations
between 35-90 wt% and several cycles to check its performance and stability. After
multiple runs (Fig. 5.7), the total permeation flux and the separation factor of the
membrane exhibited the same trend, implying that this membrane has high stability and
can tolerate a wide range of the feed ethanol concentrations, indicating a great potential

for this material to serve as the pervaporation membrane.
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5.5 Conclusions

The PBZ/NaA zeolite double layered membrane was prepared for separation of

ethanol/water mixture via pervaporation. The presence of NaA zeolite layer was found to

improve the total permeation flux to PBZ membrane. When increasing the amount of NaA

zeolite particles, the performance was also increased. The several cycles of pervaporation

testing confirmed that the membrane was highly stable in various feed ethanol

concentrations, ranging from 35 to 90 wt%.
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CHAPTER VI
PERFORMANCE POLYBENZOXAZINE MEMBRANE AND MIXED MATRIX MEMBRANE FOR

ETHANOL PURIFICATION VIA PERVAPORATION APPLICATIONS

6.1 Abstract

Polybenzoxazine (PBZ) membranes have caught great attention for serving as a
high performance membrane for pervaporation process owing to their high mechanical
properties, high chemical resistance, high thermal stability, and low synthesis cost. This
study aims to develop PBZ membrane and NaA-PBZ mixed matrix membrane (MMM) for
purification of ethanol/water mixture using pervaporation process and to investigate the
effects of preparation parameters on the membrane performance, including precursor
concentrations, number of dipping, amount of NaA zeolite loading, temperature, and
ethanol concentration. It was found that PBZ membrane and NaA-PBZ MMM were found
to exhibit an excellent stability in every feed ethanol concentrations with low degree of
swelling. The highest separation factor of the pure PBZ membrane was more than 10,000
while the NaA-PBZ MMM was even higher, Up to and in some cases even higher than
100,000 with the highest permeation flux of 1,071 ¢ m? h™? when using 25 wt% PBZ
precursor with 15 wt% NaA zeolite loading. The permeation flux of MMM increased with
an increase in the temperature or a decrease in the feed ethanol concentration. The
swelling increased when the ethanol concentration increased, revealing a hydrophobic
behavior of the NaA-PBZ MMM. The membranes are capable of purifying ethanol in any
feed ethanol concentration ranges with an excellent performance and properties that

would lead to a great potential for used in bioethanol purifying applications.
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6.2 Introduction

Currently, ethanol fuel is one of the most attractive alternative fuels to gasoline
due to its derivation from various biological renewable resources and its compatibility
with internal combustion engines [1-3]. However, the ethanol produced from these
resources contains only a 10-12 wt% concentration, and thus distillation, a conventional
process for ethanol purification and considered an energy-intensive technique, is
employed [4]. Moreover, the azeotrope of ethanol/water mixture at 95 wt% ethanol also
restrains the maximum concentration of ethanol that can be achieved.

Pervaporation, a well-known technique for the separation of an azeotropic and
close-boiling point mixture, not only has a great potential in producing ethanol fuel from
fermented ethanol, but also is considerably more energy efficient than the distillation
process [5]. Since the economic feasibility of the pervaporation process is significantly
dependent on production cost and membrane performance, a membrane with a high
separation factor, a better permeation flux, and good stability has been studied and
developed [5,6]. A polymeric membrane is commonly selected due to its high
processability and low production cost. However, most pervaporation polymeric
membranes have a tendency to swell, drastically reducing the membrane stability and
separation performance [7-9].

Polybenzoxazine (PBZ), a class of high-performance phenolic material, provides
many interesting characteristics, including high mechanical properties, high thermal
stability, tailorable chemical structure, and low synthesis cost. The potential of using PBZ
as a separating membrane was studied by Pakkethathi et al. [10], who synthesized three
different kinds of partially crosslinked PBZ membrane synthesized from bisphenol-A,
formaldehyde, and three different types of multifunctional amines, viz,
hexamethylenediamine (hda), tetraethylenepentamine (tepa), and tetraethylenetriamine

(teta), and denoted as poly(BA-hda), poly(BA-tepa), and poly(BA-teta), respectively. They
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studied the membrane performance on a 10:90 ethanol:.water separation via
pervaporation process and found that only poly(BA-hda) provided the best separation
performance in both permeation flux and separation factor. However, poly(BA-hda) lost its
performance after a few days due to its swelling. One way to overcome these drawbacks
is to crosslink the polymeric membrane to suppress the swelling behavior and to improve
its durability.

One promising method for increasing stability and separation performance is to
crosslink the polymer on a ceramic support while the permeation flux is still maintained if
the polymer membrane is sufficiently thin [11-14]. However, the diffusion of polymer into
the support must be a primary concern in order to prepare a defect-free membrane.
Many ceramic-supported polymeric membranes have been prepared using water to
saturate the support and prevent polymer penetration into the support [15]; however,
water caused pin holes and voids when making contact with polymer systems [12,16].

Our research thus aimed to develop a thin film PBZ membrane and a NaA-PBZ
mixed matrix membrane (NaA-PBZ MMM) on a tubular Ol-alumina support for the ethanol
purification process. The effects of membrane preparation parameters and operation
parameters on pervaporation performance were systematically investigated. Swelling
behavior of the membranes was also tested to study separation behavior of the

membranes.

6.3 Experimental
1 Materials
Formaldehyde (CH,O, 37 wt% in water; Merk), bisphenol-A (BPA, 97%
purity; Aldrich), and, hexamethylenediamine (HDA, 98% purity; Sigma-Aldrich) were used
for PBZ precursor synthesis in 1,4-dioxane (analytical grade; RCl Labscan) as a solvent.

Ethanol (absolute; RCl Labscan) mixed with deionized water was used as pervaporation
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feed. Sodium hydroxide (NaOH, 99% purity; RCl Labscan), aluminum hydroxide hydrate
(A(OH)3-xH,0; Sigma), and fumed silica (SiO,, AEROSIL® 380; supported by Evonik) were
used for NaA zeolite synthesis. Tubular Ol-alumina support with inner and outer diameters

of 9 and 11 mm, respectively, were purchased from MTEC.

2 Synthesis of PBZ precursor
The PBZ precursor was synthesized using the procedure described
elsewhere [10]. BPA (5.13 ¢) and HDA (2.61 ¢) were separately dissolved into 15 ml of 1,4-
dioxane. Formaldehyde was then added into the BPA solution and stirred until a
homogeneous mixture was obtained. The mixture was kept under 10 °C before adding
HDA solution and then pretreated at 80 °C until a yellow viscous solution was obtained.

The final mixture was diluted to 5-25 wt% PBZ concentrations for membrane preparation.

3 Synthesis of NaA zeolite
NaA zeolite used as a dispersed phase in this study was synthesized using
Al,045:5i10,:3Na,0:410H,0 formula [17,18]. NaOH was dissolved in deionized water,
followed by adding aluminum hydroxide hydrate, and fumed silica, respectively. The
mixture was stirred overnight before microwave heating treatment on a Milestone - ETHOS
SEL microwave oven set at 60 °C for 10 h. The obtained product was washed with

deionized water, dried, and calcined at 550 °C for 3 h.

4 Preparation of PBZ membrane
An alumina support tube was cleaned with deionized water using an ultra-
sonic bath to remove dirt and loose particles on its surface before drying in an oven and
calcined in a furnace at 400 °C for 3 h to remove any organic impurities. The prepared

PBZ solution was coated only on the outer surface of the tube, followed by drying in an
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oven set at 100 °C for 30 min. The dipping procedure was carried out by repeatedly
dipping and drying in a cycle, and the number of dipping cycles was counted. The final

membrane was obtained by crosslinking the PBZ-coated alumina tube in an oven.

5 Preparation of NaA-PBZ MMM
The method for preparing the PBZ membrane is also used in this case,
except that NaA zeolite was first added to the PBZ precursor and dispersed by ultra-
sonication before the dipping procedure. The optimum PBZ precursor concentration and
the number of dipping cycles obtained from the PBZ membrane study were applied for
preparing the NaA-PBZ MMM. In this part, various amounts of NaA zeolite were studied,
thus xNaA-PBZ membrane refers to the NaA-PBZ MMM containing x amount (wt%) of NaA

zeolite.

6 Characterization
A scanning electron microscope (SEM; Hitachi — TEM 3000) was used to
identify the morphology of the prepared zeolite and the thickness of the prepared
membranes. The structure of the prepared zeolite was determined by X-ray diffraction
spectrometer (XRD; Rigaku - Smartlab) using CuKOl as the X-ray source. Differential
scanning calorimetry (DSC; Mettler Toledo - DSC-822e) was used to determine the
crosslinking temperature of the PBZ membrane using a heating rate of 10 °C min™ under

N 2 flow.

7 Pervaporation
A prepared membrane was installed in the module, as shown in Fig. 5.1.
The pervaporation system was carried out at 30-70 °C with pressure of the permeate side

maintained constantly at 10 mmHg using a vacuum pump (Edwards). A peristaltic pump
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(Masterflex) was used to feed the mixture of ethanol and water at a feeding rate of 900
mL min™. The quantities of ethanol and water from both retentate and permeate sides
were determined using Gas Chromatography (GC, Agilent 3890N) equipped with TCD

detector using He as a carrier gas.

8
T —
%

Figure 6.1 Schematic of pervaporation apparatus. (1) Heater; (2) Feed reservoir; (3)

Peristaltic pump; (4) Membrane module; (5), (6) and (7) Condenser; and (8) Vacuum pump.

The separation performance of the membranes was determined by the total
permeation flux and the separation factor from the following equations;

Total permeation flux (J, g m? h'") is defined as:

P
Axt

] = (6.1)

where P is the weight of permeate (g), A is the effective membrane area (0.00149 m?), and

t is the pervaporation time (h).
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Separation factor () is defined as:

P
WH20
)

w
o = Eton 62

YWH20
—x=)
WEtOH

where Wy0 and Weon are the weight fractions of water and ethanol from permeate side

(superscript of P) and retentate side (superscript of R), respectively.

8 Swelling behavior of membrane
The test on swelling was conducted to investigate the separation
mechanism of the membrane. A piece of thin membrane film was submerged under
various solvents ranging from pure water, ethanol/water mixture, to absolute ethanol in a
closed container. The system was kept at 70 °C, similar to the actual pervaporation

temperature, for 48 h. The degree of swelling (D) was calculated using Equation (3):

Ws—Wg

Ds (%) = x 100 (6.3)

where Wy is the weight of dry membrane and W; is the weight of the swollen membrane.

6.4 Results and discussion
1 Determination of membrane crosslinking condition
PBZ precursor was obtained after mixing BPA, HDA, and CH3O together at
low temperature. Heating the precursor causes ring-opening polymerization at the
benzoxazine ring and creates a network structure of PBZ, so-called crosslinked PBZ, as
shown in Fig. 6.2. The network structure provides better mechanical properties, chemical
stability, and swelling resistance [19-21]. Therefore, the maximum degree of crosslinking

must be focused to maximize the properties.
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Figure 6.2 Thermal crosslinking of PBZ

DSC technique was used to track the ring-opening polymerization of the
precursor, which is identified by an exothermic peak [10,22]. DSC thermograms of the PBZ
precursor before and after heating are shown in Fig. 6.3. As can be seen from Fig. 6.3a, the
highest crosslinking rate is indicated by the maximum exothermic peak of the PBZ
precursor at 170 °C. This temperature was thus selected as the crosslinking temperature
for all fabricated membranes in this experiment. The thermogram of the PBZ precursor
after heat treatment at 170 °C for 30 min (Fig. 6.3b) shows no peak, indicating that 170 °C

was the maximum temperature to fully crosslink the PBZ precursor.
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(a)
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(b)

60 80 100 120 140 160 180 200

Temperature (°C)
Figure 6.3 DSC thermograms of PBZ membrane. (a) Before and (b) After thermally

crosslinked at 170 °C for 30 min.

2 Characterization of NaA zeolite
The crystal structure of synthesized NaA zeolite particles were
characterized using XRD technique matching with the reference data from PDF card
number: 00-038-0241, as shown in Fig. 6.4a. The obtained peaks were well-matched with
the reference that indicated to cubic structure of NaA zeolite. To confirm the results, the
SEM technique was used and the image was shown in Fig. 6.4b. It revealed the cubic

shape of the synthesized NaA zeolite with the size was in a range of 0.24-0.74 um.
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3 PBZ membrane

To obtain a good separation performance, the fabricated membrane must
have no defects and be sufficiently thin. Study of the precursor concentration and the
number of dipping cycled was thus conducted, and the results shown in Fig. 6.5. The
pervaporation testing was carried out using 50:50 water:ethanol mixture at 70 °C. It was
found that the number of dipping cycles required for preparing a good membrane
significantly depends on the precursor concentration. None of the prepared membranes
using 5 — 25 wt% precursors can be achieved from only one dipping cycle. The first
dipping cycle might be a pretreatment for the ceramic support surface before the dense
thin film layers, i.e., separation layers, started to form during the second dipping step.
However, except for the 5 wt% precursor, the additional dipping did not affect the
membrane performance since nearly constant values beyond 2 dipping cycles of each
precursor concentration were obtained (Fig. 6.5). The relationship between the required
number of dipping cycles, separation performance, and membrane thickness s
summarized in Table 6.1. The minimum number of dipping cycles required was found to
be 2 when using the precursor concentrations of 20 and 25 wt%. It was noticed that a
precursor concentration higher than 25 wt%, e.g., 30 wt%, resulted in a very viscous
polymer solution, which hindered the dipping step. The membrane prepared from 30
wt% precursor was either impermeable or highly defective. Therefore, the highest
performance membrane with a separation factor >10,000 can only be obtained when
using a precursor concentration of 25 wt%. Moreover, the membrane thickness
undoubtedly increased with an increase in the PBZ precursor concentration. As described
previously, the separation performance also depends on the membrane thickness. The
thickness values obtained thus reflect the permeation flux and the separation factor of
each membrane. The thicker membrane resulted in a lower permeation flux, but also a

higher separation factor.
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Figure 6.5 Effect of number of dipping cycle on membrane separation factor.
Table 6.1 Membrane pervaporation performance and thickness
PBZ precursor Number of Total Separation
Separation
concentration dipping cycle permeation flux  layer thickness
factor (Q)
(Wt%) requirement (gm?h™) (Um)
5 8 6 67.16 1.8 +0.18
10 a4 20 45.59 3.2 £0.15
15 3 190 37.09 4.3 £0.22
20 2 980 25.68 10.2 £0.99
25 2 12,012 21.84 15.1 +0.83
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4 NaA-PBZ mixed matrix membrane (NaA-PBZ MMM)

The key component of a membrane process is the membrane itself. The
two most basic requirements for selecting a membrane are selectivity or separation factor
and permeation rate. Compared to polymeric membranes, a significant improvement in
separation properties with trivial loss in membrane flexibility is expected for the resultant
MMMs due to the presence of inorganic fillers. In this study, NaA zeolite is the filler used
in the PBZ matrix which was prepared by using a precursor concentration of 25 wt%. The
pervaporation performance results of the PBZ membrane containing no NaA zeolite and
NaA-PBZ MMM, containing various amounts of NaA zeolite (5-25 wt%), and using 90 wt%
ethanol feed concentration are shown in Fig. 6.6. Due to the fully crosslinked PBZ making
the material become very dense, the permeation flux of the pure PBZ membrane was
low (22.9 ¢ m? h''). However, the separation factor was impressively high, above 10,000.
This because, according to the mechanism proposed by Pakkethati et al. [10], the
diffusion of ethanol molecule in the membrane was reduced by the attraction between
ethanol and hydrophobic PBZ chain. Thus the only water molecules can permeate
throughout the membrane which resulting in very high membrane separation factor.

The addition of 5 wt% zeolite not only increased flux, but also increased
the separation factor. This reversal trade-off phenomenon occurred due to molecular
sieving effect of the NaA zeolite. The pore opening of NaA zeolite is about 4 A that
permits water molecules (kinetic diameter of 2.65 A) to diffuse through but restricts the
ethanol molecules (kinetic diameter of 4.46 A) [23]. Thus it enhances the membrane
selectivity that increasing the separation factor. Moreover, the hydrophilicity of NaA
zeolite also improves the water transportation in membrane, resulting in the increasing of
total permeation flux as well [24]. As the zeolite increased up to 15 wt%, both the
permeation flux and the separation factor remarkably increased to 1,071 ¢ m? h? and

over 100,000, respectively. However, at loading beyond 15 wt%NaA, the separation factor
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dropped down from the maximum value of more than 100,000 to 943 and 6 at 20 and 25
wt%NaA, respectively. This is due to the agglomeration of zeolite causing a defective
membrane and promoting ethanol leaking, resulting in a decrease in the membrane

separation factor [24].
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Figure 6.6 Membrane separation performance from various NaA zeolite loadings.

This incident can be clearly identified by SEM images shown in Fig. 6.7. The
PBZ membrane surface is smooth and dense (Fig. 6.7a) while the PBZ membranes loaded
with NaA zeolite show white particles dispersed underneath the PBZ smooth surface (Fig.
6.7b and 6.7c). The membrane surface started to become rough when loaded with 15
wt% of NaA zeolite (Fig. 6.7d). Voids and defects started to occur at 20 and 25 wt% NaA
(Fig. 6.7e and 6.7f), leading to a greater chance for ethanol molecules to pass through the
membrane, resulting in a drastic decrease of the separation factor, as shown in the results

in Fig. 6.6. The 15 wt%NaA-PBZ MMM, exhibiting the highest separation factor of more
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than 100,000, was thus selected as the optimum MMM used in further experiments. In
addition, examples of the cross-sectional images of the PBZ membrane and the MMM (Fig.

6.7¢ and 6.7h), respectively) also revealed that the average membrane’s thickness was in

a range of 19 to 23 Um.

TM3000_3851 NL D4.2 x10k 10um  TM3000_3855 NL D4.1 x10k 10 um

TM3000_3858 NL D4.2 x10k 10um  TM3000_3861 NL D39 x10k 10um

TM3000_3865 NL D4.2 x10k 10 um

TM3000_3860
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TM3000_3532 N D48 x1.5k  50um  TM3000_3535 N D47 x1.5k  50um

Figure 6.7 SEM surface images of (a) PBZ membrane; MMM with (b) 5; (c) 10; (d) 15; (e)
20; (f) 25 wt% NaA zeolite loadings; and cross-sectional images of (g) PBZ membrane and

(h) 15 wt%NaA-PBZ MMM.

The effect of NaA zeolite on the reduction of surface smoothness can also
be roughly determined through visual observation, as given in Fig. 6.8, showing the
appearance of the support and the supported membranes. The O-alumina support
exhibits a white, dull appearance (Fig. 6.8a) while a yellow, smooth glossy surface was
achieved when coated with pure, fully crosslinked PBZ (Fig. 6.8b). As can be seen in Fig.
6.8c-e, the membranes lost their glossy appearance and became duller with an increase
in the amount of NaA zeolite, and the higher NaA zeolite content resulted in the rougher

and duller surface.
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Figure 6.8 Physical appearances of (a) O-Al,O3 support; (b) PBZ membrane; (c) 5; (d) 15;

and (e) 25 wt% NaA-PBZ MMM.

5 Effect of ethanol concentration in feed

The separation performances and stability of PBZ membrane and PBZ
MMM containing 15 wt% of NaA were investigated using various ethanol concentration
feeds. Experimentally, the pervaporation of ethanol/water mixture was done by
permeating water and circulating the retentate back to the feed reservoir [25]. Thus, the
amount of water in the feed decreased, allowing the ethanol concentration to increase
overtime. To study whether these membranes are still stable in other ethanol
concentrations besides the 50:50 ethanol:water ratio, a pervaporation test of the
membrane in a whole range of ethanol concentration was thus designed, and the results
are shown in Fig. 6.9a. The PBZ membrane exhibits a much lower permeation flux (13.5-
28.0 ¢ m? h) than the 15 wt% NaA-PBZ MMM (726.0-1,071.1 ¢ m? h'"). The permeation
flux slightly decreased when the feed ethanol concentration increased, owing to the
reduction of the water partial pressure at the retentate side [26]. Moreover, both

membranes show excellent stability since the separation factor values were still
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maintained at higher than 10,000 at every feed ethanol concentrations (see Fig. 6.9b), due
to the network structure of PBZ. Many other works reporting on the use of polymeric
membranes noted that a damaged membrane resulted from an increase in ethanol
concentration, causing a drastic reduction of the separation factor [10,27,28]. There was
no observation of the membrane being damaged by solvent swelling in this work,
confirming that these PBZ-based membranes provide an excellent stability in all ranges of
ethanol/water pervaporation system. This is an important advantage for serving as the

pervaporation membrane in any feed ethanol concentration.

6 Membrane swelling behavior

The swelling test of both membranes was conducted to confirm separation
performance. Because these membranes were fully crosslinked, the degrees of swelling of
all membranes obtained were less than 3 %, as seen in Fig. 6.10. The swelling degree
increased with an increase in the ethanol concentration, revealing that the PBZ
membrane has a higher affinity with the ethanol than with the water, indicating the
hydrophobic behavior of the PBZ-based membranes [29]. It is worth noting that 100%
ethanol produced a lower swelling degree than the ethanol:water mixture. As described
by Xu et al., ethanol molecules could act as a small surfactant to interact with the PBZ
surface and become more hydrophilic [30]. This changing property allows the water
molecules in the ethanol-water mixture to be sorbed, resulting in a significant increase in
the degree of swelling [31,32]. This phenomenon can probably relate to a mechanism in
which the water molecules diffuse through the membrane matrix despite the fact that
PBZ exhibits hydrophobic behavior. In addition, the swelling degree of MMM was slightly

higher than the PBZ membrane due to the presence of hydrophilic NaA zeolite [24].
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Figure 6.10 Swelling testing of membranes in various ethanol concentrations

7 Effect of temperature

As the separation temperature increased from 30° to 70 °C, the
permeation fluxes of both PBZ membrane and NaA-PBZ MMM increased (Fig. 6.11a). It is
well-known that the increase of temperature improves the polymer chain mobility as well
as the kinetic energy of the diffusing molecules, resulting in a higher diffusing rate or
permeation flux of both ethanol and water [33-35]. Moreover, the rising of temperature
could alter the sorption behavior of both diffusing molecules that could lead to a higher
permeation rate of ethanol molecule over the water molecule, resulting in the decreasing
of the separation factor with increasing temperature (Fig. 6.11b) [24,36]. To further

investigate the effect of temperature, the Arrhenius plot (Equation (4)) was used.

-E,
J = Joexp(—- (6.4)
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where J is the total permeation flux, Jo is the permeation rate constant, E, is the apparent
activation energy for permeation, R is the universal gas constant, and T is the temperature
in Kelvin. The plot between (n(J) vs 1/T, as given in Fig. 6.11c reveals that the apparent
activation energies of the PBZ membrane and the 15 wt%NaA-PBZ MMM are 41.25 and
34.74 kJ gmol’’, respectively. The lower activation energy of the MMM indicates that an
excessive chain movement of the PBZ is restrained by the presence of NaA zeolite in the
polymer matrix, causing the permeation flux to be less sensitive with changes in

temperature [33].
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6.5 Conclusions

The PBZ membrane and NaA-PBZ MMM were successfully fabricated on the
tubular Ol-alumina support for ethanol/water separation via pervaporation. Both PBZ and
NaA-PBZ membranes exhibit excellent stability in all ethanol concentrations with the
degree of swelling values of less than 3 %. The highest separation factor of the PBZ
membrane was higher than 10,000 with the permeation flux of 13.5 - 28.0 g m? h™* while
that of the NaA-incorporated PBZ matrix increased to more than 100,000 with a
permeation flux of 726.0 — 1,071.1 ¢ m? h'. In addition, the apparent activation energies
of the PBZ membrane and the 15wt%NaA-PBZ MMM were 41.25 and 34.74 kJ gmot’l,

respectively.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

PBZ membranes, NaA-PBZ double layered membranes, and NaA-PBZ mixed
matrix membrane (NaA-PBZ MMM) were successfully prepared on a tubular O-Al,O3
support by using dip-coating technique. All of the prepared membranes showed an
excellent stability in pervaporation in all feed ethanol concentrations with the degree of
swelling lees than 5%. The total permeation flux of three different PBZ membranes
synthesized from BPA, formaldehyde, and different types of primary diamines; TEPA,
DETA, and HDA, were in ranges of 2.3 — 20.2 ¢ m?h?, 123 - 195 ¢m?h™, and 23 - 33 g
m? h', respectively, depending on the feed ethanol concentration, with the separation
factor more than 10,000 in all cases. The separation performance could be further
improved by introducing NaA zeolite into the membrane system. For example, the total
permeation flux of NaA-PBZ double layered membrane was increased up to 109 ¢ m?h'
while the separation factor was still more than 10,000. In case of NaA-PBZ MMM, both the
total permeation flux and the separation factor were improved, depending on the amount
of NaA zeolite loading. The optimum amount of 15 wt% NaA zeolite loading provided the
membrane total permeation flux of 726 - 1,071 ¢ m? h? with the increased separation

factor of 100,000.

7.2 Recommendations

The PBZ membrane can be further developed by varying the following
parameters; type of phenolic compound and primary amine to enhance a bettere
separation performance, type of support to reduce production cost and improve the

separation performance, and technique for preparing membrane, e.g. electro-spinning
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technique, to increase the efficiency/precision of the preparation. The larger scale of
pervaporation should also be conducted to estimate the potential of using PBZ

membrane in an industrial-scale.
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Abstract

BACKGROUND: Polybanzoxazine (PBZ) membranas have recaived increasing attention for serving as a high parformance
membrane for peraporation processes owing to their good mechanical properties, high chemical resistanca, high thermal
sta bility, and low synthasis cost. This study aimsto develop PBZ mambrana and NaA-PBZ mixed matrix mambrana (MMM for
purification of ethanol'vatar mixturas using a pervaporation procass and to investigata the affacts of preparation paramataers
on the membrane performance, including precurser concentrations, numbar of dippings, amount of NaA zeolite loading,
temperature, and ethanel concentration.

RESULTS: It was found that PBEZ membrane and NaA-PEZ MMM exhibited excallent stability in all fead athanel concentrations
tested, with a low degrae of swalling. The highast separation factor of the pure PBZ membrana va s more than 10000 while the
NaA-PBZ MMMwa seven higher, upte and, in some cases, higherthan 100 000with tha highest permeation fluxof 1071 gm~2 h~!
whan using 25vA% PBZ pracursor with 15 wt% Naf zaolite loading. The parmeation flux of MMM increasad with increasa in
temparature ora decreasa intha faed athancl concentration. Swalling increa sed whan the ethanol concantration was increased,
revealing the hydroephebic behavior of NaA-PBZ MMM,

CONCLUSION: The membranes are capable of purifying ethanaol over a wide feed athanol concentration range with excallent
parformance and proparties that promisa great potantial for usa in biosthanol purifying applications.
2015 Society of Chemical Industry

Keyvrards: polybanzoxazing ethanslfwater separation; mixed matrix membrane; pervaporation; Nad zeclita
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INTRODUCTION to swell, drastically reducing the membrane stability and separa-
Currently, ethanol fuel is one of the most attractive alternative  HON performan;e?‘° ) _

fuels to gasoline owing to its derivation from wvarious biologi- Poly_ber‘lzoxa;lne (PBZ) a dass c.)f h|gh—performe_mce_phenr_ollc
cal renewable resources and its compatibility with internal com- material, provlde.s rmart m';erest.lng characterlst.lc_s, |n_c|ud|ng
bustion engines = Howayer, the ethanol produced from thase e)-:cell_ent mechanical properties, hlghthermal stablllty_, tallora_ble
resources contains only @ 10-12witd concertration, and thus chemical structure, and low synthesis cost, The potential of using

o . ’ . PRZ as a separating mermbrane was studied by Pakkethathi ef af,?
distillation, a conwertional process for ethanol purification and synthesized three different kinds of partially crosslinked PRZ
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also limits the macdimum concertration of ethanol that can be  tetraethylenepentamine (tepd), and tetraethylenetriamine (teta),
achiaved.
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a better permestion flux, and good stability has been studied
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Figure 1. Schematic of penaportion appamatus, (1) Heater 2] feed
ressrvoir (31 peristaltic purnp: 4 membrane module; (51 (&) and (7)
condensen and (&) vaouurm pump.

and dencted as poly(BA-hda), polv(BA-tepa), and poly(BA-teta),
respectively, They studied the membrane performance on a
10:90 athanclwater separation wia pervaporation process and
found that enly poly(BA-hdg) provided the best separation per-
formance inboth permeation flux and separation factor, Howeawer,
poly(BA-hda) lost its performance after a few days due to its
awelling, Oneway to overcomeathese drawbacks isto arosslink the
polyrmeric membrane to supprass the awelling bebavior and to
improwva its durakility,

Cne promising method for increasing stability and separation
petformance is to crosslink the polymer on a ceramic support
wihile the permeation flux is still maintained if the polyrmer mem-
brane is sufficently thin"= ' Howewer, the diffusion of polymer
into the support must be a primary concern in order to prepare a
defect-free membrane. Many ceramic-supported polymeric mem-
branes hawve baen prapared using water to saturate the support
and prevent polymer penetration into the support’™® howewer,
wiater cauzed pin holes andvoids when making contad with poly-
mar systarms 121

Cur research thus aimed to develop a thin film PBZ membrane
and a Mab-PBRS mixed matrix membrane (Naf-FES MMM on a
tubular g-alumnina support for the ethanol purification process.
The effects of membrane preparation pararmeters and operating
parameters on pervaporation performance were systematically
irvestigated, Swelling behavior of the membranes was also tested
to study separation behavior of the membranes.

T (a)
& B ,/
=
o
=
E\
T (b
s &1 10 120 40 10 180 2m
Tearnperaturs (7

Figure 3. DSC thermograms of PBZ membrane. (@) Before and (b) after
thermally crosslinked at 170°C far30min,

EXPERIMENTAL

Matarials

Formaldebyde (CH, O, 37 wiSh inowater; Merk), Bisphenaol -A (BPA,
7% purity; AldricH), and, hexamethylenediamine (HOA, 98%
purity; Sigma-aldrich) were uzed for PBZ precursor syrthesis in
1.4-dicxane (analvtical grade; ROl Labscan) as a selvent. Ethanol
(absolute; RO Labscan) mixed with deionized water was used as
pervaporation feed, Sodium hydroxide (NaCH, 99% purnty; RCI
Labscan), aluminum hydroxide hydrate (AIIOH), - xH, O Sigma),
and furned silica (5105, AERDSILE 350; supported by Evonil) were
used for Maf zeslite synthesis. Tubular @-alumina support with
inner and outer diameters of 9 and 11 mm, respadively, wara
purchasedfrom MTEC

Synthesis of PBZ precursor

The PRZ precursor was synthesized using the procedure described
elsevihere® BPA (513 ) and HDA (2.61 g were dissolved sepa-
rately into 15mL of 14-dicxane Formaldehvde was then added
intothe BRA zolution and stirred urtil a homogenaous mixture was
obtained, The mixture was kept under 10°C before adding HOA
selution and then pretreated at 80 "C until a vellow viscous solu-
tionwas obtained. The final mixture was dilutedto 5- 259wt PBZ
concentrations for rembrane praparation.

PN
{
Pan\ CH3 —,
i Ho—{ % L  )OH
N \) CH;; — S— Haq 4,
' 7 % / A 3 ‘\ ¢
0 ) & 0 — > PP
—\_ i y /f \_| M e e e %
CH; \_ P N Y
N o o e n o CHB . i
<1,=r CH; —
N,

Polybenzoxazine pracursor

Figure 2. Thermal aosslinking of PBZ,

Crosslinked polybenzoxazine
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Figure5. Effect of number of dipping cyde onmembrane sspamtion factor

Svntheszis of NaA zaolite

Maf zeslite used as a dispersed phase in this study was synthe-
sized using ALC,SI0,3Na, 04 10H, O formula 1% NaOH was
diszolved in deionized water, followed by adding aluminum
hydroxide hydrate and fumed silica, respectively, The mixture
was stirred overnight before microwave heating treatrment in a
Wilestone - ETHOS SEL micraweave cven set at 60 °C for 10 h The
product obtained was washed with deionized water, dried, and
caldined at 5507 Cfor3 h,

Praparation of PBZ mambrane
Analumina support tube was deanad with deionized water using
anultrasonic bathtoremaove dirt and loose particles onits surface

before drying in an oven and being calcined in a furnace at
4007 C for 3k to remaove any organic impurities, The preparad
PBZ solution was coated only on the outer surface of the tube,
followad by dryving in an owen set at 100 " Cfor 30 min, The dipping
procedurs was carried out by repeatedly dipping and drying in a
cydle, and the nurmber of dipping qicles was courted. The final
membrane was obtained by arosslinking the PBZ -coated alurina

tube inan oven,

Prapa ration of NaA-PBZ MMM

The method for preparing the PBZ membrane is also used inthis
case, except that Mad zeolite was first added to the PBZ precursor
and disparsed by ultra-sonication before the dipping procedura.
The eptimum FBZ pracursor concentration and the number of
dipping cycles ocbtained from the FBZ membrane study were

A Chem Techinol Biotechinal (201 5)

© 201 5 Society of Chemicl Industry
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Tabk 1. Membranes perapomation peformanczand thidiness
Murnber of Separation
PEZ precursor dipping Total Fyer
concentration  cydes Separation permeation thickness
] required  factor ) flux (g2 h=T) )
5 & =] B8 150158
10 4 20 4559 32+015
15 3 190 3709 43+022
20 2 Sa0 25A/8 102 +0099
25 2 1012 2144 151 £0.83

applied for preparing the MaA-FBZ MMM, In this part, various
amnourts of Mad zeolite were studied, thus xMNad-P87 membrane
refersto the Mal-PBZ MMM containing an ameunt » (wt%) of Mad
zeolite

Characterization

A scanning electron microscope (SEM; Hitachi — TEM 30001 was
uzed to identify the morphology of the prepared zeolite and the
thickness of the prepared membranes. The structure of the pre-
pared zeolite was determined by X-ray diffraction spectrometer
(¥RC; Rigaku - Smartlab) using CuKe as the X-ray source, Differ-
artial scanning calerimetry (DSC Mettler Toledo - DSC-822e) was
uzed to determine the crosslinking termperature of the PBZ mern-
brane usinga heating rate of 10 "Cmin™ under My flow,

Pernaporation

A prepared membrane was installed in the module, as shown in
Fig. 1. The pervaporation systerm was carried out at 30-70 " Cwith
pressure of the permeate side maintained constarthy at 10 mmHg
using avacuum pump (Edwards), A peristaltic pump (Masterflex)
was Usad to faed the mixture of ethanol and water at a feaeding
rate of 900 mL min™'. The quantities of ethanol and water from
both retertate and permeate sides were determined using gas

chromatography (GC Agilent 3890 M) equipped with TCD detector
using He asa carrier gas.

The separation performance of the membranes was determined
by the total permeation flux and the separation factor from the
following equations

Total permeationflux (1 g m™ h™ s defined as:

ID
J_A*f 2

whara Piztheweight of permeate (g), A1z the effective membrana
area (000749 m?], and { isthe pervaporation time (h.
Separation factor (] is defined as

%)

whara Wy and Weeqy are the waight fractions of water and
ethanol from permeate side [superscript P) and retentate side
[suparscript f), respactivaly,

Swalling behaviar of membrane

The tast on swelling was conducted to invastigate the separation
mechanism of the membrane A piece of thin membrane film
was submerged under various selvents ranging from pure water,
ethanolfwater mixture to absolute ethanol in a dosed container,
The systern was kept at 70°C sirilar to the adual pervapaoration
temperature, for 48 h. The degree of swelling (0] was cal culated
using the equation:

D (%) = %}r 100 3
a

wheare W, is the weight of dry membrane and W isthe weight of
the swollen mermn brane.

104 5 = 108
_ E 107
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Fiqure 6. Membrane sspamation peformancefrom various hah zeolite loadings,
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Figure 7. SEM surface images of (@) PBZ membrne: MMM with (b) 5: () 100 (d) 15; (=) 20 (f) 25wt hlah zeolite loadings; and cross-sectional images of
{31 PEZ mermbrans and (h) 15 wtbblal-PEZ WA M,

RESULTS AND DISCUSSION a networl structure of PBZ, so-called crosslinked PBZ, as shownin
Datermination of membrana crosslinking condition Fig. 2. The network structure provides better mechanical proper-
PBZ precursor was obtained after mixing BPA, HDA, and CH,O  ties, chemical stability, and swelling resistance,"*=! Therefore, the
together at low temperature. Heating the precursor causes  maximum degree of crosslinking must be focused to maximize
ring-opening polyrnearization at the benzaxazine ring and creates  the properties,

S Chem Techno! Biotechna! (2015 © 2015 Sociery of Chemisl Industry wilayonlinalibrary.com/jdb
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Figure 8. Physicalappearances of @) «-Al, 05 support; (b) PBZ membrane;
(=15 0d) 15 and (=) 25wt MNah-PEZ MM,

L5C technigue was used to track the ring-opening polymer-
ization of the precursor, which is identified by an excthermic
pealk %2 D5C therrm ograms of the PRZ precursor before and after
heating are shown inFig. 3. As can be seen from Fig. 3(3), the high-
ast crosslinking rate i sindicated bythe maximum exstharmic peak
of the PBZ precursor at 170 °C Thistemperature was thu s selected
as the cresslinking temperature for al fabricated membranes in
this experiment. The thermogram of the PBE precursor after heat
treatment at 170°C for 3o0min (Fig. 3(k)) shows ne peak, indicat-
ing that 170 "Cwas the maximum termnperature to fully crosslink
the PBS precursor,

Characterization of NaA zeolite

The crystal structure of syrthesized Maf zeolite particles was
characterized using ¥RD technigue matching with the reference
data from POF card number: 00-038-02417, as shown in Fig 4(a).
The peaks cbtained were well-matched with the reference that
indicated the cubic structure of Maf zeolite, To corfirm the results,
the 3EM techniquewas used andtheimageis showninFig.4(k). 1t
revealed the cubic shape of the synthesized Mah zeclite with the
size wias in arange of 0.24 - 0.74 pr.

PBZ mambrana

To ebtain good separation performance, the fabricated membrane
must have no defects and be sufficiently thin, Study of the pre-
curser concertration and the number of dipping cydes was thus
conducted, and resultzare showninFig 5 The pervaporationtest-
ing was carried out using 50:50 waterethanel mixture at 70 °C
It was found that the number of dipping cycles requirad to pre-
pare a good membrane depends significantly on the precursor
concentration. Mone of the membranes prepared using 5— 25w
precurser can be achieved from only one dipping cyde. The first
dipping cycle might be a pretreatment for the ceramic support
surface before the dense thin film lavers, i.e. separation layers,
started to form during the second dipping step. Howeaver, excapt
for the Swi% precursor, the additional dipping did not affect
the membrane performance since nearly constant walues were
obtained bevond twe dipping crdes at each precursor concen-
tration (Fig, 5). The relationship between the required number of
dipping cydes, separation performance, and membrane thickness
issummarizedin Table 1. The minimum number of dipping cycles
required was found to be two when using the precursor concen-
trations of 20 and 25wt3. [t was noticed that a precursor concen-
tration higher than 25wk, e.g. 30wt resulted in a very viscous
palimer solution, which hindered the dipping step. The mem-
brane prepared from 30 wiSh precursor was either impermeable or
highly defective, Therefore, the highest performance membrane
with a separation facter =10000 can only be obtained when using
a precursor concentration of 25wt%, Moreower, the membrane
thickness undaoubtedly increased with an increase in the PBZ pre-
cursor concentration, As described previoushy, the separation per-
formance also depends anthe membrane thickness The thickness
values obtained thus reflect the permeation flux and the separa-
tion factor of each membrane, The thicker membrane resulted in
3 lower permeation flux, but also a higher separation factor,

NaA-PBZ mixed matrix membrana (NaA-PBZ MMM)

The key compeonent of a membrane process is the membrane
itself. The tweo most basic raquiraments for selecting a membrane
are selectivity or separation factor and permeation rate. Com-
pared with pelymeric membranes, a significant improvement in
separation properties with trivial loss in membrane flexibility is
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Figure 9. Effect of feed et hanol coneentation on @) total permeation flux and (b) separation factor at 70 °C,
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expacted for the resultant MMMs due to the presence of inor-
ganic fillers. In this study, Mal zeolite is the filler used inthe PBZ
matrix which was prepared by using a precurser concentration
of 25wt%. The pervaporation performance results of the PBZ
membrane containing ne Nad zeslite and NaA-PBRZ MMM, con-
taining wvarious amounts of MNaf zeolite (5-25wit%), and using
90wt ethans| feed concentration are shown in Fig & Due
to the fully crosslinked PBZ rnaking the raterial become very
dense, the permeation flux of the pure PBZ mermbrane was low
[22.9g9m=2 h="). Howewer, the separation factor was imprassively
high, above 10 000, According to the mechanism proposed by
Pakkethati, ' the diffusion of ethanel melecules in the memkbrane
was reduced by the attraction between ethanol and hy drophobic
FPBZ chain. Thus, only water molecules can permeate through-
out the membrane, resulting in very high membrane separation
factor,

The addition of Swit% zeolite not only increased the flux, but
also increasad the saparation factor. This is due to tha molacu-
lar siaving effect of the Mad zeolite, The pore opening of Maf
zeclite is about 4 & which is large enough for water molecules
(kinetic diameter of 265 &) to diffuse through, but restricts the
ethanol molecules (kinetic diameter of 4.46 4)2* Thus, the process
anhances the mernbrane selectivity or the separation facor, More-
over, the hydrophilic property of the Nah zeolite also improves
water transportationinthe membrane, resulting in the increasing
of total permeation flux, aswell2* As the amourt of zeolite was
increased to 15wi%, boththe permeationflux and the separation
factor rernarkably increased to 1071 gm™= b~ and ovear 100 (00,
respadively, Howewer, at loading beyond 15 wi2eh al, the separa-
tionfactor droppedfromthemaximumvalue of morathan 100 000
to 943 and 6 &t 20 and 25 wih MNah, respectively. Thiziz duetothe
agglomeration of zeolite causing a defective membrane and pro-
moting ethanal leaking, resulting in a decreasze in the memkbrane
separation factor?®

This effect can be clearly identified inthe SEM images shown in
Fig. 7. The FBZ rmernbrane surface is smooth and dense (Fig. 7la))

while the PBZ membranes loaded with Mah zeslite show white
particles dispersed underneath the PRZ smocth surface (Fig. 7(b)
and 7()). The membrane surface started to become rough when
loaded with 13wt3h of Mad zeolite (Fig. 7(d)). Voids and defects
started to occur at 20 and 25wt Mab (Fig. 7(e) and 7(f)), leading
to a greater chance for athanol moleculas to pass through the
mermn brane, resulting in a drastic decrease inthe separationfacor,
as shown in the results in Fig, 6, Thus, 15wi%MNab-PERZ MMM,
exhibiting the highest separation facter of more than 100 000,
was selected asthe optimum MMM for use in further experiments.
In addition, examples of the cross-sectional images of the PBZ
membrane and the MMM (Fig 7(g) and 7ih), respectively) alse
revedled that the average membrane’s thicknesswas inarange 19
to 23 pm.

The effect of Maf zeolite on the reduction of surface smooth-
ness can alse be determined through visual observation, as in
Fig. 8, showing the appearance of the support and the supported
membranes. The g-alumina support exhibits a white, dull appear-
ance (Fig. 8(g)) while a vellow, smooth glossy surface was achievad
when coated with pure, fully crosslinked PBZ (Fig. 8(b]). As can be
saan in Fig, 8(<)-(g), the membraneas lost thair glossy appearance
and became duller with increase in the amount of Maf zeaolite,
and the higher Naf zeclite content resultedin a rough and dull
surface,

Effact of athanol concentration in feed

The separation performances and stability of FBZ membrane and
PBZ MMM containing 15wt of Nah were inwestigated using
various ethanol concentration feeds. Experimertally, the per-
vaporation of ethanolfwater mixture was done by permeating
wigter and circulating the retentate back to the feed reserwoir®
Thus, the amount of water in the feed decreased, alowing the
ethanol concentration to indrease over time, To study whether
these membranes are stable in other ethanol concentrations
besides the 50:50 ethanolweater ratio, a pervaporation test of the
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Figure 11. Effect of tempersture on membrane separation performanas (@) total permeation flue; (b sepamtion factor and (o) Arrhenius plat,

membrane over a whaela range of athanel concentrations was
designed and the results are shown in Fig, 9(a) The PES mermn-
brane exhibits much lower permeation flux (135-28.0g9m™2h™")
than the 15wt% Mal-PRS MMM F260-1071.179m~2h1). The
parmeationfluxslightly decraased whentha feed ethanel concan-
tration was increased, owing to the redudtion in the water par-
tial pressure at the retentate side Moreover, both membranes
showe excellent stability since the separation factor walues were
maintainad at higher than 10 000 for evary feed athanel con-
cantration (sas Fig. 9(b]), due to tha network structure of PBZ
Mary cther works reporting on the use of polyrmeric membranes
noted that a damaged membrane resulting from an increase in
athanol concentration caused a drastic reduction of the sepa-
ration factor, ™ #* There was no observation of the membrane
being damaged by solvent awelling inthis work, confirming that
these PBZ-based membranes provide excellent stability ower all
ranges of ethanolfwater pervaporation systemn. This is an impor-
tart advartage when sarving as the pervaporation memkbrane in
any feed ethanel concentration.

Membrane swelling bahavior

A swelling test of both membranes was conduded to corfirm
separation performance. Because these membranes were fully
crosslinked, the degrees of sweelling of all membranes obtainad
weare lessthan 3%, as seen inFig 10, The swelling degres increasad

with increaze inthe ethanol concentration, revealing that the PBZ
mermbrane las a higher affinity for ethanol than for water, indi-
cating the hydrophobic behavior of the PRZ-baszed membranes?
It is worth noting that 100% ethanol produced a lower awelling
degree than the ethanslwater mixtura, Az described by Xu et al,
athanol molecules could act as a small surfactant tointeradt with
the PBZ surface and become maore hydraphilic® This changing
property allowes the water molecules in the ethanol-water mix-
ture to be sorbed, resulting in a significant increase in the degree
of swelling®172 This phenomenen can probably relate to amecha-
nisrn inwhichthewater molecules diffu se throu gh the rmembrane
matrix despite the fad that PBZ exhibits hydrophobic behavior
In addition, the degree of swelling of MMM was slightly higher
thanthe FBZ membrana due to the presance of hydrophilic Mah,
zaolite 2

Effact of tamperature

Asthe separationtemperature was increased from 30 "Cto 70°C
the permeation fluxes of both PBZ membrane and MaA-PBZ MMM
increazed (Fig 1108)). It is well knownthat the increase of tamper-
ature impreves the polyrmer chain mekility as well as the kinetic
energy of the diffusing molecules, resulting in a higher diffusing
rate or permeation flux of both ethanol and water®* ™ Moraover,
the rising of the ternperature could alter the sorption behavior of
both diffusing moleculaz that could lead to a higher permeation
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rate of the ethanal molecule over the water molecule resulting
inadecrease of the separation factorwith increasing temperature
(Fig 11 (k2% To further irvestigat ethe effect oftemperature, the
Arrhenius plot was used:

d=J exp (%) 4

where fisthetotal permeationflux, ;) isthe permeation rate con-
start, £, isthe apparent activation energy for permeation, 8 isthe
universal gas constant, and T isthe temperaturein Kelvin, The plot
between InLNvs 14T, asgiveninFig. 11(<) reveals that the apparant
activation energies of the FBZ mernbrane and the 15wi%MNad -PBZ
MMM are 41,25 and 34.74 k) gmol ™, respectively, The lower acti-
vation energy of the MMM indicates that an excessive chainmaove-
mert of the FBZ is restrained by the presence of Maf zeslite inthe
poldrmer matrix, causing the perrmeation flux to be lass sensitiveto
changes in temperature

CONCLUSIONS

The PRZ rmermbrane and Mad-PRZ MMM were successfully fab-
ricated on tubular a-alumina suppert for ethanolfwater separa-
tionvia pervaporation Both PBZ and Nal-FRZ mermbranes exhibit
excellent stability in all ethanol concentrations with degree of
swelling walues of less than 3%. The highest separation factor of
the PBZ membrane was greatarthan 10 000 with permeation flux
of 13.5-280 gm™= k™ while that of the Nal-ncorporated PRZ
matrix increased to more than 100 000 with a permeation flux of
726.0-1071.1 gm~= h~". Inaddition, the apparent activation ener-
gies of the PBZ mernbrane and the 15wt Mal-PEZ MMM were
41,25 and 34.74 k) gmol ™, respectively,
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Novel polymeric membrane materials for
ethanol/water separation via pervaporation

P. Chuntanalerg”, R. Naraprawatphong®, S. Kulprathippanja?,
P. Aungkavattana®, K. Hemra®, T. Chaisuwan® and S. Wongkasemjit**

In this research, novel polyhenzoxazine (PBZ) membranes, synthesized from hisphenol-A, for-
maldehyde and diamines, were coated on a ubular alumina support by dip-coating technigue for
ethancl purificaticn application via pervapeoration. The effects of dipping time and precursor
concentration on e membrane preparation and the separation performance showed that both
FBZ membranes were remarkably stable, resistant to ewelling, and provided an imprassively high
separation tactor of higher than 10,000 for all ethancl concentration ranges, characteristics

Materials Rassarch Innovations  mri1654.3d

implying that they could he a good candidate for high purity ethancl production.

mKaywohds: Falyvbenzoxazine membrane, Swelling behavicr, Separatien petfarmance

Introduction

An increase in energy use has spurred greater interest in
producing sthanol fuel for vehicle use. Tha ethanol fuel,
however, must be haghly purs to prevent damags to
vehicles. It is well known that in obtaining highly purs
sthanol, membrane technology can be much mors
energy efficiant than conventional technology. Thus, a
membrane with high mechanical stremgth and chemical
resistance is reguired.? Polybenzoxazine (PBZ), a
thermosetting  phenolic resin, is a good candidate for
serving this purposs because it has a high performance in
both meachanical and chemical propertizs owing to
its thermally activated structure, allowing the ring
polymerization to ocour and form sirong network
giructurss * 5 Pakkethathi 2f al® ctudied three different
partly crosslinked PBZ membranes for sepavating
10 : 20 sthanol-water mixture via pervaporation, and
found that only one membrans revaalad a good per-
formance i both permeation flux and  selectvity.
However, all membranes have low mechanical strength
and chemical regastance ance they cannot tolerate both
vacuum force and higher sthanol concantration. In this
reszarch, fully cross-linked PBZ membranes were stu-
dizd to overcome these problems. To prevent brittlensss
from fully cross-linking PBZ as well as to improve
membrane stramgth, a tubular aluomina support was
employed.” The effect of PBZ type on swelling behavior
and separation performance was also investigatad.
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Experimental

Tubular alumina supported membrane
preparation

Two different partly cross-linked PBZ precursors were
first synthesized wsing two diffarent diamines, namely,
tetrasthylenepentamine  (tepa, $5% purity, Aldrich)
and dizthylkenstrdamine g:leta, 99% purity, Aldrich),
as described elsewhere.® MMeanwhile, the o-aluwmnina
tubsa (effective length—43 mm, purchasad from National
Metal and Materials Techmology Center (MTEC),
Thailand) was ceaned with deionized water in an
ulirasonicator bath before calcining at 400°C for 3 b to
ramove organic dirt.

The PBZ precursons synthesized from tepa or deta
ware denoted as poly(BA-tzpa) and poly(BA-dsta),
respectively. Using dip-coating techmique, FBZ pre-
cursors were first dilated by l4-dioxane (analytical
grade, Labscan) to prepare 10-30 wi-%% of polv(BaA-
tepa) and poly(B A-dsta) solutions. The caleined alumina
support (one end closed with Teflon cap) was dipped
mito the solution before drying at 100°C in oven, fol-
lowed by polymerization at 200 or 180°C, for polv(BA-
tepa) or poly(BA data), raspactively. Both dipping and
drying steps were carried out as a oycle, the so called
dipping cycle, and were repeated wntil a functional
membrana (or a membrane giving a good separation
perfommanca) was obtained.

Membrane characterization
Surface morphology and thickness of membranes were
characterized by scanming electron microscope [SEM,
JEOL JSM-340LV). Gas chromatography (GC, Agilant
GEHONY equipped with TCD detector was used to
determing the quality of ethanol in both permeate and
retentate while testing performance.

To stmdy the swelling behavior, theee different sol-
vents (pure #thanol (absoluie EtOH, Labscan), water,
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and 50 : 50 (wrw) ethanoliwatar), were used. Into each
solvent, 0.1 g PBZ thin film was immersed, and the
system was maintained at 70°C similar to the actual
periormance study. The degree of swelling (F);) of the
membrans sampls was defined as®

Wy — Wo

b=
z Wo

* 100 o5

swhere wy is the initial weight of the membrane sample
andd #y is the weight of the membrans swollen.

Performance study

The performance of PBZ membranss was camiad out in
batch pervaporation with a faed flowrate of 500 mL/min
using a peristaltic pump (Masterflex). The interior
pressure was maintained constantly at 10 mimHg naing a
vacuwm pump (Edwards). The ethancl concentration
and temperature in the feed were varied to study the
pervaporation performance of sach PBZ membrane.
The amount of permeate was measurad to determine the
total permeation flux and the sthanol concentrations in
both permeatz and retentatz were determined for the
separation factor, as follows: ™
Total permeation flux () (g m *h) is defined as

_ W
T At

2

where W is the weight of permeata, 4 is the membrane
affzctive surface arsa, and ris the pervaporation time.
Saparation factor («) is defined as
[ ¥ ]pu‘m&am
XEDH
S ofE O = [

X
Lecm

where Xgruo and Xgop are the weight fractions of water
and 2thanol in permeatz and retentate, respectively.

Results and discussion

Membrane fabrication

The images of the preparad membranss ar2 shovwn in
Fig. 1. The surface image of o-alumina support shows
that the particle @ze varied from 0.9 to 3 pm (Fig la).
After finishing the dipping process, the surface is com-
pletely coverad with a amooth and dense polymer layer,
as shown In Fig. 15 Because the major ssparation
mechanizm occurs at this polymer layer,” it is important
to prepare the membrane with a mindmom of defect. The
cross-sactional images of poly(BA-tepa) and poly(BA-
deta) are showm in Fig. le—#. The thickness of the pra-
parsd polymer layer was analyzed and swnmarized in
Tablz 1. As can b2 s=en in Fig. l¢ and f, no dense
poly(BA-tepa) and poly(BA-deta) membrane layers
prepared from 10 and 20 wt-% precursors, respectively
were observed on the support surface sven when they
were continuoudy dipped up to 10 times (Table 1),
mdicating that those concentrations were too low for
preparing the membranes. However, insiead of coating
on the surface, the polymers penetrated into the support,
probably owing to a very low solution viscosity. The
dense polymer layer was observed when the precursor
concentration was up to 20 and 30 wit-% for poly(BA-
t=pa) and poly(BA -data), respactivaly. Itis worth noting
that only 20 wi-%% poly(BA-tepa)) was needed to obtain a
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dense layer while poly(BA-dsta) nesded 30 wi-% con-
centration. Tepa contains mors amine groups, resulting
in more  intermolacular H-bonding  and  makin,
poly(B4 tepa) membrane fabrication sader to achizve.!
This reslt can ba confirmed by the thicker poly(BA-
tepa) membrans layer. In addition, when comparing
membranes produced at the same precursor coneen-
tration (ie 30 wit-%, sa= Fig le and g), poly(BA-tzpa)
also requires fewer dipping cycles to obtain a dense
membrane. Not only fewer dipping cycles were needed
to produce a meambrans, but also the resultant thinmer
membrane layer improved the membrane perfommance,
rasulting in a thmner polymer layer and conszquently
providing a higher permeation fiux 57 Conclugvely, a
dafact-frez pobymer layer cannot be obtained if the
precursor concentration is too high or too low. The
optimal precursor concentratioms for  preparing
poly(BA dsta) and poly(BA-tepa) membranes wers at
3040 and 20530 wi-%%6, respactively.

Membrane performance

To study the membrans performance, parvaporation is
generally wilized and in this study a batch syst=m con-
taining a mixture of watar—sthanol was operated, Thus,
retentatz was recycled back to faed while water was
permeated through the membrans. As expected, the
fzed ethanol concantration increased with time.
A pervaporation experiment using a feed ethanol
concentration ranging from 10 to 90 wit-% EtOH was
conducted to study the performance and stability of the
membranes. Poly(BA-tepa) and poly(BA-deta) mem-
branas prepared from 30 w0 40 wi-% precursor concen-
trations, respectively, were chosen since the lowest
number of dipping cycles in preparation was nesded,
taking the shortest time in fabrication. Morsover, the
thinnest membrane layer was obtained, maximizmg the
pormeation flux. From  Fig 2, the highest total
permeation flux of both poly(BA-tepa) and poly(BA-
data) are observed at L0 wi-%EtOH feed with a value of
2025gm *h (Fig 24) and 1245gm *h (Fig. 28,
respactively, with a separation factor higher than 10,000,
indicating that the permeats contained mostly water.
Az the ethanol concentration get: higher; the water
partial pressure in the feed should be lower, causing a
lower permeation flux. ' Although the separation factor
of the mambranss are not differant, the poly(BA-tapa)
membrane shows a greater reduction in the total per-
meation flux than the poly(BA-deta) membrane at
higher feed ethanol concentrations. To claxify this result,
a swelling behavior test was conducted in pure water,
pure sthanol, and 50 : 50 water-athanol solvents, and the
results are shown in Fig. 3g-c, respectively. Neither
membrans was swollen by water molecules after mors
than 10 days, but both were swollan by sthancl mol-
ecules, with the maximum swelling degree of 3.1 and 2.1
for poly(BA-tepa) and poly(BA-dsta), respectively
(Fig. 35). Although thess swelling degree results are
considerably small, they could indicate that the mem-
branss are more hydrophobic. Fu ez 2l ' suggestad that
the sorption of athanol in hydrophobic membranss
rastricts the molecular transport in the polymer layer,
which would be the major reason in decreasing of per-
meation flux besides the lowering of water partial
pressurs. Thus, the drastic decrzase of the total per-
meation flux of poly(BA-tepa) at higher ethanol
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Chuntonolerg et ol Nowel PBZ membrane for ethanolfwater separation

TMIN00_2655 ML D47 x50k 20 um TM3000 3531 N De1 x50k 20um

TMI000_5330 DEJ «3.0x 30 um TM3000_S335 N D52 30k 30 wm

TM2000_5340 D5% «30x  30um TM3000_S5338

N DEE 30k 30um

TM3000_5337 D50 %30k 30 uwm TM3000_5333 N D52 x30k  30um

1 SEM surface Images of 2 uncoated s-alumina support; b e-alumina supported PEZ membrane; cross-sectlonal Images of
pol{BAtepa) at ¢ 10 wi-Sh; o 20 w4 e 30 w5t and poly{BA-deta) at 20 w9 g 30 wi-4; b 40 wi-sh, respectively
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Tabk: 1

Chuntonoleryg ef ol

Effect of PBZ concentration on number of dipping cycle requirerment and membrane separation performance

Precursor Mumber of dipping Averaged membrane
Folymer concentrationfwt-% oycle requirement layer thicknesspum*
Paly{ BA-tepa) 0 0% -

20 2] 8.5

30 2 1.4
Paly| BA-clata) 40 0% -

20 0%

30 4 5.4

40 2 3.0

# measured fram SEM.

1o all membranes prapared up to 50 times of dipping cycles are lsaked and o separation performance was absereed,

concentration (Fig. 2g) may result from the higher
molecular restriction by sthanol molecules adsorbed
the membrans, as confirmed by the larger amount of the
swollen membrans in sthanol (Fig. 35). The swelling
behavior testing also revealed the multipls sorption of
water and ethanol molecules in a mixture of ethanol and
water (Fig. 32). The water molecules could adsorb i the
membrane via H-bonding with ethanol, resulting in a
higher degree of swellng than in purs sthanol con-
ditions.™* However, those swelling results ars again very
small, thus still resulting in a separation factor higher
than 10000 with no sign of being damaged since no
drastic drop in the separaton factor was obsarved in all
ethanol concentrations.!*!® The results could suggest
the excellent stability of PBZ membranes n any ethanolf
water mixture, leading to a great potential for the use of
these membranes in the ethanol purification process,
especially in a highly pure sthanol concentration for
renewable energy.
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Conclusions

Poly{BA-deta) and poly{BA-tzpa) mambranes on tubu-
lar a-alumina support were succassfully fabricated. The
PEZ precursor concentration was a major factor in
controlling the membrane performance. Poly(BA tespa)
requirad less precursor concentration to obtain a func-
tonal membrane than poly(BA-deata) Howsver, both
membranes provide good stability and separation per-
formance at all ethanol concentrations, indicatdng a
potental material for high purity ethancl production.
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Abstract

The use of bioethanol fuel produced directly from the renewable biomass should be one of the truly
sustainable energy developments. However, the amount of ethanol concentration in bioethanol
obtained from fermentation is quite low; an energy-effective separation method is required for
concentrating ethanol up to the fuel level. The less energy-intensive technique of pervaporation is a
promising method in producing high-purity ethanol, but the overall economic feasibility is
dependent upon the membrane. Thus, in this review, various membranes are reported, discussed,
and compared as to their advantages, disadvantages, and separation performance via the
pervaporation process. It is found that different membranes provide different performances and
advantages in ethanol separation. Other parameters governing the separation performance, such as
temperature, ethanol concentration, membrane production method, and production cost, are also

included.

Keywords: Pervaporation, Membrane, Ethanol, Purification, Separation performance

INTRODUCTION

Due to the depletion of fossil fuel reserves and an increase in global demand, the development of
sustainable energy alternatives for replacing fossil fuel has attracted great attention for many years,
and ethanol fuel, being a good candidate, has been extensively studied. One of the reasons for
ethanol’s ascendancy is that it can be produced from a variety of resources, such as sugar cane,
corn, grasses, etc., using fermentation. However, the current fermentation technique provides a
very low ethanol concentration of less than 15 wt% (Mohanty et al., 2009; Lee et al., 2013). This
concentration certainly cannot be used in any engine technology; thus, in using bioethanol as the
vehicle fuel, the conventional process of azeotropic distillation is used for separating the ethanol-
water mixture to obtain a high purity of ethanol of at least 99.5 wt%. The azeotropic distillation,
however, is an energy-intensive technique, increasing the cost of the produced fuel (Van Hoof et

al., 2004; Kunnakorn et al., 2013). Other techniques, such as pressure swing absorption, liquid-
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liquid extraction, and crystallization, are not only costly and energy intensive, but also limited in
terms of practical production (Kim et al., 2002). Membrane separation technique using

pervaporation is thus an attractive process to be considered.
PERVAPORATION PROCESS

Pervaporation, a separation of liquid mixture using a selective membrane especially for the
azeotropic and close-boiling point mixtures, is well known to be a less energy-intensive operation
than the common azeotropic distillation process, leading to a more energy-efficient way to produce
a high purity of ethanol for fossil fuel replacement (O’Brien et al., 2000). A liquid mixture is fed to
contact with the membrane at the upstream side while the downstream side is being held under
vacuum. The undesired component is able to permeate through the membrane preferentially in the
form of vapor by means of the low pressure before flowing out. The desired component is
concentrated by recycling the retentate to the feed reservoir, as shown in Fig. 1. The separation
performance of the membrane is determined by two major factors, permeation flux and separation
factor, which relate to both the productivity and quality of the separation, as given in eq. 1 and 2,

respectively.
Insert Figure 1

The permeation flux (J, kg m?2 h?) is defined as:
W
A-t

where W is the weight of permeate (kg), A is the effective membrane area (m?), and t is the

M)

pervaporation time (h).

The separation factor («) is defined as:
( WH 20 j

WetoH Per
( WH 20 j

Weion Ret

where wroo and weon are the weight fractions of water and ethanol from the permeate side

)

a =

(denoted as Per) and the retentate side (denoted as Ret), respectively.

MEMBRANE DEVELOPMENT
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Currently, the major focus of membrane development is to improve membrane performance in both
high separation factor and permeation flux, thereby enhancing the economic feasibility of ethanol
production (Di Luccio et al., 2002). A variety of materials have been studied in development of the
membrane. In this report, the membranes for only ethanol-water mixture are reviewed and
categorized into three main classes, viz., polymeric membranes, inorganic membranes, and mixed-
matrix membranes. In polymeric membranes, the separating layer is made from organic polymers,
while inorganic membranes are made from ceramics or zeolites. Mixed-matrix membranes are

composed of both ceramic and polymer, working together for the separation (Kittur et al., 2005).

POLYMERIC MEMBRANES

The polymeric membrane is the most common membrane in the membrane separation and can be
fabricated by various simple techniques, such as casting, extruding, and coating. These techniques
facilitate ethanol’s economic feasibility in terms of membrane product and cost (Chowdhury et al.,
2001; Widjojo and Chung, 2009). The polymeric membrane can be used as a self-supporting
membrane or supported membrane. Generally, the support for a polymeric membrane is made of
porous ceramics or stronger polymer to improve the membrane strength for a better separation
performance (Fu et al., 2014). The self-supporting membrane is normally cast as a thin polymer
film which generally provides low mechanical properties, low separation performance, and high
swelling. These drawbacks limit its application for use in the ethanol purification area (Zhao et al.,
2013). Thus, many researchers have focused on improving the membrane stability as well as its
separation performance by increasing crosslinking degree, blending with other polymers, and co-
polymerizing with other monomers (Zhang et al., 2009). Due to the high polarity of the ethanol-
water mixture, the membrane to be used in the ethanol-water separation must be hydrophilic
polymers, such as poly(vinyle alcohol) (PVA), chitosan, and cellulose. However, hydrophobic
membranes have also gained more attention for ethanol-water separation due to their better
mechanical properties, higher chemical resistance, and higher thermal stability (Ghofar and
Kokugan, 2004; Smuleac et al.,, 2010). Examples of hydrophobic membranes are
polydimethylsiloxane (PDMS), polyimides, and a new class of phenolic resins, so-called

polybenzoxazine (PBZ).

Self-supporting polymeric membranes

Praptowidodo (2005) studied the influence of two different hydrophilic groups, itaconic acid and
N-3-trimethyl-ammonio-propyl-acrylamide-chloride, in PVA co-polymer membranes, and
compared them with the pure PVA membrane. The pervaporation result of 90:10 ethanol:water

mixture showed that the separation factor of the PV A-itaconic acid copolymer membrane was the
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highest, as a result of having the highest hydrophilicity, while the second copolymer containing
ammonium group provided a lower separation factor, but a higher one than the pure PVA due to
lower hydrophilicity. However, the permeation fluxes of both copolymer membranes were
decreased due to their higher rigidity, causing brittleness. The results were in good agreement with
the study of the crosslinking effect using glutaraldehyde. With an increase in crosslinking time, the

separation factor increased, but the permeation flux decreased.

A PVA copolymer containing a hydrophilic group was also studied by Zhang et al. (2009). They
prepared a PVA membrane grafted with quaternary ammonium group called quaternized PVA
membrane using trimethyl ammonium chloride with the degree of quaternization (DQ) ranging
from 2.024 to 4.035. They found that increasing the DQ value in the membrane increased the
hydrophilicity and improved water selectivity, but also increased the swelling. Thus, they
minimized the swelling by crosslinking the membrane using glutaraldehyde even at 85 wt%EtOH,
resulting in a higher selectivity. However, the permeation flux was reduced. Since a good
pervaporation membrane requires high permeation flux and selectivity, these membranes must be

optimized between degree of quaternization and degree of crosslinking.

Gimenes et al. (2007) prepared a blend between sericin, extracted from the silkworm cocoons, and
PVA for ethanol pervaporation membrane. The dimethylolurea (DMU) was used as a crosslinking
agent which was expected to crosslink only at hydroxyl groups and leave the amino groups of
sericin to interact with water during the pervaporation. They found that the increase in
hydrophilicity by introducing PVA into sericin caused the membrane to swell more, resulting in a
higher permeation flux and lower separation factor.

Pandey et al. (2005) prepared a bacterial cellulose membrane for separation of glycerol, ethylene
glycol, ethanol, formalin, and acetone from water. They claimed that bacterial cellulose was able to
serve as the pervaporation membrane in an ethanol/water system, providing an excellent
permeation flux of 1.43 kg m2h* at 75 °C. However, the separation factor obtained was very low,
only 1.3. They explained that the membrane was not modified or crosslinked, causing the

membrane to swell and resulting in such a low separation factor.

Dubey et al. (2005) worked on improving chitosan membrane by preparing chitosan/bacterial
cellulose and chitosan/PVA membranes. Based on their previous work (Dubey et al., 2002),
bacterial cellulose showed high mechanical strength, high chemical resistance, and good water
flux. The bacterial cellulose was selected to blend with chitosan. The results showed that although
the chitosan/bacterial cellulose membrane possessed a higher mechanical strength than the

chitosan/PVA membrane, the membrane exhibited an identical strength to the pure chitosan
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membrane, meaning that adding bacterial cellulose did nothing to improve the chitosan membrane
strength. Moreover, the separation performance of the chitosan/PVA membrane revealed
unsatisfactory results, showing a further reduction of permeation flux. The chitosan/bacterial
cellulose also showed a moderate separation performance, but both the permeation flux and the

mechanical strength were still less than those obtained from the pure bacterial cellulose membrane.

Lai et al. (2012) prepared PDMS membrane using UV/ozone treatment. Naturally, the PDMS
membrane exhibits the hydrophobic property, but its surface structure could be changed by the
UV/ozone treatment. Thus, the treatment was expected to change the surface hydrophobicity to a
hydrophilic form, which would be more suitable for the ethanol/water pervaporation. They found
that the UV/ozone treatment indeed affected the membrane surface. The working distance, relating
to the UV intensity, and the pretreatment time were optimized to maximize the hydrophilicity of
the membrane. However, the pervaporation results demonstrated a trade-off between the
permeation flux and the separation factor after the treatment. As hydrophilicity increased, the
separation factor also dramatically increased since the structure was changed to more silica-like
structure, which was more restrictive to larger molecules like ethanol. However, it was also denser,

reducing the total permeation flux.

Pakkethati et al. (2011) prepared PBZ membranes for ethanol/water pervaporation using a simple
film-casting technique. Due to the extraordinary properties of PBZ, the PBZ was expected to
exhibit higher mechanical strength and thermal stability. In their work, three different PBZs were
synthesized from the bisphenol-A (BPA), formaldehyde, and three different amines, viz.,
hexamethylenediamine (HDA), tetraethylenepentamine (TEPA), and tetraethylenetriamine
(TETA). They found that all PBZ membranes showed a high thermal stability up to 240 °C, which
is much higher than the operating temperature in the pervaporation system. The pervaporation
results revealed that the fabricated PBZ membrane synthesized from HDA exhibited the highest
stability with a service time longer than 120 h, a permeation flux of 1.52 kg m2 h, and separation
factor of more than 10,000 at 70 °C, indicating outstanding separation performance for the
ethanol/water separation with no need of additional membrane modification. They explained that

the chain flexibility of the long aliphatic chain in the HDA structure played a significant role.

Le and Chung (2014) demonstrated a copolyimide membrane prepared from poly(1,5-
naphthalene/3,5-benzoic acid-2,2"-bis(3,4-dicarboxyphenyl) hexafluoropropanedimide) (6FDA-
NDA/DABA) blending with its sulfonated polymer. The blend of sulfonated polymer with its pure
form was expected to control the membrane performance and reduce the cost since the sulfonated
polyimide provides a hydrophilicity of the membrane which increases the permeation flux, but

reduces the membrane strength. According to Le and Chung, it is difficult to control the properties
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of the prepared membrane, resulting in poor repeatability. In their study, the preparation procedure
was done by spinning process to make the hollow fiber membrane. The pervaporation result
showed that the permeation flux increased when adding sulfonated polyimide, but the separation
factor was lower due to the looser polymer structure, as confirmed by the increase in swelling of
the polyimide blend membranes. Thus, they further studied to improve the separation factor by
coating the membrane surface with PDMS layer and thermal treatment. This modification

improved the membrane for the separation factor only, since the permeation flux was still reduced.

Recently, Chen et al. (2014) studied the PDMS membrane pervaporation of bioethanol produced
from corn stover via fermentation process using a mixture of glucan, cellulose, and B-glucosidase
enzymes. The impurities produced during the fermentation process were expected to somehow
affect the pervaporation. They found that the major components were acetic acid and furan
derivatives. The pervaporation with the addition of impurity was carried out individually. The
effect of acetic acid was explained by the interaction between acid and PDMS, blocking the water
molecules ability to diffuse through, thus reducing permeation flux. The effect of the furan
derivatives was observed by using ijR value, indicating the interaction between PDMS and
chemicals based on the solubility parameters. The higher ijR value obtained, the more interruption
caused by the chemicals.

The separation performance data of all self-supporting membranes discussed above are
summarized in Table 1. As can be seen, this membrane class is mostly produced from PVA, owing
to its highly hydrophilic property. The PVA membranes provide a good separation performance
with the permeation flux and the separation factor in the ranges of 0.03-0.3 kg m? h* and 10-300,
respectively. However, the hydrophobic PBZ membrane has also attracted a great attention in
ethanol production application because it can provide superior separation performance with the
permeation flux up to 3 kg m?2 h?! and the separation factor of over 10,000. Thus, the PBZ

membrane could have a greater potential in a practical process.

Insert Table 1

Supported polymeric membranes

The limitation of self-supporting polymeric membranes, aka unsupported membranes, in some
aspects, such as poor mechanical properties, low separation performance, etc., have led to the
development of the supported polymeric membranes to overcome those drawbacks (Kim et al.,
2000; Wei et al., 2011). Porous ceramic materials or strong porous polymers are generally used to

support the polymeric membrane. Because the molecular transport occurs in both the membrane (or
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separating) and the support layers, mechanical properties and separation performance are thus
improved (Yoshida and Cohen, 2003).

Kim et al. (2000) prepared a thin poly(amic methyl ester) membrane on the commercial porous
polysulfone support via interfacial polymerization of 2,5-bis(methoxycarbonyl terephthaloyl
chloride) (BMTC) with various diamines, viz., ethylene diamine (EDA), hexamethylene diamine
(HDA), and m-phenylene diamine (m-PDA), directly on the support surface. They found that
poly(amic methyl ester) supported polysulfone improved the separation factor when compared to
the performance of the support itself. However, the permeation flux decreased due to the increase
in the transport resistance. The HDA-BMTC and EDA-BMTC membranes were found to provide
superior pervaporation performance for 90:10 ethanol:water because the separating layer of these
membranes was very thin while the PDA-BMTC membrane was poor in film-forming ability.
Moreover, the HDA-BMTC membrane was further tested for its stability and demonstrated an

excellent stability up to six days after the operation.

Yanagishita et al. (2001) studied the pervaporation performance of polyimide synthesized from
pyromellitic dianhidride (PMDA) and 4,4’-oxydianiline (ODA) using poly(amic acid) salt (PAA
salt), and coated on commercial asymmetric polyimide (P1-2080) support. The result showed that
the performance of the supported membrane significantly better than the self-supported one
because the separating layer thickness was greatly reduced.

Li et al. (2006) worked on chitosan (CS)-PVA blends prepared on polyacrylonitrile (PAN) support
for separation of ethanol, similar to the work by Jiraratananon et al. (2002), who prepared chitosan-
hydroxycellulose (CS-HEC) blends on cellulose acetate (CA) support. The separation performance
of the chitosan was expectedly improved by blending with a highly hydrophilic polymer, such as
PVA or HEC, to increase the membrane hydrophilicity. Li et al. found that the separation factor of
the CS-PVA/PAN membrane increased to maximum at 40 wt% of PVA concentration before
slightly decreasing, probably due to the phase inversion of the CS-PVA matrix. However, when
comparing the performances between the pure CS, CS-PVA/PAN, and PVA/PAN membranes. The
PVA/PAN membrane provided fair permeation flux and an excellent separation factor while the CS
membrane was superior in the permeation flux, but fairly low in the separation factor. The CS-
PVA/PAN membrane, however, provided a permeation flux as low as the PVA/PAN membrane,

and separation factor as low as the CS membrane.

Huang et al. (2008) studied poly(thiol ester amide) prepared on the modified polyacrylonitrile (m-
PAN) support. The interfacial polymerization technique was used in preparing poly(thiol ester

amide) thin film by reacting cystamine (2-aminoethanethiol) with trimesoyl chloride (TMC) or
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succinyl chloride (SCC) on the support. They found that the poly(thiol ester amide) membrane
synthesized from TMC performed better separation in terms of selectivity than the membrane
synthesized from SCC because of the aromatic ring and the network structure of TMC, providing
less swelling. They also measured the free volume of the membrane using Doppler-broadened
linewidth and shape (S) parameters. The results confirmed the presence of the network structure in
the TMC membrane and that the active layer thickness was only 100 nm, much thinner than the

typical self-supported polymeric membranes.

Zhu et al. (2010) prepared PVA-chitosan membrane on a tubular asymmetric ZrO,-Al,O3 support,
and studied the effect of the support pore size on the performance of t-butanol/water pervaporation.
It was found that the support pore size of 0.2 um was the optimum. A too-narrow pore size of 0.05
pum provided very low permeation flux due to the high molecular transport resistance, while a too-
large pore size of 0.5 um provided very low separation factor and permeation flux because the
support was not compact enough, easily causing defects. Moreover, filling of polymer into the
support pores also caused a huge permeation resistance. For the separating layer, chitosan
concentration was found to reduce the compactness of the PVA structure, providing more
permeation flux and a slightly lower separation factor. These results were contradictory to the study
of Dubey et al. (2005) who found that the structure was more compact when blending PVA with
chitosan, causing further reduction of permeation flux in ethanol/water pervaporation. The
membranes were further tested for various organic-water mixtures; ethanol, t-butanol, methyl
acetate, and ethyl acetate, and the results showed that the pervaporation of the ethanol/water system

revealed the highest activation energy.

The tubular asymmetric ZrO,-Al,O3 was also studied to support PDMS membrane in the work of
Wei et al. (2011). The tubular PDMS/ZrO,-Al,O, membrane was tested and compared with PDMS
membrane supported by blended cellulose acetate (BCA) or PDMS/BCA membrane. The
PDMS/ZrO2-Al,03 membrane was prepared by dip-coating technique while PDMS/BCA
membrane was prepared by casting technique. Reduction of polymer penetration into the support
and a more uniform coating when increasing molecular weight of PDMS were found to be the
major reason for the increase of separation factor of the PDM/ZrO;-Al,O3;. The membrane
thickness was found to be governed by the polymer concentration and the dipping time. The
pervaporation performance result of the PDMS/ZrO,-Al.O3z was not only superior, but also the
long-term pervaporation results showed that the PDMS/ZrO,-Al,03 was quite stable up to 30 days

with no sign of delamination while the PDMS/BCA was delaminated after 11 days of the operation.

The potential of using fully crosslinked polybenzoxazine (PBZ) membrane for ethanol/water

pervaporation was studied by Chuntanalerg and coworkers (in press, b). Two different PBZs
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synthesized from bisphenol-A, formaldehyde, and tetraethylenepentamine (tepa) and
diethylenetriamine (deta), denoted as poly(BA-tepa) and poly(BA-deta), respectively, were coated
on tubular alumina support in order to prevent brittleness and to improve membrane strength. As
both poly(BA-tepa) and poly(BA-deta) membrane were fully crosslinked, the swelling property
was minimized, allowing them to better tolerate in a wide range of the feed ethanol concentration,
from 10 to 90 wt%, with the separation factor values of higher than 10,000. However, the reduction
of the permeation was observed at high ethanol concentration, due to the restriction of molecular
transport caused by sorbed ethanol. From the study, it was found that the permeation flux of
poly(BA-tepa) membrane was reduced greater than that of poly(BA-deta) due to the higher amount
of ethanol sorption in poly(BA-tepa).

The separation performance data of all supported polymeric membranes are summarized in Table
2. PVA was widely used as the separating layer along with chitosan. In this case, there is more than
one layer involved in the separating mechanism, membrane and support layers. The major

improvement of the pervaporation performance should depend on the membrane selectivity.

Insert Table 2

INORGANIC MEMBRANES

Unlike the polymeric membranes, the inorganic membranes for ethanol/water separation are
dominated by a single type of zeolite membrane called NaA zeolite (is referred to as zeolite A or
4A zeolite) membrane. The NaA zeolite, a sodium aluminosilicate with Linde Type A (LTA)
framework, has a well-defined pore opening of about 4 A, perfectly lying in between the molecular
sizes of ethanol (kinetic diameter of 5.2 A) and water (kinetic diameter of 2.6 A) (Shah et al.,
2000). It thus provides a molecular sieving ability in separating those two molecules, leading to a

high performance membrane with an exceptional permeation flux and separation factor.

Kondo et al. (1997) prepared NaA zeolite membrane on various supports having different
Al;03/SiO; ratios. The supports were produced by mixing a-Al,Os, mullite, and cristobalite
together. They found that the membrane selectivity increased when increasing the Al,Os content
up to 70 % before becoming constant. However, the most cost-effective support was at 65% Al,O3
content, although the price of a support tube with I.D., O.D., and length of 9, 12, and 800 mm,
respectively, were 1,300 JPY or about 11.18 USD.

Ikegami et al. (1999) studied the pervaporation of ethanol/water using silicalite membrane. The

effects of sugars and yeast cells presented in bioethanol on pervaporation performance were
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investigated. The reduction of permeation flux was found when any of the impurities are presented
in the mixture, due to the restriction of molecular diffusion by those impermeable molecules. This
finding was opposite to that of Chen et al. (2014) who found that the presence of yeast cells
provided a positive effect to the permeation flux for their polymeric membrane. This report was a
good example of using inorganic membranes in bioethanol pervaporation in comparison with

polymeric membranes.

Ma et al. (2009) synthesized microporous silica membrane for ethanol/water pervaporation. The
total sample of 15 replicates was used in their pervaporation testing. They found that the separation
factors and the permeation fluxes obtained were in the ranges of 10 to 500 and 0.3 to 0.8 kg m? h?,
respectively. The best performance membrane, based on the optimization between the separation
factor and the permeation flux, was selected for the stability test. The results showed that the
membrane was stable up to 1,600 min of the operation. As time progressed, a decrease the
permeation flux and an increase in the separation factor were observed. These results are similar to
the results obtained from the other porous inorganic membranes, which is related to the decrease of

water amount in feed.

Kuanchertchoo et al. (2006) synthesized NaA zeolite membrane on alumina support via seeding
and microwave heating techniques using nano-size NaA zeolite seed synthesized from silatrane and
alumatrane precursors. The advantages of using atrane precursors in the synthesis of uniformly
nano-sized zeolites have been proven and reported in Wongkasemjit’s laboratory (Sathupunya et
al., 2002; Phiriyawirut et al., 2003). The presence of NaA zeolite seed helps NaA zeolite to
uniformly and continuously grow on the alumina support surface. Moreover, Kuanchertchoo et al.
(2007) studied the effect of seed concentration, seeding time, reaction time and temperature on the
membrane preparation. The optimization of NaA zeolite membrane was justified based on the
pervaporation of ethanol/water results. They found that using 3 g of NaA zeolite seed per 1 liter of
water is the optimal condition for synthesizing the membrane; amount of seed caused the
membrane to become too thick, while a low amount of seed was not enough for zeolite membrane
to form a defect-free continuous layer. In this study, the optimal condition for preparing NaA
zeolite membrane was to use 3g/l of NaA zeolite seed with 2 min of seeding time and 15 min

microwave heating time at 363 K.

Kunnakorn et al. (2011a, 2011b) compared NaA zeolite membranes synthesized from microwave
and autoclave techniques. The time-dependent parameters, separation factor, and permeation flux
with respect to time were studied and selected to describe the membrane stability. They found that
a high purity of ethanol, at least 99.5%, for fuel specification, can be obtained from both

membranes using microwave and autoclave techniques. These membranes also provided good
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performance and stability in ethanol/water pervaporation for a long-term period with multiple runs,
although the membrane prepared from microwave gave slightly higher permeation flux. However,
judging from the preparation procedure, the autoclave technique requires significantly longer
synthesis time (600 min) than the microwave heating (30 min). They also conducted a techno-
economic investigation, comparing energy usage data between the conventional azeotropic
distillation and the hybrid process combining distillation and membrane pervaporation systems
(Kunnakorn et al., 2013). A chemical process simulation program (PRO Il by Provision version
8.0) was used in the study. The simulation was based on the practical distillation process and
pervaporation data obtained from the NaA zeolite membrane in their laboratory research. The
results showed that the hybrid system provided the lowest energy usage in producing 99.5%
ethanol. The highest amount of energy consumption was found in the azeotropic distillation

column, which requires almost 20 times more energy than that utilized in the pervaporation unit.

The data of separation performance of all inorganic membranes discussed above are summarized in
Table 3. As can be seen, NaA zeolite membranes exhibit the best pervaporation performance, with

a permeation flux range of 1.5-2.8 kg m?2 h'* and a separation factor of more than 10,000.

Insert Table 3

MIXED-MATRIX MEMBRANE

Basically, a mixed-matrix membrane (MMM), a mixture of an inorganic additive, such as zeolites,
and a polymer matrix, is prepared to improve the overall separation performance, and also to
overcome the trade-off barrier between permeation flux and separation factor in polymeric
membranes (Robeson, 2008; Vane et al., 2008). Generally, zeolites provide exceptional separation

performance, but exhibit poor ability in fabrication to achieve a homogeneous membrane.

Sun et al. (2008) prepared a MMM by incorporating H-ZSM-5, an aluminosilicate with MFI type
framework with pore opening of 5.4 A, into chitosan. H-ZSM-5 exhibits high acid strength which
was expected to increase the hydrophilicity of the membrane as well as to improve the selectivity
by its size-selective effect. The results showed that the H-ZSM-5/chitosan MMM improved the
permeation flux. The maximum separation performance was observed when 8 wt% H-ZSM-5 was
mixed with chitosan. Although addition of H-ZSM-5 into chitosan did improve the permeation flux
when compared to the pure chitosan membrane, the separation factor was reduced, probably due to
the larger pore size of H-ZSM-5 than the kinetic diameters of both ethanol and water molecules.
They also demonstrated that an increase of the Si/Al in the H-ZSM-5 improved the permeation flux
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and separation factor, owing to the increase in the Si-OH-Al framework which improved the
adhesion between chitosan and zeolite.

Amnuaypanich et al. (2009) incorporated zeolite 4A into natural rubber/PVA semi-interpenetrating
polymer network (NR/PVA semi-IPN). The PVA was expected to improve the hydrophilicity of
the hydrophobic NR matrix, while zeolite 4A, having molecular-sieving ability, was expected to
improve the permeation flux and separation factor of this MMM. The increase of PVA (which in
turn increases —OH group in the NR matrix caused the membrane to absorb more water due to
stronger bonding to the water molecules, leading to more swelling. However, the swelling
decreased with an increase in the zeolite 4A loading because the zeolite particles restricted the
polymer chains movement in the matrix, reducing the total free volume of the polymer matrix.
They also found that 30 wt% of zeolite 4A loading resulted in the optimal separation factor and

permeation flux.

Lue et al. (2011) loaded a commercial zeolite (trade name: TZP-9023 with a Si/Al ratio of 666) into
PDMS membrane. They found that the zeolite consisted of two different pore sizes of 5.93 A
(99.7%) and 29.1 A (0.3%) with the BET surface area of 243 m?/g. They prepared membranes
using two different techniques, adding zeolite into PDMS before and after crosslinking. The
pervaporation performance showed a significant improvement in post-addition membrane, while
exhibiting only a slightly increase in pre-addition membrane when compared to the dense PDMS
membrane. They demonstrated that the non-uniform distribution of zeolite, created by the post-
addition of zeolite into the polymer matrix, enhanced the pervaporation performance while the

uniform distribution of zeolite caused the chain rigidity which reduced the permeation flux.

Zhan et al. (2012) prepared PDMS/ZSM-5 (Si/Al ratio = 300) MMM loaded etched with HF acid.
The etching was expected to improve the adhesion between zeolite and hydrophobic PDMS surface
by reducing the hydrophilicity of the ZSM-5 at its surface. The effects of the acid concentration
and zeolite loading on the membrane preparation were determined to obtain the optimal condition
for a better water-ethanol separation performance. They found that the etching created the pin-holes
in micrometer-scale on the zeolite surface, which later filled with PDMS, and enhanced the
adhesion between PDMS and zeolite surfaces. The result was confirmed by increasing the HF acid
concentration; the membrane separation factor increased while the permeation flux decreased since
there was more polymer filling into the zeolite pores, decreasing the polymer chain movement, thus
reducing the permeation rate. However, loading 30 wt% ZSM-5 zeolite into PDMS matrix was
found to improve both permeation and separation factor. Moreover, they also suggested that this
MMM was able to perform the ethanol pervaporation in all ranges of ethanol concentration of 5-90
wit%, which is suitable for bioethanol purification, but the best selectivity was achieved when the
ethanol concentration was below 10 wt%.
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Flynn et al. (2013) studied a MMM prepared from PVA and mesoporous silica sphere, and found
that up to 10 wt% loading of mesoporous silica in PVA matrix increased the permeation flux and
the selectivity before causing the drastically decreasing to below the value of those using the pure
PVA membrane due to the agglomeration of the silica. The increase of permeation flux with an
increase in the silica loading was explained by the increase in the membrane hydrophilicity and
free volume while the increase in selectivity was claimed from the conditioning and relaxation

effects.

Polybenzoxazine (PBZ) and NaA zeolite were used to prepare MMM (Chuntanalerg et al., in press,
a). The effects of PBZ concentration, amount of NaA zeolite loading, feed ethanol concentration,
and operating temperature on the pervaporation performance were studied and discussed in this
work. It was found that the incorporation of NaA zeolite into PBZ matrix, up to 15wt%NaA zeolite
loading, improved both permeation flux and separation factor due to an increase in the water
transportation and the molecular sieving effect provided by NaA zeolite, respectively. However,
when increasing the %loading more than 15wt%, the defect was resulted, causing a drastically
decrease of separation factor. The membrane stability evaluated in a wide range of ethanol
concentration (10 to 90wt%) was found that the degree of swelling was low, giving a high
separation factor of more than 10,000 at the 10wt% ethanol feed and went up to higher than
100,000 at the 90wt% ethanol feed, implying that this MMM was very stable and applicable in the
pervaporation of these feed mixtures.

All separation performance data described above for MMMs are summarized in Table 4. The
permeation flux and the separation factor of the membranes could be simultaneously improved
when adding zeolites into the polymer matrix due to its size-selective ability, which creates a

promising way to achieve a higher performance.

Insert Table 4

CONCLUSIONS

Different kinds of membrane provide different characteristics. The self-supported polymeric
membranes may provide an economic attraction in membrane production, but not in performance,
due to their poor mechanical properties, low chemical resistance, and swelling. The supported
membranes improve mechanical strength and separation performance. The inorganic membranes
provide an outstanding separation performance, but are extremely difficult in processability,

leading to a higher price in industrial usage. The mixed-matrix membranes thus provide an



101

attractive alternative that are able to overcome all barriers while achieving both permeation flux

and separation factor.
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Figure 1: The schematic diagram of pervaporation process



Table 1: Separation performance of self-supported polymeric membranes

Membrane Modification Crosslinking agent / Feed ethanol Temperature  Permeation flux Separation ~ Reference
condition concentration (wt%) (°C) (kg/m?h) factor
PVA - glutaraldehyde 96 40 0.279 107 Praptowidodo,
2005

PVA Copolymerized with itaconic glutaraldehyde 96 40 0.123 216 Praptowidodo,
acid 2005

PVA Copolymerized with ammonium glutaraldehyde 96 40 0.119 228 Praptowidodo,
group 2005

PVA Quaternized with trimethyl - 85 50 0.042 40.2 Zhang et al.,
ammonium chloride, DQ = 2009
3.260

PVA Quaternized with trimethyl - 85 50 0.048 52.8 Zhang et al.,
ammonium chloride, DQ = 2009
3.336

PVA Quaternized with trimethyl - 85 50 0.052 58.3 Zhang et al.,
ammonium chloride, DQ = 2009
4.035

PVA Quaternized with trimethyl glutaraldehyde 85 50 0.033 58.3 Zhang et al.,
ammonium chloride, DQ = 2009
3.260

PVA - dimethylolurea 10 60 ~0.110 =100 Gimenes et al.,

2007
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PDMS - - 90 40 0.360 11 Lai et al., 2012

PDMS Treated with UV/O4 - 90 40 0.220 130 Lai et al., 2012

PBZ (from hda) - Thermally 10 70 1.52 >10,000 Pakkethati et al.,
crosslinking 2011

6FDA- - - 85 60 1.2 110 Leetal, 2014

NDA/DABA

6FDA- Blended with 3% its sulfonated - 85 60 3.2 55 Leetal, 2014

NDA/DABA polymer

6FDA- Blended with 3% its sulfonated - 85 60 2.7 104 Leetal, 2014

NDA/DABA polymer and coated with PDMS

6FDA- Blended with 3% its sulfonated - 85 60 2.6 130 Leetal, 2014

NDA/DABA polymer and thermal treatment

PDMS - Thermally 5 40 1.124 55 Chenetal., 2014

crosslinking
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Membrane Support Feed ethanol Temperature (°C) Permeation flux Separation factor  Reference
concentration (wt%) (kg/m?h)

Polyimide (BMTC- Asymmetric 90 40 1.7 240 Kim et al., 2000

HDA) polysulfone

Polyimide (PMDA- Asymmetric 94 30 0.2 800 Yanagishita et al.,

ODA) polyimide (P1-2080) 2001

HEC/chitosan Cellulose acetate 90 60 0.424 5469 Jiraratananon et al.,

2002

PVA PAN 80 60 ~0.90 ~148 Lietal., 2006

PVA/chitosan PAN 80 60 ~1.50 ~40 Lietal., 2006

Poly(thiol ester Modified-PAN 90 25 1.60 1130 Huang et al., 2008

amide) (AETH-TMC)

PVA/chitosan Asymmetric 8 70 ~0.18 ~1300 Zhu et al., 2010
ZI’Oz/A|203

PDMS Blend cellulose 5 40 ~0.62 ~7.8 Wei et al., 2011
acetate

PDMS Asymmetric 5 40 1.6 8.9 Wei et al., 2011

ZI’Oz/A| 203




Table 3: Separation performance of inorganic membranes
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Membrane Feed ethanol concentration (wt%) Temperature (°C) Permeation flux (kg/m>h)  Separation factor ~Reference

NaA zeolite 95 95 2.35 >5,000 Kondo et al., 1997
Silicalite 4 30 0.26 23 Ikegami et al., 1999
Microporous silica 94 70 0.3-0.8 10-500 Ma et al., 2009

NaA zeolite 95 70 1.6 1760.5 Kuanchertchoo et al., 2007
NaA zeolite (with intermediate layer) 95 70 1.7 6532.7 Kuanchertchoo et al., 2007
NaA zeolite (via microwave 87.7 70 0.5-1.0 >10,000 Kunnakorn et al., 2011a
synthesis)

NaA zeolite (via autoclave synthesis) 87.7 70 0.4-0.5 >10,000 Kunnakorn et al., 2011a
NaA zeolite 90 70 2.82 >10,000 Kunnakorn et al., 2011b
NaA zeolite 90 70 2.12 >10,000 Kunnakorn et al., 2013




Table 4: Separation performance of mixed matrix membranes
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Polymer matrix Inorganic additive Feed ethanol concentration Temperature (°C) Permeation flux Separation factor Reference
(Wt%) (kg/m?Zh)
Chitosan - 10 80 0.054 158.02 Sun et al., 2008
Chitosan H-ZSM-5 (8 wt%, Si/Al = 10 80 =~0.119 =178 Sun et al., 2008
25)
Chitosan H-ZSM-5 (8 wt%, Si/Al = 10 80 ~0.119 ~165 Sunetal., 2008
38)
Chitosan H-ZSM-5 (8 wt%, Si/Al = 10 80 0.231 152.82 Sun et al., 2008
50)
NR/PVA - 8.06 80 1.56 766 Amnuaypanich
et al., 2009
NR/PVA Zeolite 4A (10 wt%) 8.06 80 2.28 940 Amnuaypanich
et al., 2009
NR/PVA Zeolite 4A (20 wt%) 8.06 80 2.83 1506 Amnuaypanich
et al., 2009
PDMS - 10 25 0.002 9.21 Lueetal., 2011
PDMS TZP-9023 (30 wt%) 10 25 0.016 12.5 Lue etal., 2011
PDMS ZSM-5 (30 wt%, etched with 10 50 ~0.200 ~11 Zhang et al.,
HF acid) 2012
PDMS ZSM-5 (30 wt%, etched with 90 50 ~2.15 ~1.5 Zhang et al.,
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HF acid) 2012

PVA Mesoporous silica (10 wt%, 90 60 0.855 42 Flynn et al.,
sphere shape) 2013
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The separation performance in water-ethanol pervaporation

Panupong Chuntanalerg?, Chonlada Choedchun Ni-on Saelim?, Santi Kulthippanja®,

Thanyalak Chaisuwan?, and Sujitra Wongkasemijit®*

aThe Petroleum and Petrochemical College, and Center of Excellence on Petrochemical
and Materials Technology, Chulalongkorn University, Bangkok, Thailand
® UOP, A Honeywell Company, Des Plaines, Illinois, USA

E-mail: dsujitra@chula.ac.th

Due to the depletion of fossil fuel and increasing of global warming
concerns, the alternative energy has been attracted the interest of many
researchers in the recent year. Bioethanol, one of well-known alternative
energy, is commonly used as fossil fuel substitute. Deriving from
fermentation of renewable resources, the process to produce bioethanol
requires low energy which is applicable in fuel production. However, the
major problem of fuel bioethanol production is the separation process which
consumes much higher energy to recover ethanol from the fermented mixture.
Instead of using conventional energy-intensive separation process, such as
extractive distillation or azeotropic distillation, the pervaporation process
provides more energy efficient way to produce fuel ethanol. To increase the
efficiency of pervaporation, the development of higher membrane separation
performance with low production cost is the main focus. Polybenzoxazine
(PBZ) has an excellent candidate due to the ability to tailor it molecular
structure leading to the proper design of the membrane separation ability
while the membrane production cost is low. Moreover, the membrane stability
and separation performance can be remarkably improved by using as the fully
cross-linked PBZ membrane. In this study, the separation performance of
various fully cross-linked PBZ membrane supported on alumina tube for
water-ethanol pervaporation was investigated. The membranes were prepared
by dip-coating tubular alumina support. The separation performance of each
membrane was determined by separation factor and permeation flux. The
resulting membranes show the superior separation factor (more than 10,000)
with a good membrane stability.



117

Mechanistic study of polybenzoxazine membranes formation on tubular a-Al;O3;
support

P. Chuntanalerg?, N. Saelim?, S. Kulthippanja®, T.Chaisuwan?,

P. Aungkavattana®, K. Hemra®, and S. Wongkasemjit®

3The Petroleum and Petrochemical College and National Center of Excellence for Petrochemicals
and Advanced Materials, Chulalongkorn University, Bangkok, Thailand

DUOP, A Honeywell Company, Des Plaines, lllinois, USA

®National Metal and Materials Technology Center (MTEC), Thailand Science Park, Patumthani,
Thailand

Tubular a-Al,Os.supported polybenzoxazine (PBZ) membranes were prepared by
dip-coating technique for ethanol-water separation via pervaporation. The effect of PBZ
concentration on the number of dipping cycle required and on separation performance
was studied. Based on the obtained results, a possible mechanism of the membrane
formation was investigated and proposed. It was found that two membrane preparation
steps were involved, viz. transition layer accumulation and separation layer formation. The
membrane prepared by using 25 wt% PBZ needed the shortest preparation time and
provided the highest separation factor. Moreover, the membrane had excellent stability in
every ethanol feed concentration with a separation factor higher than 10,000. The study of
a long-term pervaporation in 90:10 ethanol:water feedwas also carried out and the results
showed excellent durability during 11 days of operation with 99.45 wt% of ethanol.

Corresponding author e-mail: dsujitra@chula.ac.th
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Performance of fully-cured polybenzoxazine membranes for

water-ethanol separation via pervaporation

Panupong Chuntanalerg?, Nion SaeLim?, Santi Kulthippanja?, Thanyalak Chaisuwan?, and Suijitra

Wongkasemijita*
aThe Petroleum and Petrochemical College and Center of Excellence for Petrochemicals and
Advanced Materials, Chulalongkorn University, Bangkok, Thailand

b UOP, A Honeywell Company, Des Plaines, lllinois, USA

*Correspondence to: Tel: 66-2-2184133, Fax: 66-202154459, Email: dsujitra@chula.ac.th

Partially-cured polybenzoxazine membranes have a great
potential for separation of low ethanol concentration in water via
pervaporation. The process provides a good performance in term of
the separation factor, over 10,000, but the membrane can be damaged
at high ethanol concentration. In this study, fully-cured
polybenzoxazine membrane was applied for a higher ethanol
concentration to study whether it provided superior ethanol resistance.
It was found that the synthesized membrane is a promising one to be
used in a wide range of the ethanol concentration in pervaporation
process, especially when the fully-cured polybenzoxazine membranes
were prepared on tubular alumina support by dip-coating technique.
The thickness of the membranes was characterized by FE-SEM and
the membrane performance was tested by pervaporation in various
ethanol-water solutions (10, 30, 50, and 90% ethanol) at 70 °C. The
averaged thickness of membranes was less than 15 pm and the
separation factors were over 10,000 for all membranes.
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Use of polybenzoxazine for ethanol-water separation application

P. Chuntanalerg?, S. Kulprathippanja®, T. Chaisuwan?, and S. Wongkasemjit?,*

aThe Petroleum and Petrochemical College and National Center of Excellence for
Petrochemicals and Advanced Materials, Chulalongkorn University, Bangkok, Thailand

bUOP, A Honeywell Company, Des Plaines, Illinois, USA

“Corresponding author e-mail: dsujitra@chula.ac.th

Bioethanol has attracted great attention for many years as one of the promising
sustainable energy alternatives and a good candidate for replacing gasoline usage.
However, to use bioethanol in a vehicle and not to harm the engine, a highly concentrated
ethanol of at least 99.5% is a major requirement. Thus, a separation process has played an
important role. One of the well-known techniques for separation of ethanol-water is
pervaporation. This technique is not only has a great potential in producing ethanol fuel
from bioethanol, but also considerably more energy efficient than the conventional
distillation process. The overall separation performance of the pervaporation process is
significantly dependent of properties of the membrane used, thus, the development of the
membrane to exhibit a higher separation factor, a better permeation flux, and stability was
focused in this talk.

Polybenzoxazine (PBZ) is a class of high-performance phenolic resins, providing
many unique characteristics, such as, high mechanical properties, high chemical stability,
high thermal stability, tailorable structure, etc. We thus selected PBZ as a candidate for
using as the separating membrane. Various PBZ membrane preparation techniques were
investigated to achieve a better separation performance in ethanol-water separation. The
obtained results will be discussed in detail.
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