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ABSTRACT

This article presents the physical microstructure and chemical properties of polyethersulfone
(PES) ultrafiltration membranes, dedicated to comprehend the role of hygroscopic triethylene
glycol (TEG) under controlled conditions of relative humidity and membrane’s exposure
time before immersion in the coagulation bath. The pore characteristics and chemical proper-
ties of the resulting membranes were studied by coupling the scanning electron microscopy
sectional images with capillary flow porometer, porosity measurement and Fourier transform
infrared spectroscopy. Separation capabilities of membranes were examined through filtra-
tion tests using humic acid solution as the model system. The remarkably high performance
of the PES ultrafiltration membrane in humic acid removal was mainly attributed to the
hygroscopic TEG that retained water molecules during dry phase inversion, which produced
membranes with high porosity. However, excessive absorption of water vapour by either
high concentration of TEG or humid condition led to a low productivity membrane due to
the formation of dense skin structure at the membrane’s uppermost layer. In the present
work, 10 min of membrane’s exposure time in humid environment with 25 wt.% TEG in cast-
ing dope and relative humidity of 60% was managed to fabricate a membrane with a thin
selective top layer and finger-like substructure, leading to a high productivity of 145 L/m” h
and 95% humic acid rejection.
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1. Introduction

Polyethersulfone (PES) membranes have long been
pursued to improve filtration efficiency for water
treatment [1-3] due to the good thermal stability of
polymer, high mechanical strength and excellent resis-
tance to chemicals such as bases, acids and hydrocar-
bons even at high temperatures [4,5]. The wide
operating temperature and pH make PES polymer a

*Corresponding author.

pioneer polymer to be employed in membrane tech-
nology for potable water production with reliable
effluent quality. Nevertheless, membrane fouling
caused by the hydrophobic characteristic of the PES
polymer remains a critical issue in the water filtration
processes and is the dominant factor that restricts its
widespread applications [6,7].

In general, hydrophilic membranes exhibit lower
level of fouling with higher flux reversibility at
the membrane surface [8]. Hence, the addition of
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hydrophilic additives is a common practice to enhance
membrane hydrophilicity [4,9-11]. Nevertheless, the
use of additives implies in a more complex system
due to the existence of a fourth component, that will
change the phase equilibrium and overall mass
transfer rate. Therefore, further investigation into
membrane phase inversion is needed to control the
membrane final morphology and properties.

Phase inversion is based on bringing a homoge-
neous polymer solution to become thermodynamically
unstable to initiate the mass transfer process. For
instance, a combination of the dry and wet phase
inversion techniques has been discussed for slower
mass transfer processes [12-15]. The casted film is
induced in humid air (dry phase inversion) prior to
immersion in a liquid coagulation bath (wet phase
inversion) [16]. Indeed, the rapidity of the dry phase
inversion could be regulated by adding hygroscopic
additives into the casting dope [17]. The hygroscopic
additives, such as triethylene glycol (TEG) [18],
possess the tendency to absorb water vapour from the
surrounding and hence induce a thermodynamically
unstable system for a faster phase inversion. Conse-
quently, a membrane with a bigger pore structure is
expected.

In dry phase inversion, the level of relative humid-
ity was found significantly affecting the membrane
morphology [13,19] particularly in cases where water
is a strong non-solvent for the polymer [19]. During
phase inversion, the initial casted dope is in contact
with the humid surrounding where higher relative
humidity will enhance the driving force for the net
diffusion and promote the absorption of water
molecules into the solution-casted film. At a longer
exposure time, the hygroscopic TEG contained in the
solution-casted film will absorb more water vapour,
leading to a highly porous membrane [20,21]. By con-
trolling the evaporation time as well as the humid
environment, it is possible to control the skin
thickness of the membrane.

This article presents the physical microstructure
and chemical properties of PES membranes, dedicated
to comprehend the role of hygroscopic TEG under
controlled conditions of relative humidity and expo-
sure time. In view of the prominent role of water
vapour intake by casting dope during dry phase
inversion in defining membrane final structure, the
concentration of hygroscopic TEG as well as relative
humidity and exposure time to the humid environ-
ment were investigated. The hygroscopic TEG was
expected not only to enhance the hydrophilicity of the
PES membrane, but also help in adjusting the
membrane morphology through the combined dry-
wet phase inversion. The changes in the membrane
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physical microstructures and chemical properties were
further related to its performances in terms of flux
and rejection of humic acid.

2. Materials and methods
2.1. Materials

Polyethersulfone (PES Ultrason E6020P with
M,, = 58,000 Da) was supplied by BASF company
(Germany). The solvent, N-methylpyrrolidone (NMP),
and hygroscopic additive, triethylene glycol (TEG)
were purchased from Merck (Germany) and Acros
Organics (Belgium), respectively. Humic acid, HA
(Sigma-Aldrich, USA), and calcium chloride (R & M
Marketing, UK) were used as the organic foulant. 1 M
HCl (Merck, Germany) and 1M NaOH (Merck,
Germany) were used for pH adjustment. All the chemi-
cals were used as received without further purification.

2.2. Membrane synthesis

13 wt.% of PES polymer was dissolved in NMP
solvent at a temperature of 40°C and a stirring speed
of 700 rpm. Hygroscopic TEG (ranging from 0 to
50 wt.%) was then added into the casting dope and
continuously stirred for 3 h until a homogeneous clear
solution was obtained. The casting dope was then
degassed to remove air bubbles. Subsequently, the
casting dope was casted onto a glass plate with a
250 um clearance gap of casting blade in a humidity
controllable glove box. The solution-casted film was
then exposed to dry phase inversion at specific rela-
tive humidity (ranging from 35 to 85%) for a preset
exposure time (ranging from 0 to 10 min). The
detailed membrane formulation and casting conditions
are tabulated in Table 1. The casted film was then
immersed into the distilled water coagulation bath for
20 h to further induce wet phase inversion to remove
the residual solvent.

2.3. Membrane characterization

2.3.1. Field emission scanning electron microscopy
(FESEM)

Surface morphology and cross-sectional structure
of PES membranes were observed using scanning elec-
tron microscopy (Hitachi TM 3000, Japan). For mem-
brane cross-sectional structure, the sample was
immersed in the liquid nitrogen and cryogenically
cracked. All membrane samples were coated with a
thin conducting layer (gold/palladium (Au/Pd)) to
prevent sample charging by accumulation of static
electric fields.
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Table 1
Membrane formulation and process parameters for each experimental run

PES NMP TEG

concentration concentration concentration Relative Duration of vapour-induced
Membrane (wt.%) (wt.%) (wt.%) humidity (%)  phase inversion (min)
Run 1 13 62 25 60 10
Run 2 13 62 25 85 5
Run 3 13 37 50 60 5
Run 4 13 62 25 60 0
Run 5 13 87 0 60 5
Run 6 13 62 25 60 5
Run 7 13 62 25 35 5

2.3.2. Pore characteristics

The mean through pore diameter and the pore size
distribution of membrane were determined using
liquid-liquid displacement porometer (Porolux 1000,
Germany). Through pore diameter is referring to the
smallest constriction part along the pore channel and
therefore determines the effective pore functionality.
Prior to porometer testing, the membrane was first
immersed in the perfluoroether (porefil liquid) with a
surface tension of 16 dynes/cm and is thoroughly wet-
ted for 5 min. The gas flow was measured as a func-
tion of transmembrane pressure, first through the wet
membrane with perfluoroether (wet curve) and then
through the dry membrane (dry curve) [22]. During
measurement, the pressure of inert gas N, was
increased gradually; there will be no gas flow through
the pores until capillary forces have been overcome,
releasing liquid from the pore. The pressure was
increased continuously until all wetting liquid was
purged out from the membrane sample. Thereafter,
there was complete gas flow which equals to the gas
flow through a dry membrane. The relationship
between the pore size and the corresponding pressure
was calculated based on the Young-Laplace equation.

To determine the membrane’s porosity, the sample
was cut into dimensions of 1cm x1cm and the
thickness was measured. The initial weight of the
membrane was recorded as W;. The membrane sam-
ple was then dried in oven for 20 min at 40°C. The
weight of the dried sample was then recorded as W,
The heating and weighing processes were repeated
until a constant value of W, was obtained. The poros-
ity of the membrane was then calculated using Eq. (1):

(Va = V)

P (%) = V.

x 100% ey

where V, = apparent volume (cm®) = membrane sur-
face area x membrane thickness and V, = existence

volume (cm?) = W, (2)/ppes (g/cm?), where ppgg is
the density of PES.

2.3.3. Attenuated total reflectance-Fourier transform
infrared spectroscopy (ATR-FTIR)

The presence of TEG within the membrane matrix
was analysed using Thermo Scientific Fourier trans-
form infrared spectrometer (ATR-FTIR, NICOLET
iS10, USA) over the wavenumber range of 4,000-
525 cm™'. Diamond crystal was used with an incident
angle of 45°. Each spectrum resulted from 16 scans

with a resolution of 4 cm™ L.

2.3.4. Thermogravimetric analysis (TGA)

Thermogravimetric analyser (Perkin—-Elmer TGA 7,
USA) was utilized to find out the existence of TEG in
the casted film as well as to assess thermal stability of
the as-cast membrane. The heating profile was set to
increase from room temperature to 650°C at a ramping
rate of 10°C/min in nitrogen atmosphere with a purge
rate of 20 mL/min.

2.4. Evaluation of membrane performances

The membrane performances were evaluated in
terms of permeation flux and humic acid (HA) rejec-
tion. 5 ppm HA aqueous solution and 1 mmol/L cal-
cium chloride were used as feed solutions. Calcium
chloride was used to adjust the ionic strength of the
HA solution. The pH level of the feed solution was
maintained at 7 by adding 1 M hydrochloric acid. Fil-
tration test was conducted using a dead-end stirred
cell (model 8050, Millipore Corp., Bedford, MA) with
an effective membrane area of 12.57 cm? connected to
an ultrapure grade nitrogen-pressurized reservoir. All
the filtration tests were performed at a pressure of
1bar at a constant agitation speed of 350 rpm to
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minimize concentration polarization. Accumulated
permeate mass was read by a computer-recorded elec-
tronic balance (FX3000i AND, USA); these data would
later be used to calculate the filtration flux (J). The
concentration of HA in the permeate was evaluated
using UV-vis spectrophotometer (Pharo 300 Spectro-
quant, Merck Millipore) by measuring absorbance at
254 nm. All filtrations were carried out in few repli-
cates and the average filtration results were reported.

The permeation flux of the humic acid solution
was calculated as follows:

AW

]

where | is the permeation flux (L/ m?h), AW (g) is the
collected permeate during the sampling time, A is the
effective membrane area (m?), p is the density of water
(g/L) and At is the sampling time (h).

The rejection of humic acid was calculated as:

R (%) = (1 (C:f’) % 100% 3

f

where R is the rejection (%), C,, is the humic acid con-
centration in the permeate (ppm) and C; is the humic
acid concentration in feed stream (ppm).

3. Result and discussion

Firstly, the concentration effect of TEG was investi-
gated. Casting dopes containing TEG with 0, 25 and
50 wt.% were studied, while dry phase inversion expo-
sure time was set constant at 5min at a relative
humidity level of 60%. Fig. 1 demonstrates the surface
and cross-sectional morphology of the synthesized
membranes. As clearly seen in Fig. 1, the membrane
pore morphology was highly relying on the TEG con-
tent in the casting dope. Smaller membrane pores
(Fig. 1(a), 0.026 pm) were observed when no TEG was
added to the casting dope. The absence of hygroscopic
TEG in the casted film induced a relatively slow dry
phase inversion process and thereby resulted in
smaller surface pores. In contrast, the pore size of the
membrane casted with a TEG content of 50 wt.%
(Fig. 1(c), 0.583 um) was 22 times larger than that of
the neat PES membrane (Fig. 1(a)). This confirmed the
aggressive hygroscopic role of TEG and its pore-
forming role in changing the final membrane structure.
At a higher content of TEG, more moisture was
absorbed by the hygroscopic TEG into the casted film.
With increased water content in the casted film,
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homogeneity of the polymer matrix was greatly
decreased due to the low solubility of PES polymer in
water compared to NMP. Finally, it brought the
thermodynamically unstable solution-casted film closer
to the region of liquid-liquid phase separation, which
resulted in bigger pores on the membrane top layer.

Macrovoid finger-like cross-sectional structure was
formed in the neat PES membrane (Fig. 1(a)) when
TEG was excluded. As more TEG was added into the
casting solution (Fig. 1(b), 25 wt.% TEG and Fig. 1(c),
50 wt.% TEG), viscosity of the casting dopes was
increased gradually. In fact, the viscous solution will
slow down the inter-diffusion rate between the solvent
(NMP) and the non-solvent (water molecules from the
coagulation bath) during wet phase inversion. Under
this condition, the PES polymer did not have enough
time to phase separate, where the internal layer of the
solution-casted film would then be solidified by
the inflow of water molecules. Thus, it suppressed the
asymmetric finger-like growth, as observed in
Fig. 1(c). This observation is in accordance with the
research outcome by Idris et al. [23], who found a nar-
rower finger-like structure when the viscosity of the
dope solution was increased by the addition of
polyethylene glycol.

A similar porosity of 83% was obtained for the
neat PES membrane (Fig. 1(a)) and the PES membrane
casted with 25 wt.% TEG (Fig. 1(b)) attributed to the
finger-like cross-sectional structures. As for the mem-
brane casted with a higher content of TEG (50 wt.%),
the membrane’s porosity was reduced to 61 + 3% with
a thinner film thickness of 64 +4 um. As discussed,
this was due to the rapid dry phase inversion through
the excessive absorption of humid air by the
hygroscopic TEG. As such, the content of TEG needs
to be controlled in order to maintain the high flux
finger-like structure with governable surface pore
morphology.

Intermolecular interactions between TEG and PES
polymer were investigated by the ATR-FTIR tech-
nique. In Fig. 2(a), the spectrum of the pure hygro-
scopic TEG shows a broad stretching O-H and C-H
vibrating band at 3,400 and 2,900 cm respectively.
The strong peak at 1,250-1,000 cm ! was associated
with the bending vibration of the aliphatic chain of
the C-O-C bond. Besides, the spectral bands of the
pure PES membrane (Fig. 2(b)) showed a sharp peak
at 1,580 cm™', ascertained to the stretching frequency
of the C-H bond from the benzene ring. The aromatic
C=C stretching bond and the aromatic ether bond
from the PES polymer were found at 1,480 and
1,250 cm™". Two strong peaks at 1,150 and 1,100 cm ™
were referred to the stretching frequencies of the SO,
group of PES. By comparing all three components
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Fig. 1. Surface (left) and cross-sectional (right) micrographs of membrane synthesized at: (a) 0 wt.%, (b) 25 wt.% and
(¢) 50 wt.% TEG added as the hygroscopic agent in the casting dope (membranes casted at RH = 60% and 5 min of

vapour-induced phase inversion).

(pure TEG, neat PES membrane and PES-TEG mem-
brane), no characteristic peaks of TEG were seen in
the PES-TEG casted film. This indicates that all TEG
was eventually diffused out from the polymer film
during the wet phase immersion precipitation process.

The existence of TEG in the casted film was further
assessed through thermogravimetric analysis (TGA).
Due to the highly hygroscopic role of TEG with a
superior water absorption capability, the pure TEG
demonstrated considerable weight loss (18%) before
100°C, attributed to the removal of absorbed water
vapour (Fig. 3). The onset of TEG degradation
occurred around 120°C. With TEG boiling point of
285°C, no residual remained after high temperature
combustion at 650°C. On the other hand, both

membranes casted with 25 and 50 wt.% TEG illus-
trated no significant weight loss wuntil 500°C.
Decomposition of the PES polymer backbone was
initiated at temperatures of 510 and 525°C for casted
film with 25 and 50 wt.% TEG, respectively. This indi-
cated that PES membranes possess sufficiently high
thermal stability for industrial application in wastewa-
ter treatment. Based on the insignificant weight loss
recorded at a temperature of 120°C, it could be con-
cluded that all TEG had diffused out from the casted
membrane during wet phase inversion, which was in
accordance with the FTIR result.

Thus, in addition to the hygroscopic role of TEG
during initial dry phase inversion, TEG also acted as
the pore former as in the latter wet phase immersion
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Fig. 2. FTIR spectra of: (a) pure TEG, (b) neat PES mem-
brane and (c¢) PES-TEG membrane (casted with 25 wt.%
TEG and 5 min of vapour-induced phase inversion at a
relative humidity of 60%).
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Fig. 3. TGA thermograms for pure TEG and membranes
casted at different TEG concentrations (at RH = 60% and
5 min of dry phase inversion).

precipitation process, which contributed to the highly
porous finger-like membrane structure. These results
were in accordance to the SEM micrographs in Fig. 1,
where bigger pore structures were formed when a
higher content of TEG was added to the casting dope.
However, the over-added amount of TEG (50 wt.%)
may defeat the purpose of TEG as pore former, which
caused adverse effect to the membrane morphology.
As seen from Fig. 1(c), a spongy cross-sectional struc-
ture was observed instead of the finger-like structure
when 50 wt.% TEG was incorporated. The membrane
cross-sectional structure is mainly governed by two
factors: (i) the role of TEG as pore former which
resulted in finger-like structure and (ii) viscosity of the
casting dope. At an excessively high TEG concentra-
tion (50 wt.%), the highly viscous casting dope plays a
dominant role in determining the membrane cross-
sectional structure. Indeed, the high viscous solution
will slow down the overall wet phase inversion that
restricts effective polymer phase separation. Hence, a
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spongy structure was observed instead of the
asymmetric finger-like structure.

As expected, the membrane performed at a lower
flux (Fig. 4) when no TEG was added to the casting
dope, attributed to the smaller pore structures
(Fig. 1(a), 0.026 pm). As discussed earlier, the mem-
brane structure was evolved by the existence of TEG
in the casting dope by which the thermodynamic state
of the polymer solution was altered to achieve phase
inversion. Creation of larger effective pores was
favoured by the hygroscopic TEG that absorbed more
water vapour, on par with the enhancement of perme-
ate flux for membrane casted with 25 wt.% TEG. The
membrane exhibited three times higher steady flux
(33L/m?h) as compared to the neat PES membrane.
The further increased concentration of TEG in the cast-
ing dope (50 wt.% TEG) had demonstrated a low flux
productivity (steady flux at 10 L/m? h), although big-
ger membrane pores were created by the presence of
the hygroscopic TEG. This result seems to be counter-
intuitive as, in general, a bigger pore structure con-
tributes to a higher flux. It can be explained by the
membrane morphology via SEM micrograph. The
compact and rigid porous structures (Fig. 1(c),
50 wt.% TEG) offered greater transport resistance and
hence restricted the passage of water molecules across
the membrane thickness, leading to a low flux perfor-
mance. This result indicated the close interrelation
between hygroscopic TEG and phase inversion beha-
viour in controlling the membrane microstructure for
separation capability.

As discussed, the incorporation of hygroscopic
TEG into the casting dope dominated the rate of water
sorption to achieve a better control of membrane mor-
phology. In view of that, the level of relative humidity
(available amount of water vapour) and the exposure
time during dry phase inversion (duration allocated

<=++++ Run 3 (50 wt% TEG)
— Run 6 (25 W% TEG)
50 — Run'5 (0 wt% TEG)

50

70

40

30

Flux (L/m?.hr)

20

0 20 40 60 80 100
Time (Min)

Fig. 4. Flux performances for membrane synthesized at
different TEG concentrations (casted at RH =60% and
5 min of vapour-induced phase inversion).
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for water vapour sorption) are two main interrelated
factors that affect water sorption by TEG. Hence, it is
worth to interrelate the hygroscopic role of TEG to the
controlled environment (relative humidity and expo-
sure time in dry phase inversion) on the final
microstructure of the membrane.

Based on the pore characteristics results from
porometer, the prolonged exposure time to the humid
environment (25 wt.% TEG and relative humidity of
60%) had generated a smaller surface pore structure to
the PES membrane, which decreased from 0.024 um
(5min of exposure time) to 0.018 ym (10 min of
exposure time). The result was in accordance to the
previous discussion. The longer the membrane was in
contact with the humid air, the more the water vapour
penetrated into the membrane matrix and hence
initiated nucleation, which resulted in membrane
solidification. With a longer exposure time, polymer
stood a higher chance to agglomerate to the upper-
most layer prior to getting subjected to the rapid wet
phase immersion precipitation. Once agglomeration
occurred, the connection between the polymer matri-
ces tended to be closer, creating smaller surface pores.
In contrast, at O min of exposure time (membrane
casted without dry phase inversion), the wet phase
immersion precipitation process demonstrated a
bigger pore size (0.28 um), which was 15 times bigger
as compared to the membrane that underwent 10 min
of dry phase inversion (0.018 pm). In wet phase inver-
sion, the mass exchange rate between the solvent
(NMP) and the non-solvent (liquid water) occurred
rapidly as the membrane was surrounded by the coag-
ulation water bath. The rapid diffusion of water into
the membrane induced spontaneous liquid-liquid
demixing where a bigger pore size was expected. By
incorporating dry phase inversion, the overall phase
inversion promoted slower solvent-non-solvent mass
transfer rate, whereby water vapour was slowly
absorbed by the hygroscopic TEG through the mem-
brane top surface [12], leading to a membrane
microstructure with a smaller pore size.

Surprisingly, a similar finger-like structure was
obtained over the studied range of exposure time
(Fig. 5). However, a thin layer of spongy structure
was observed when a longer exposure time was
applied (Fig. 5(c)). As seen, the membrane cross-
section could be divided into two portions. Generally,
the membranes that were exposed to 0 min (Fig. 5(a))
and 5 min (Fig. 5(b)) of the humid environment had
demonstrated a narrower finger-like structure at the
region of portion A compared to the region of
portion B. During dry phase inversion, water vapour
penetrated into the membrane sub-layer to promote
nucleation where polymer agglomeration occurred.
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Fig. 5. Cross-sectional micrographs of membrane that
underwent (a) 0 min, (b) 5 min and (c) 10 min of exposure
time during dry phase inversion (membrane casted at a
TEG concentration of 25 wt.% and RH = 60%).

Consequently, a membrane layer with a lower poros-
ity and narrower finger-like structure resulted, as
shown in the portion A (Fig. 5(a) and (b)). As in
region A, membrane that was exposed to 5 min of
humid atmosphere had a thicker narrower finger-like
structure as compared to that of Omin, with a
thickness of 14 and 4 pm, respectively. The thicker
and narrower finger-like structure was formed due to
the prolonged exposure time that allowed deeper
diffusion of water vapour into the polymer matrix
prior to wet immersion precipitation. On the other
hand, a 7 pm dense spongy layer was found in the
membrane that underwent 10min of dry phase
inversion (Fig. 5(c)). It was believed that the longer
exposure time of membrane during dry phase
inversion will promote serious nucleation at the
membrane—-air interface. Hence, a denser microstruc-
ture at region A was observed.
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A wider finger-like structure was observed in
region B for all three membrane samples. At this
region, less humid vapour could diffuse towards the
deeper layer across the membrane thickness, thus
delaying the nucleation process over portion B and
causing a broader finger-like structure. Similar porosi-
ties were observed for each membrane prepared at dif-
ferent durations of dry phase inversion, ranging from
82+ 1% to 83 £ 0.8% due to the analogous finger-like
structure. A similar result was also reported by Li et al.
where a longer exposure time will only affect the sur-
face microstructure at the membrane—air interface [21].

From separation performance tests, the membrane
that underwent immersion precipitation without dry
phase inversion (0 min of exposure time) recorded a
higher steady permeation flux at 130 L/m”h, as dis-
played in Fig. 6. The high productivity achieved was
mainly contributed by its bigger membrane pores.
Interestingly, the membrane that was exposed to
10 min of humid environment (with a 7 pm denser
spongy layer at membrane-air interface) performed a
similar high flux at 145 L/m? h. The high fluxes were
mainly attributed to the high membrane porosity
(around 83% for both membrane) and the broad fin-
ger-like structure at the sub-layer region B (Fig. 5(a)
and (c)). In contrast, the membrane that underwent
5 min of dry phase inversion which also consisted of a
broad finger-like structure at region B (Fig. 5(b)) had
demonstrated a lower flux performance (33 L/m? h). It
is believed that a greater transport resistance of the
thicker portion A (14 pm narrower finger-like struc-
ture) had restricted the motion of feed solution across
the membrane, despite both membranes exhibiting a
similar high porosity at 83%. The role of membrane
dense skin thickness in affecting permeation flux had
also been discussed by Yip et al. where a higher

600 ——— Run 4 (0 min)
——— Run 6 ( 5 min)
500 seeses Run 1 (10 min)
£ 400
E A
=5 300
=
2 200
=
100
—
0
0 20 40 60 80 100

Time (Min)

Fig. 6. Flux performances for membrane casted at different
durations of vapour-induced phase inversion with a TEG
concentration of 25 wt.% and 60% relative humidity.

P.C. Tan and S.C. Low | Desalination and Water Treatment 57 (2016) 19051-19061

permeation flux was observed in a thinner and more
porous thin-film composite forward osmosis (TFC FO)
membrane [24].

Membrane rejection performance mainly depends
on the membrane structure at the polymer-air inter-
face that restricts the transport of solute across the
membrane. The membrane that underwent longer
vapour-induced phase inversion (10 min) undoubtedly
demonstrated the highest humic acid rejection at 95%
due to its dense skin layer that restricted the passage
of humic substances. Although the membrane that
underwent an immediate immersion precipitation
without dry phase inversion (0 min of dry phase expo-
sure time) possessed a similar high flux as that
exposed to 10min of humid environment; a 31%
decrease in humic acid rejection was recorded. This
means some humic substances were still able to pass
through the narrower finger-like structure (Fig. 5(a)).
In this regard, a combination of dry-wet phase inver-
sion was preferable in controlling and tailoring the
membrane morphology to optimize membrane perfor-
mances in terms of productivity and separation
efficiency.

Since the exposure time in humid environment
possesses significant effects on the microstructure of
the membrane, two extreme humid conditions at dry
state (RH at 35%) and wet state (RH at 85%) were also
carried out in this work. Smaller surface pores were
observed when the membrane was casted under the
highly humid condition (RH at 85%) at 0.017 pm, as
compared to previous 0.024 pm when the RH was pre-
set at 60%. In some embodiments, the hydrophobic
PES polymer restricted the absorption of humid mole-
cules and did not allow the water to enter or fill the
membrane’s pores. Although hygroscopic TEG was
introduced into the casted film, the repulsion of some
humid molecules away from the hydrophobic PES
membrane surface was a spontaneous process, leading
to slower water vapour diffusion into the membrane
internal layer. In turn, water vapour accumulated on
the surface of the casted film.

Evidence of this water repulsion phenomenon by
the hydrophobic PES membrane is illustrated in Fig. 7.
A compact spongy cross-sectional structure with a
20 um dense skin formation was observed when an
extremely high relative humidity (85%) was applied in
dry phase inversion. As mentioned above, the faster
solidification process attributed to the high accumula-
tion of water vapour at the membrane uppermost
layer induced a more serious nucleation. Thus, PES
polymer had a higher opportunity to agglomerate at
the membrane top surface that led to the formation of
the dense skin layer. The dense skin layer further lim-
ited diffusion of water vapour into membrane internal
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Fig. 7. Cross-sectional micrograph of membrane casted at: (a) 35% and (b) 85% relative humidity (membrane casted at a
TEG concentration of 25 wt.% and 5 min of vapour-induced phase inversion).

layer, promoting a slow demixing process which
resulted in a spongy structure (Fig. 7(b)).

On the other hand, a dry environment (RH at 35%)
promoted a similar finger-like cross-sectional structure
as the membrane casted at a RH of 60%, with rela-
tively bigger surface pores at 0.027 pm. A straight and
through pore channels observed in the SEM micro-
graph (Fig. 7(a)) indicated the minimal accumulation
of humid vapour on the membrane surface. A higher
flux was expected for the straight through pore chan-
nel at the expense of lower humic acid rejection per-
formance. Filtration test can help verify this
hypothesis as well as lead to an improved under-
standing of the physical humid environment necessary
for better filtration performances. It has been generally
accepted that membrane productivity is closely related
to the membrane pore size [25]. Fig. 8 reveals that the
permeation flux of the membrane synthesized at a
relative humidity of 35% recorded the highest flux
(45L/m?h). As mentioned above, it was simply due
to the bigger surface pores and straight finger-like
pore channels found in the membrane synthesized
under dry atmosphere (0.027 um). However, increas-
ing water flux is usually accompanied by decreased
rejection property in the membrane. Only 77% humid
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Fig. 8. Flux performance of membrane casted at different
relative humidities and at a TEG concentration of 25 wt.%
and 5 min of vapour-induced phase inversion.

acid rejection was recorded. On the other hand, no
permeation flux was being collected for the membrane
casted under wet condition with a relative humidity
of 85%. The dense skin layer and compact cross-
sectional structure formed (Fig. 7(b)) was expected to
create a large resistance for the transport of water
molecules through the membrane; as such no perme-
ate was collected at a transmembrane pressure of

Table 2
Summary for membrane characterization and performance
TEG Relative Duration of vapour- Pore
concentration humidity induced phase inversion Porosity  size Steady-state =~ Humic acid
Membrane (wt.%) (%) (min) (%) (um) flux (L/m*h)  rejection (%)
Run 1 25 60 10 83+0.8 0.018 145 95
Run 2 25 85 5 79+07 0.017 0 NA*®
Run 3 50 60 5 61+3 0.583 7 96
Run 4 25 60 0 82=+1 0.280 130 64
Run 5 0 60 5 83+05 0.026 10 74
Run 6 25 60 5 83+04 0.024 33 77
Run 7 25 35 5 82+08 0.027 45 67

“Rejection cannot be determined; no permeation flux was being collected.
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1 bar. The characterizations and performances of each
membrane are summarized in Table 2.

Among the membranes synthesized, the Run 1
membrane demonstrated the best separation perfor-
mances with a permeation flux of 145 L/m”h and a
humic acid rejection at 95%. As a comparison to the
research carried out by Qin et al., the hollow fibre PES
membrane corresponded to the permeation flux of
16.7L/m*h at 1bar transmembrane pressure with
97.9% humic acid rejection [26]. Although the Run 1
membrane in the present work has demonstrated 2.9%
lower humic acid rejection, its 10 times higher
permeation promises superior practicability in large-
scale wastewater treatment. At 3 bar of transmembrane
pressure, PES membranes synthesized by Mehrparvar
et al. illustrated 79% humic acid rejection and
33 L/m*h permeation flux [27], which is four times
lower than that in the present work although the mem-
brane performed at a higher operating pressure.
Besides, a permeation flux of 25 L/m?*h and 88%
humic acid rejection were also reported by the same
group when gallic acid was added to the PES mem-
brane [27]. In comparison to a similar research on
humic acid removal by PES membranes, the Run 1
membrane synthesized in the present work has showed
not only a higher steady-state flux (at least four times
higher) but also an excellent humic acid rejection.

4. Conclusion

This paper presents the theoretical and experimen-
tal study of humidity control and the hygroscopic role
of TEG in controlling the microstructure of ultrafiltra-
tion PES membranes. By combining the interrelated
hygroscopic role of TEG in absorbing humid vapour,
effects of relative humidity and the dry phase expo-
sure time, the membrane prepared with a casting
dope composition of PES/NMP/TEG =13/62/25
(wt.%), 10 min of exposure time and relative humidity
of 60% demonstrated the best membrane separation
performances, with a permeation flux of 145 L/ m?h
and 95% HA rejection. TEG was found as an absor-
bent in dry phase inversion to absorb water vapour
from the humid air, and pore former in latter immer-
sion precipitation process by creating a higher mem-
brane porosity. However, excessive absorption of
water vapour by either a high TEG content, or a
highly humid condition led to a low productivity
membrane due to the dense skin formation and com-
pact spongy structure at the membrane’s uppermost
layer. An evolution from finger-like structure to
spongy structure could be observed by controlling the
three parameters (content of TEG, level of relative
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humidity and the exposure time) precisely. With a
combination of 10 min dry phase inversion and latter
immersion precipitation (wet phase), a porous top
layer with a finger-like sub-layer resulted, leading to a
membrane with a good permeation flux and HA rejec-
tion performances. In this regard, a combination of
dry-wet phase inversion was recommended to control
membrane morphology in a systematic manner and
hence optimize membrane performances.
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Nomenclature

A — effective membrane area (m?)

Ct — humic acid concentration in feed stream (ppm)
P humic acid concentration in permeate (ppm)
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J — permeation flux (L/m? h)

P — porosity percentage (%)

R — rejection percentage (%)

V. — apparent volume (cm?)

V., — existence volume (cm®)

W;  — initial weight of membrane before drying (g)

W, — final weight of membrane after drying (g)

At — sampling time for filtration test (h)

AW — collected permeate during the sampling time (g)
p — density of water (g/L)

ppes — density of PES polymer (g/cm®)
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