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Abstract

The present work is focused on developing a suitable chemical membrane with
polyamide, incorporating co-solvents. There are many benefits of using a
membrane technique. It is cost-effective and can be fabricated easily and its
materials have less effect on the environment. Therefore, the general membrane
techniques have been used for the desalination of ocean water as a worldwide
strategy to meet the demand for clean water. But in some cases the use of this
membrane becomes limited when pore size, distribution of pores and low
selectivity for pollutants/contaminants are considered. The fabrication of such a
membrane with co-solvents is expected to lead to a solution to address some of
these problems. In this study, a polyamide thin-film composite membrane was
developed by interfacial polymerization in non-polar heptane solvent, using
acetone as a co-solvent medium. The modified membranes were characterized by
different techniques. Scanning electron microscope and atomic force microscopy
images showed a smooth membrane surface. Thermo-gravimetric analysis
indicated that these developed membranes possessed high thermal stability. High
contact angles were observed in the presence of acetone as a co-solvent in the
polyamide membrane. Similarly, high fluxes were observed with low salt rejection
ability.
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1 Introduction

Many physical-chemical methods have been developed and adopted at different
times by researchers. Some use chemical treatments to remove these contaminants
from the polluted water by adopting various techniques, while others use heat
treatment for getting fresh water through vaporisation followed by condensation.
These methods are not economically viable, time consuming and environmentally
hazardous or unfriendly. But most significantly, some are using abundantly
available ocean water to make fresh water through desalination process. In this
desalination process many innovative techniques are continuously being
developed. One of these techniques is the filtration of ocean water or
decontamination of industrial effluents for reuse through membranes of different
types. Thus, a great number of reverse osmosis (RO) and nanofiltration (NF)
membranes with good desalination performance and permeate flux have been
developed [1-4].

RO membrane is composed of three layers; bottom layer is made of unwoven
polyester cloth having thickness of 100-200 pm to support the entire membrane;
middle layer consists of polysulfone or polyethersulfone of thickness from
30-50 um and to support the top layer of polyamide or polyetherimide of average
thickness from 100-200 nm, which is used to separate solutes from feed water.
The polyamide membrane is prepared on the surface of the middle layer by
interfacial polymerization between diamine moiety of 1,3-phenylenediamine
(MPD) in the water phase and acid chloride moiety of 1,3,5-benzenetricarbonyl
trichloride (TMC) in the non-polar organic phase. An industrial product named
FT-30 is such a RO membrane, which has high level of salt rejection of more than
99% and flux of more than 1m?*/(m%d) for 2000 ppm NaCl at 1.55 MPa [5, 6].
Thus, many types of RO membranes were developed.

Incorporation of a co-solvent in an organic phase during the interfacial
polymerization of MPD with TMC has been reported by many other researchers
to bring about or cause structural and morphological changes in the RO
membranes, Takashi Kamada developed polyamide RO membranes with
controlled surface morphology by interfacial polymerization of water-soaked
MPD with TMC in organic nonpolar hexane medium on PS ultrafiltration supports
[7-12]. Co-solvent such as acetone was used in the organic phase in order to
control both surface morphology and polyamide network matrix. He also used a
synergistic co-solvent acetone (2%) in the hexane phase in order to control
polymerization reaction zone as well as to modify membrane network matrix [13].
This membrane showed selective molecular sieving of small molecules from
larger ones. Addition of larger amount of acetone as a co-solvent in the hexane
solution increased both pore size and water flux. RO membrane with 2 wt %
acetone showed rejection of more than 99.4% and high water transport at a rate of
more than 1x10"''m%/(m? Pa. s). Polyamide membranes with controllable thin
dense layer and effective nonporous were also fabricated by Kong et al. [13] by
adding co-solvent acetone to nonpolar organic hexane phase by interfacial
polymerization of MPD with TMC and this membrane exhibited a high water flux
and salt rejection [13]. Addition of 2 wt% acetone as a co-solvent showed
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approximately 4 times higher water flux with no loss of salt rejection compared to
that of membrane prepared without acetone.

In the present work, heptane will be used as a non-polar organic phase in place
of hexane in the preparation of RO membrane by interfacial polymerization of
MPD with TMC. This study will also investigate the effect of acetone as
co-solvent on the performance of RO membrane.

2 Experimental

2.1 Materials

Various chemicals and reagents, which were used in this study, were of high
purity.

2.2 Preparation of membrane

An commercial polysulfone (PS-20, Sepro) product named PS-20 was immersed
in an aqueous solution of 2 wt% 1,3-phenylenediamine (MPD, >99%, Sigma—
Aldrich) for 2 min. Then the excess MPD aqueous solution was removed by
pressing under a rubber roller. The material was again immersed in 0.1wt% 1,3,5-
benzenetricarbonyl trichloride (TMC, >98%, Sigma—Aldrich) TMC/Heptane
(99%, Sigma—Aldrich) solution for 1 min in a variable quantity (e.g. 0.5, 1, 2, 3
and 5 wt. %) of acetone (>99%, Sigma—Aldrich) as co-solvent. The product was
then rinsed with 0.2 wt% Na,COs, (>99%, Scharlau) washed with DI water and
finally stored in a refrigerator at about 4°C in DI water until use

2.3 Characterization and instrumentation

The morphology and microstructure of the as-synthesized nano-composite
membrane was examined by means of a scanning electron microscope ((SEM),
FEI Nova-Nano SEM-600, the Netherlands). Atomic force microscopy (AFM)
was used to analyse the surface morphology and roughness of the prepared
membranes. The AFM device was Nano surf scanning probe-optical microscope
(Bruker Corporation). The thermal stability of the membranes with co-solvent
concentration was characterized by thermo-gravimetric analysis (TGA) was
performed using Pyris 1 (TGA from PerkinElmer USA), heating rate of 10°C/min
under nitrogen gas flow at 20 ml/min. The temperature range was maintained from
room temperature to 800°C using ceramic pan. FTIR-ATR spectroscopy with
attenuated total reflection (ATR) plate (PerkinElmer USA). The spectra were
measured over a wave number range of 4000-600 cm™! at a resolution of 4cm’'.
Contact angle analysis was performed using a Ramé-Hart Model 250. The
performance of the prepared membranes was analyzed through a cross-flow
system (CF042SS316 Cell, Sterlitech Corp. USA). The valid membrane area in
this system was 42 cm?. The Feed water temperature was 25°C with pH adjusted
between 6 and 7, 2000 ppm feed NaCl and 1 gallons per minute (gpm) feed flow
rate. The filtration was carried out at the pressure of 225 psi. All measurements of
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the water flux and salt rejection were measured after 30 min of water filtration
experiments to ensure that had reached stability. A schematic diagram of the cross-
flow filtration system is shown in figure 1.
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Figure 1: Schematic illustration of forward cross-flow filtration system.

The flux was calculated from the following eq. (1) [7]

Vv

= (1

where J is the water flux (L/m’h), Vp is the permeate volume (L), A is the
membrane area (m?) and t is the treatment time (h). The salt rejection (R) was
calculated using the following eqn (2)

R=|1 Cp *100 2
alkaven 2

s

where C,, and Cy are the salt concentrations of permeate and feed, respectively.

3 Results and discussion

3.1 SEM analysis

SEM images were taken for Polysulfone and TFC-reference are shown in figure
2, respectively. The images of the membrane show that the surfaces are smooth
homogeneous.
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Figure 2: SEM images of PS membrane (a) and TFC reference (b).

SEM images of the membrane upon adding acetone in the non-polar organic
phase shows effect of the acetone concentration on the morphology of the formed
membranes, as depicted in figure 3. It is observed here that our results are in
agreement with those results obtained by other researchers [12—18]. Moreover, as
the concentration of a co-solvent increases, the pore size of the membranes formed
gets larger.

Acetone Conc. 2 wt% Acetone Conc. 3 wt% Acetone Conc. 5 wt%

Figure 3:  SEM images of the formulated membranes upon adding Acetone as
co-solvents and effect the Acetone on the morphology of the
membrane formed.
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3.2 Atomic force microscope (AFM) analysis

AFM images of the developed membranes are shown in figure 4. It is observed
here that roughness has been produced in the surface of the membranes ranging
between 27 and 33 nm. The surface is formed of continuous ridge and valley
structures confirming previous results obtained by researchers [14—18]. On the
other hand, the flux of feed water solution through different membranes and
the salt rejection data clearly indicate that each one of these membranes has
different average pore size.

TFC reference, Ra=33 nm Conc. of Acetone 2 wt%, Ra=27 nm

Figure 4: AFM images of different membranes.
3.3 Thermo-gravimetric analysis (TGA)

Figure 5 shows thermal degradation behaviour of different membranes developed
with PA on PS platform using different concentrations of acetone as co-solvent. It
can be seen from figure 5 that both PS and PA membrane go through thermal
decomposition in two main steps. The first step was in the temperature regions
from 400-500°C. The second step of degradation occurred between 550°C and
600°C. This result is in good agreement with results reported by others [7-9].
However, a small step of degradation is noticed in the region of 100—170°C for
PS. Results of degradation peaks, weight loss and residual mass derived from
figure 5 of different membranes formed in the presence of various quantities of
acetone are shown in table 2. These results indicate that all membranes have high
thermal stability with their degradation temperatures of about 481 + 2°C. This
could be attributed to the sulfonic group in chains of polymer. The findings seem
to be consistent with other researcher [10]. However, the second step of
degradation occurs at around 580 + 3°C. It is due to polymerization process and
cross-linking processes during formation of the polyamide membrane [11].
Table 2 shows that residual weights of all samples were taken at 800°C. It was
from 20 to 22.07% depending on the concentration of acetone.
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Figure 5: TGA results obtained for membranes.

Table 1: TGA values obtained from membranes.

Weight Residual

Code Frist peak Second Lose % mass
Peak
at 800°C

Polysulfone 479.9 576.3 72.3 27.7
TFC-reference 483.11 581.89 79.23 20.77
0.5 wt% of acetone 483.46 582.89 78.3 21.7
1.0 wt% of acetone 481.51 581.06 79.34 20.66
2.0 wt% of acetone 482.33 584.26 80 20
3.0 wt% of acetone 481.98 581.65 78.49 21.51
5.0 wt% of acetone 481.35 579.1 78.98 21.02

3.4 Fourier transmission infra-red (FTIR) analysis

FT-IR spectra were taken from wavenumber 600 to 4000 cm™ for developed
membranes containing acetone as co-solvent is shown in figure 6. The effect of
acetone concentrations is also observed on these spectra. This means transmission
(%) decreases with increase of concentration. However, transmission (%) of light
is higher for membranes made without co-solvent. Moreover, as the concentration
of acetone increases the absorption of the light energy increases as well indicating
the formation of thicker membrane layer. It is observed that at wavenumber ~780
cm!, the -CH,-bond is influenced upon the addition of acetone. A C=C bond
stretching appears at wavenumber of 1680 cm™! for all membranes.
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Figure 6: FT-IR spectra of membranes containing acetone as a co-solvent.

3.5 Contact angle measurements

Contact angles were measured with a droplet of DI water placed on a
homogeneous surface of membranes prepared with acetone as co-solvents at
different concentrations from 0.5 to 5 wt%. A result is shown in figure 7 as a
function of concentration. It is observed that contact angle significantly increases
as concentration of acetone increases, reaches a peak of 2 wt% for all and then
decreases with increase of concentration of acetone.
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Figure 7: Contact angles as a function of concentrations of acetone as co-solvent.
3.6 Membrane performance (flux and salt rejection):

Isopropyl alcohol (IPA, 99.8%, Scharlau), NaCl (99.5%, Loba Chemie) salt and
MgCl, (99%, Merck) solutions were used to measure permeate fluxes and salt
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rejection through different PA membranes containing acetone as co-solvent.
Result is shown in figure 8: (A) for IPA, (B) for NaCl and (C) for MgCl,
respectively. Results clearly show that flux, in general, increases as the
concentration of acetone increases. But the highest flux is obtained in the presence
of acetone co-solvent indicating larger pore sizes. While the salt rejection of IPA,
NaCl and MgCl,, that drops drastically at 2 wt%. It is observed here that our results
are in agreement with those results obtained by other researchers [12, 13, 17, 18].
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Figure 8:  Flux and Salt rejection through membranes containing acetone as
co-solvents.

4 Conclusions

Polyamide thin film composite membrane was developed by interfacial
polymerization in non-polar heptane solvent with acetone as co-solvents medium.
SEM images showed smooth membrane surface and average roughness of the
surface was from 27 to 33 nm. TGA analysis indicated that the developed
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membranes have high thermal stability. High contact angles were observed in the
presence of acetone as a co-solvent in the PA membrane. Similarly, high fluxes
were observed with PA membranes with low salt rejection ability.
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