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Abstract: The type of organic solvents used in interfacial polymerization affects the surface property,
free volume, and separation performance of the thin-film composite (TFC) polyamide membrane.
In this study, TFC polyamide membrane was fabricated through interfacial polymerization between
diethylenetriamine (DETA) and trimesoyl chloride (TMC). Four types of organic solvent were
explored in the preparation of pervaporation membrane. These are tetralin, toluene, hexane,
and isopentane. The solubility parameter distance between organic solvents and DETA follows
in increasing order: tetralin (17.07 MPa1/2) < toluene (17.31 MPa1/2) < hexane (19.86 MPa1/2) <

isopentane (20.43 MPa1/2). Same trend was also observed between the organic solvents and DETA.
The larger the solubility parameter distance, the denser and thicker the polyamide. Consequently,
field emission scanning electron microscope (FESEM) and positron annihilation spectroscopy (PAS)
analysis revealed that TFCisopentane had the thickest polyamide layer. It also delivered the highest
pervaporation efficiency (permeation flux = 860 ± 71 g m−2 h−1; water concentration in permeate
= 99.2 ± 0.8 wt%; pervaporation separation index = 959,760) at dehydration of 90 wt% aqueous
ethanol solution. Furthermore, TFCisopentane also exhibited a high separation efficiency in isopropanol
and tert-butanol. Therefore, a suitable organic solvent in preparation of TFC membrane through
interfacial polymerization enables high pervaporation efficiency.

Keywords: thin-film composite membranes; pervaporation; interfacial polymerization; polyamide;
organic solvent
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1. Introduction

Pervaporation, a membrane separation technique, consumes lesser energy than the traditional
distillation process. Using pervaporation in purification of solvents or biofuels leads to a more
affordable and greener approach. Hydrophilic membranes are engaged in the dehydration of solvents
such as alcohols, acetic acid, and tetrahydrofuran [1]. Common hydrophilic polymers for pervaporation
are chitosan [2–4], sodium alginate [5–7], and polyvinyl alcohol [8–10]. However, they are susceptible
to swell in water that results in poor separation efficiency for a long period of time. Another hydrophilic
material is polyamide. Polyamides are synthesized through polycondensation of amines with acyl
chlorides [11]. In fabricating the polyamide membrane, two methods can be utilized. The first
method is to synthesize the polyamide, then dissolve the polyamide in its solvent. The solvent used
is dependent on the chemical structure and molecular weight of the polyamide. After dissolving
the polyamide in the solvents, it can be cast in a plate to obtain a membrane. The second method is
through the deposition of a polyamide layer on top of porous support by interfacial polymerization,
dip coating or chemical cross-linking.

The most convenient approach is through interfacial polymerization between amine and acyl
chloride on top of the porous support to create a thin and dense layer—usually called thin-film composite
(TFC) membrane. Interfacial polymerization reaction occurred quickly to form a 5–500 nm thin layer
on porous support [12]. The surface property of the layer formed is dependent on several factors:
monomer concentration and structure [13–15], solvent property [16–22], fabrication method [23–25],
membrane support property [26–29] and additives in the aqueous or organic phase [30–33]. The affinity
of organic solvents with water and the amine monomer could influence the formation of the polyamide
layer [19–21].

Different organic solvents have been explored in literature—toluene, xylene, hexane, heptane,
cyclohexane, isopar G and isoparaffins [19–21]. Kim et al. [19] found that using isoparaffins produced
a denser layer than using hexane. This was because when they dried the membrane at room
temperature, hexane evaporates faster than isoparaffins, thus, the reaction could not be continued.
Ghosh et al. [20] found that changing the organic solvent, which can give high diffusivity and solubility
of m-phenylenediamine (MPD) to the organic solvents, the polyamide layer exhibited less cross-linked
structure with high flux, membrane thickness and roughness but lower salt rejection. Park et al. [21]
explored toluene, xylene, and hexane as organic solvents. They demonstrated that different organic
solvents used for interfacial polymerization produce different surface morphology. MPD can diffuse
faster with the reaction interface when using toluene or xylene than using hexane because toluene or
xylene has higher affinity towards water. Other studies utilized cosolvent to decrease the immiscibility
gap in the interface of water and organic solvent, which led to loose active layer [22]. However,
most of the studies are for reverse osmosis membrane, thus, controlling the polyamide layer to a less
cross-linked structure could increase the permeation flux.

In this study, four different organic solvents are considered in preparing a TFC pervaporation
membrane. These are tetralin, toluene, hexane, and isopentane. Their affinity with water and
DETA (diethylenetriamine) is different. DETA and TMC (trimesoyl chloride) undergo interfacial
polymerization on top of the porous cellulose acetate (CA) support. The change in surface property
and free volume of the membrane were investigated. Furthermore, these characteristics correlate with
the membrane performance.

2. Materials and Methods

2.1. Materials

CA (394-60S) was received from Eastman (Palo Alto, CA, USA). N-Methyl-2-pyrrolidone (NMP),
solvent of CA, was delivered by Tedia Company Inc., Fairfield, OH, USA. DETA and TMC were
supplied by Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Different solvents for TMC were
tetralin (Sigma Aldrich, Saint Louis, MO, USA), toluene (Echo Chemical Co., Ltd., Taoyuan, Taiwan),
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hexane (Tedia Company Inc., Fairfield, OH, USA) and isopentane (Tedia Company Inc., Fairfield, OH,
USA). Alcohols used for pervaporation such as methanol, ethanol, isopropanol, and tert-butanol, were
all supplied by Echo Chemical Co., Ltd. (Taoyuan, Taiwan). Liquid nitrogen and helium were bought
at Yang Special Gas Co., Ltd. (Taoyuan, Taiwan).

2.2. Fabrication of Thin-Film Composite Membrane

CA support was prepared through wet-phase inversion method. CA powder was dissolved in
NMP solution (15 wt% CA in NMP) for 24 h. Afterwards, the solution was degassed overnight at room
temperature. Then, the CA solution was cast onto a glass plate covered by polyester (PET) nonwoven
using a 200 µm casting knife. The CA-coated PET nonwoven support was immediately immersed in
a water coagulation bath to obtain the CA support. Ultimately, the CA supports were washed with
water several times to remove the residual NMP.

Prior to interfacial polymerization (Figure 1), the CA support was cut into 12 cm × 12 cm and was
immersed in a 0.5 wt% aqueous DETA solution. After 10 s, the excess DETA solution on the surface of
the CA support was removed using a rubber roller. The DETA-saturated CA support was clamped into
an iron plate. This was followed by pouring a different organic solution containing 0.5 wt% TMC for
5 s. Afterwards, the membrane was soaked in methanol overnight to remove the unreacted monomers,
then it was dried at room temperature. The membrane was designated as TFCX, where X refers to the
type of organic solvent used (tetralin, toluene, hexane, or isopentane).
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Figure 1. Schematic diagram for membrane preparation.

2.3. Characterization

Chemical analysis was performed using attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy (Perkin Elmer Spectrum 100 FTIR Spectrometer, Waltham, MA, USA)
and X-ray photoelectron spectroscopy (XPS, VG K-alpha ThermoFisher Scientific, Inc., Waltham,
MA, USA). Membrane morphology and surface roughness were observed using field emission
scanning electron microscopy (FESEM, S-4800, Hitachi Co., Tokyo, Japan) and atomic force microscopy
(AFM, NanoScope® V, Bruker, Billerica, MA, USA), respectively. Hydrophilicity of the membrane was
measured using an automatic interfacial tensiometer (PD-VP Model, Kyowa Interface Science Co.,
Ltd., Niiza City, Saitama, Japan). Free volume of the membrane was investigated through positron
annihilation spectroscopy (PAS, R&D Center for Membrane Technology, Chung Yuan Christian
University, Taoyuan, Taiwan).

2.4. Pervaporation Experiment

The pervaporation setup was similar to our previous work [34]. The sample was placed on the
membrane cell with an effective surface area (A) of 11.64 cm2. The process was first stabilized for
1.5 h. Afterwards, permeate was collected from a small trap that was immersed in liquid nitrogen
for 10 min. For each membrane condition, at least four pieces of membrane were fabricated to
determine the membrane performance. The composition of permeate was determined using a gas
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chromatography analyzer (China Chromatography 9800, China Chromatography Co., Ltd., Taipei,
Taiwan). The permeation flux (J) was calculated using Equation (1):

J =
W
At

(1)

where W was the weight of the collected permeate at time t. Separation factor (β) and pervaporation
separation index (PSI) was determined using Equations (2) and (3), respectively.

β =
YW/YA

XW/XA
(2)

PSI = J × β (3)

where Yw and Xw represented the respective concentration of water in permeate and feed; YA and XA,
represented the respective concentration of alcohol in permeate and feed.

3. Results and Discussion

3.1. Surface Chemical Analysis

Figure 2 indicates the ATR-FTIR spectra of CA and TFC membranes. CA had O–H stretching
vibration at 3484 cm−1. C–H asymmetric and symmetric stretching vibration of CA were situated
at 2954 and 2884 cm−1, respectively. The peaks at 1431 and 1370 cm−1 corresponded to symmetric
and asymmetric bending of C–H, respectively. The C–O stretching of CA were located at 1227 cm−1,
whereas the pyranose ring (C–O–C stretching) of CA were positioned at 1039 cm−1 [35]. After interfacial
polymerization of DETA with TMC, a new peak was found at 1542 cm−1, corresponding to amide II
(N–H). The amide I (C=O) of the TFC membranes overlapped with the spectra of CA at 1640 cm−1.
Amide I and amide II both came from the cross-linking of DETA with TMC. However, when a different
solvent of TMC was used, there was no significant change in the spectra of the TFC membranes.
Therefore, the elemental surface composition (Table 1) of the membranes were examined using
XPS analysis.
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Table 1. Atomic composition and N/O ratio of the membranes from XPS analysis.

Membrane C (%) O (%) N (%) N/O

CA 54.93 45.07 − −

TFCtetralin 68.42 21.06 10.52 0.4995
TFCtoluene 67.50 23.80 8.70 0.3655
TFChexane 59.20 32.21 8.60 0.2670

TFCisopentane 55.19 40.65 4.17 0.1026

Table 1 summarizes the atomic composition of CA and TFC membranes. High N/O ratio means
that the surface of TFC membranes comprises more cross-linked amide group or more unreacted amines
of DETA. If the ratio of N/O is low, the surface of the polyamide would have more linear structure,
which come from the hydrolysis of TMC. The N/O ratio of the TFC membranes follows this order:
TFCtetralin (0.4995) > TFCtoluene (0.3655) > TFChexane (0.2670) > TFCisopentane (0.1026). These trends
follow a similar trend with the viscosity of the organic solvents (Table 2), where tetralin is the most
viscous and isopentane is the least viscous. If the TMC molecules were dissolved in more viscous
organic solvents, during interfacial polymerization, the movement of TMC molecules to the immiscible
interface is slow. These led to a polyamide layer with less cross-linked structure and more unreacted
amines of DETA. On the other hand, when TMC was dissolved in less viscous solvent, it is easier to
transport to the reaction interface, and could form denser or thicker polyamide. Hence, TFCtetralin

could have more unreacted amines and thin polyamide layer, whereas TFCisopentane could have a more
linear structure from the hydrolysis of TMC with thick polyamide layer.

Table 2. Viscosity and Hansen solubility parameters of the compounds.

Compound Viscosity (cp) δd
(MPa1/2)

δp

(MPa1/2)
δh

(MPa1/2)
δt

(MPa1/2) Rasolvent-water
c Rasolvent-DETA

c

Water 0.895 a 15.50 16.00 42.30 47.81 − −

Tetralin 2.023 a 19.60 2.00 2.90 19.91 42.61 17.07
Toluene 0.560 a 18.00 1.40 2.00 18.16 43.15 17.31
Hexane 0.326 b 14.90 0.00 0.00 14.90 45.24 19.86

Isopentane 0.214 b 13.70 0.00 0.00 13.70 45.37 20.43
DETA 7.14 b 16.70 13.30 14.30 25.70 − −

a Viscosity at 25 ◦C. b Viscosity at 20 ◦C. c Ra: solubility parameter distance. Solubility parameter reference [36].

Solubility parameter distance between molecules clarifies the intermolecular interaction of the
solvents and monomers (Table 2). The shorter the solubility parameter distance, the molecules are
more likely to interact with each other. The shorter the solubility parameter distance of DETA with
the solvents, DETA is more likely to interact with that solvent. During interfacial polymerization,
the diffusivity of DETA to the organic solvents from fastest to slowest follows accordingly: tetralin
> toluene > hexane > isopentane. However, the viscosity of the solvents shows an opposite trend.
When fabricating TFCtetralin, more DETA was presented on the reaction interface, but less TMC could
react with DETA because of the slow movement of TMC in tetralin, which led to a loose polyamide
structure. For TFCisopentane, enough DETA could exist on the reaction interface and more TMC
presented in the interface because the movement of TMC molecules in isopentane was fast, this could
result in a thick polyamide layer with more linear structure on the surface. During the growth of the
polyamide layer, the densest part is located nearest the CA support. When the densest polyamide
layer was formed, it blocked the DETA molecules to cross-link with TMC. Unreacted acyl chloride of
TMC could not react with DETA, which led to hydrolysis to form carboxyl groups; therefore, more
oxygen functional groups on the surface of the membrane with low N/O ratio.
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3.2. Morphology, Surface Roughness and Hydrophilicity

Figure 3 presents the FESEM images of CA and TFC membranes. CA support had a very porous
surface and substructure. After interfacial polymerization of DETA and TMC on its surface, pores
were covered by the polyamide. Different organic solvents produced different surface morphology
because of the difference in reaction rate of DETA and TMC. Protuberance or nodules were presented
on all TFC membranes; however, they varied in shape and size. TFCtetralin, TFCtoluene, and TFChexane

had similar polyamide thickness, and they are thinner compared with TFCisopentane. As isopentane is
less viscous, TMC diffused fast to the reaction interface, resulting in a thick polyamide layer.
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Figure 4 presents the 3-D AFM images of the membranes. The surface roughness of the membranes
corresponded with the FESEM images, where TFC membranes had relatively rougher surface than
that of CA support. Surface roughness and surface functional groups plays an important role in water
contact angle. Table 3 lists the surface roughness and water contact angle. CA support had a hydrophilic
surface with a contact angle of 45.40 ± 2.04◦, because CA is abundant with hydroxyl groups. All TFC
membranes had similar water contact angle range from 40.66 to 45.43◦. There is no significant difference
in their water contact angle because the surface roughness and surface property compensate each other.
A hydrophilic membrane with rougher surface could provide a lower contact angle because rough
surfaces have more surface area for the water to create contact [37]. Furthermore, TFC membranes
are also abundant with several hydrophilic groups, such as amines, amides, and carboxyl groups.
Therefore, the TFC membranes still had a hydrophilic property, which is favorable for dehydration
of alcohols.

Table 3. Water contact angle of the membranes.

Membrane Contact Angle (◦) a

CA 45.40 ± 2.04
TFCtetralin 45.43 ± 1.58
TFCtoluene 39.46 ± 1.75

TFCn-hexane 42.09 ± 1.51
TFCiso-pentane 40.66 ± 2.36

a Measured after 1 min.
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3.3. Free Volume Analysis Using Variable Monoenergy Slow Positron Beam

Figure 5 shows the S parameter as a function of positron incident energy of the TFC membranes.
From 0–0.5 keV, the steep rise of the S parameter came from the backscattering of the positron,
which happens when the positrons create contact on the membrane surface. Comparing the TFC
membranes, only TFCisopentane had a plateau region from 0.5–1.5 keV, which represents the polyamide
layer. Other membranes only had a plateau region from 0.5–0.7 keV, indicating that the polyamide layer
formed on their surface is very thin. In general, higher S parameter could mean that the free volume
is larger. TFCisopentane not only had a higher S parameter than others, but also a thicker polyamide
surface. The free volume and thickness of the polyamide layer could affect the membrane performance
during pervaporation.
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·h−1) > TFCtoluene

(1179± 176 g·m−2
·h−1) > TFChexane (997± 71 g·m−2

·h−1) > TFCisopentane (860± 71 g·m−2
·h−1). This trend

was in similar order with the solubility parameter distance between solvent and water, and solvent and
DETA. In addition, the concentration of water in permeate follows this decreasing order: TFCisopentane

(99.2 ± 0.8 wt%) > TFChexane (99.0 ± 0.2 wt%) > TFCtoluene (98.8 ± 0.1 wt%) > TFCtetralin (85.2 ± 4.0 wt%).
The permeation flux and separation efficiency show a trade-off phenomenon. Using organic solvents
that have stronger affinity with the water and DETA, the membrane that was produced was looser,
hence TFCtetralin had the highest permeation flux but lowest separation efficiency. TFCisopentane had
the highest PSI value, because of its high separation efficiency with reasonable permeation flux.
Furthermore, according to the analysis of PAS, TFCisopentane had the thickest polyamide layer, thus, has
the highest separation efficiency than other membranes. Therefore, the performance of TFCisopentane

membrane at different operating conditions is examined in the following section.
Figure 7 plots the TFCisopentane membrane performance at different concentrations of ethanol

in the feed. Polyamide has a strong affinity with ethanol, hence, at a high concentration of ethanol,
the ethanol could adsorb in the polymer, however, it is not easy to desorb. On the contrary, when
the ethanol is adsorbed and becomes trapped into the wet zone of the polyamide, it would lead to
a decrease in size of the pathway where the water molecules pass through the membrane, resulting
in lower permeation flux. Therefore, with the ethanol concentration in the feed increased from 30 to
90 wt%, the permeation flux was decreased from 2144 ± 109 to 860 ± 71 g·m−2

·h−1.
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Figure 8 demonstrates the effect of feed temperature on TFCisopentane membrane performance.
Increasing the feed temperature from 25 to 70 ◦C led to an increased in permeation flux from 860 ± 71 to
3041 ± 180 g·m−2

·h−1. There is a larger driving force at high temperature, resulting in high permeation
flux. However, there is also movement and enlargement of polymer chain, while the mobility of the
water and alcohol was boosted, hence, more alcohol could penetrate through the membrane, resulting
in water concentration in permeate decreased from 99.2 ± 1.7 to 91.5 ± 0.3 wt% [38].
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The downstream pressure affects the membrane performance because of the change in driving 
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Figure 8. TFCisopentane membrane performance at different operating feed temperature. Feed = 90 wt%
aqueous ethanol solution. Downstream pressure = 13 mmHg.

The downstream pressure affects the membrane performance because of the change in driving
force (Figure 9). Increasing the downstream pressure from 13 to 153 mmHg led to a decrease in
permeation flux from 860 ± 71 to 376 ± 72 g·m−2

·h−1, but the water concentration in permeate remained
high at 97–99 wt%. These results were attributed in the weakening of driving force at high downstream
pressure. The desorption rate of molecules slowed down, resulting in low permeation flux.
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Figure 10 reveals the TFCisopentane membrane performance at different feed alcohol. When the
carbon number of the feed alcohol increased, the permeation flux of TFCisopentane membrane decreased.
This is because the molar volume of alcohol also increased, hence, it is not easy for the large volume of
alcohol to pass through the membrane to permeate, resulting in lower permeation flux. The following
are the molar volume of the alcohols: methanol (40.7 mL/mol) < ethanol (58.5 mL/mol) < isopropanol
(76.5 mL/mol) < tert-butanol (92.4 mL/mol). When the feed is methanol, the concentration of water in
permeate was only 43.3 ± 11.9 wt%, because methanol has a smaller molar volume, hence, it penetrated
easily through the membrane. Moreover, when the feed was ethanol, isopropanol or tert-butanol,
the concentration of water in permeate was 99.2 ± 0.8, 99.9 ± 0.1, and 99.9 ± 0.1 wt%, respectively.
Table 4 compares the membrane performance from other literature and our work. Our membranes
show a comparable performance with high permeation flux and selectivity. Therefore, this shows that
TFCisopentane membrane is promising for purification of bioalcohol.
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Table 4. A comparison of membrane performance in our work with other reported literature.

Membrane Feed Ethanol
Conc. (wt%)

Operating
Temperature (◦C)

Permeation Flux
(g·m−2·h−1)

Water Conc. in
Permeate (wt%) Ref.

DETA/TMC 90 25 860 99.2 This study

DAPL-SCC/mPAN 90 25 600 96.7 [13]

m-tolidine-H-TMC/mPAN TFC 90 25 2191 99.5 [39]

PAA-PA/PAN 90 25 830 99.5 [40]

PA+nano-NaX zeolite/mPAN 90 25 4500 77 [41]

SA/PFSA/ceramic hybrid membrane 85 75 821 99.9 [42]

TDI cross-linked PA 85 50 2000 95.9 [43]

PVA-P4-80 hybrid 85 40 145 99.5 [44]

4. Conclusions

TFC membranes were prepared through interfacial polymerization of DETA and TMC. The solvent
for TMC was varied: tetralin, toluene, hexane, and isopentane. The affinity of organic solvents with
water and DETA affects the physicochemical property and performance of TFC membranes. The ratio
of N/O was dependent on the reaction rate of the monomers. The membrane prepared using isopentane
produced the thickest polyamide layer, because isopentane has lower viscosity than the other solvents,
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which led to the favorable diffusion of TMC to the reaction interface. Even if DETA has a weak affinity
with isopentane, the amount of DETA on the reaction interface was enough to produce a defect-free
polyamide membrane for pervaporation of alcohols. Accordingly, TFCisopentane had the highest
separation efficiency in isopropanol dehydration with a stable performance at different operating
conditions (feed alcohol, feed temperature, and downstream pressure). Furthermore, it could also be
used for dehydrating ethanol and tert-butanol.
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