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ABSTRACT

Membranes are used as a support layer for the fabrication of thin film composite membranes. Sup-
port layer properties can affect many performance parameters of TFC membranes such as flux,
rejection, morphology and stability against pressure. Although studies in lab scale fabrication exist,
investigation the pilot scale polysulfone membrane fabrication has not been done. In this study, opti-
mization of polysulfone support membranes fabrication was conducted in pilot scale. Coagulation
bath temperature; casting speed and solution content were selected as main parameters for the opti-
mization. Membrane surface properties were investigated in details with SEM and pore size dis-
tribution. Membrane performance were determined with permeability experiments. Differences in
pilot scale and lab scale membrane manufacturing were observed and compared with literature. On
the contrary to literature it was found that, coagulation bath temperature has exact opposite effect
in pilot scale membrane formation compared to lab scale studies. 10°C drop (from 25°C to 15°C) in
coagulation bath temperature decreased mean pore size of membranes from 27 nm to 8 nm and per-
meability from 464 1/m?h to 100 1/m*h while everything else was kept constant.

Keywords: Pilot scale membrane production; Sponge-like structure; Non-solvent induced phase
separation; RO support layer fabrication; Polysulfone membrane

1. Introduction at high pressures is important for high pressure required
membrane processes such as reverse osmosis (RO) which is
also dependent on the intrinsic membrane structure.
Developments in membrane science lead the commer-
cialization of high performance RO membranes. Obtaining
of high performance from RO membranes was fundamen-
tally determined by developing appropriate membrane
structure. A review from 1981 by Cadotte & Petersen - two
pioneers of thin film composite membranes - explained
*Corresponding author. developments that lead to production of RO membranes [1].

Understanding the relationship between struc-
ture-performance in membrane science is required for the
development of membrane materials. Structural and phys-
ico-chemical properties of a membrane determine its sepa-
ration performance. Besides, the resistance to compaction
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They described how the idea twisted from the use of low
flux Loeb-Sourirajan RO membranes based on cellulose
acetate to the development of thin-film composite (TFC)
membranes which comprised of a compaction resistant
support structure and a salt rejecting active layer.

The Loeb-Sourirajan method is an essential membrane
fabrication method for anisotropic membranes. On the
other hand, for the development of TFC membranes, it
was known that support layer should have an anisotropic
structure where small pores on the skin and a much thicker
and more permeable micro-porous support for mechanical
strength. It’s reported in the literature that surface porosity
of support membrane has great effect on the permeability
of thin-film composite reverse osmosis membranes [2]. In
addition, separation performance of reverse osmosis mem-
branes is influenced by support membrane porosity [3].
Surface pore characteristics also play an important role to
increase interfacial adhesion between active layer and sup-
port [4]. Polyamide active layer formation is affected by
pore size of support membrane [5]. Cadotte et al. stated that
if average pore size of 20 nm is enough for the formation of
defect free reverse osmosis layer [6].

There are several membrane preparation methods like
sintering, stretching, track-etching, template leaching, dip
coating and phase inversion. Phase inversion is much more
preferred and industrially used technic among them [7]. In
order to achieve the desired support membrane structure,
asymmetric membranes having dense skin layer needs to
be developed by immersion precipitation phase sepera-
tion (also known as nonsolvent induced phase separation
(NIPS)). It is one of the most popular membrane fabrica-
tion methods because it allows the preparation of different
membrane morphologies in a controlled manner [7]. Phase
inversion is suitable for a wide range of synthetic mate-
rial like polymers. In addition, this technic is suitable for
inorganic additives too, such as carbon nanotubes, silver,
titania [8-10]. Polysulfone (PSf) is usually used in phase
inversion due to its prominent features such as commer-
cially available, having good processibility [11]. In addition
to this, PSf chemical structure includes bisphenol-a moiety
which allows PSf compatible with polyamide active layer
and prevents peeling off polyamide layer from surface of
membrane [12].

There are several organic solvents used in membrane
manufacturing via phase separation. N-methylpyrrolidone
(NMP) [13-18], N,N-dimethylacetamide (DMAc) [15,16,
19-21] and N,N-dimethylformamide (DMF) [22,23] are the
most preferred solvents for PSf membrane manufacturing.

Sponge-like membranes compact less than finger-like
membranes under high pressures and result in little defor-
mation [24]. So, sponge like membranes are preferred
in high pressure applications like TFC-RO membranes.
Sponge-like structure can be promoted by extending sol-
vent evaporation time [25,26], adding some additives to
coagulation bath [27-28], increasing polymer content in
polymer solution [25,29-33], adding nonsolvent to the poly-
mer solution [26,33-37], adding organic additives into poly-
mer solution [38-39] and choosing low miscible solvent/
nonsolvent duplexes [28,34].

Although polysulfone support membrane properties
were investigated in lab scale for the formation of RO mem-
branes in the literature, no studies have been done for the

fabrication of polysulfone support layer in pilot scale. This
study investigates the pilot scale fabrication of polysulfone
support membranes that can be used for the fabrication of
TFC membranes in further studies. For this purpose, the
effects of casting parameters were investigated and the dif-
ferences in membrane structures were discussed by com-
paring pilot scale to lab scale production. It was aimed to
obtain sponge-like membrane structure and smaller pore
size on the membrane surface.

2. Materials and methods

2.1. Chemicals and materials

Udel P3500 LCD MB Polysulfone (Mw: 80000-86000
Da) was purchased from Solvay Chemical Company.
Dimethylformamide (DMF) used as solvent (AKSA Chem-
ical Company). CU424 type PET used as non-woven (1 m
wide) (Neenah Papers). Two types of Polyvinylpyrrollidone
(PVP) was used as pore former, PVP 10 (Mw: 10000 Da) and
PVP 40 (Mw: 40000 Da) (Sigma Aldrich).

2.2. Pilot scale membrane manufacturing

Non-solvent induced phase separation method was
used to produce flat sheet membranes. For the preparation
of casting solutions, proper amount of PVP (Table 1) was
added to DMF solvent and solution was mixed until no
aggregates were observed. Then, polysulfone was added to
the solution and was stirred at 65°C for 24 h. Polysulfone
concentration was 18 wt% in all casting solutions. An ultra-
sonic bath was used to remove micro bubbles in solution.

A pilot scale membrane production line was used in
membrane production (Fig. 1). System allows producing
1 m wide membrane in desired length and thickness can
be adjusted precisely using micrometers. Two baths exist,
first bath has a capacity of 1 m® and used for coagulation,
second bath has a capacity of 0.5 m® and used for wash-
ing. Coagulation bath is continuously fed with fresh water
to remove solvent coming from exchange between solvent
and non-solvent, water, during membrane formation.

There are some parameters that should be controlled
during pilot scale membrane production (Fig. 2). Tap water
was used as the non-solvent and no additives were used
in coagulation and washing baths to keep the fabrication
process economically feasible since volumes of baths are
high. In Table 1, membrane casting parameters were pre-
sented. Coagulation bath temperature; solvent evaporation
time; casting speed; evaporation time and casting solution
composition were changed to obtain desired pore size. Gap
between nonwoven support and casting blade was fixed to
50 pm. Three different coagulation bath temperatures (15°C,
25°C, and 30°C) were examined. To prevent pore collapse,
membranes were washed with 10% glycerol and 90% water
as reported in literature before [40].

2.3. Characterization of membranes

Surface and cross-section morphological characteriza-
tions of membranes were examined using Quanta FEG 250
scanning electron microscope. All samples were dried prior
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Table 1
Membrane manufacturing parameters

Code PVP10 PVP40 Casting speed Solvent Bath temperature
(%) (%) m/min evaporation time
M1 4.5 15 0.5 53s 30
M2 4.5 15 1 26s 30
M3 4.5 15 15 18's 30
M4 4.5 1.5 2 13s 30
M5 4.5 1.5 2 13s 25
Mo 4.5 - 2 13s 25
M7 2.5 - 2 13s 25
M8 2.5 - 3 9s 25
M9 2.5 - 3 9s 15
M10 4.5 - 3 9s 25
Mil 4.5 - 3 9s 15

Fig. 1. Production of PSf support layer membranes using a pilot scale casting machine.

to coating. All samples were coated with about 5 nm thick
layers of Au-Pd using Quorum SC7620 ion sputtering. Pore
size distributions were done using Image J software.

2.4. Membrane performance

The pure water permeability of the membranes was
determined by dead-end filtration cells (Sterlitech Corp.,
Kent, USA). Each membrane area was 14.3 cm?. All mem-

branes were compacted at least one hour before flux tests
under 3 bar to obtain steady state flux. For each membrane,
pure water flux was calculated using the following equa-
tion:

Vv
AAt

where V is the volume of permeate (L), A is the effective
membrane area (m?), and At is the permeation time (h).

J )
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Fig. 2. Parameters affecting pilot scale membrane formation.

Membrane permeability was determined based on flux val-
ues measured at three different transmembrane pressures.

3. Results and discussion
3.1. Morphological evaluation of membranes

SEM images of membrane surfaces, and processed
images of these surfaces obtained from Image J software are
given in Fig. 3. Processed images were used to determine
pore sizes and pore size distributions of the produced mem-
branes. Also, in Fig. 4, cross section morphologies of the
produced membranes are given. Arrows in Fig. 3 and Fig. 4
show the effects of casting parameters. Red arrows were
used to show the effects of solvent evaporation times and
membrane casting speeds. At red arrow direction, mem-
brane casting speed increases whereas solvent evaporation
time decreases. Blue arrows show the effects of temperature
decrease in coagulation bath. Green arrow shows the effects
of decreased PVP amount on the membrane morphology.
M1 and M2 membranes have more sponge structures as
explained in further section. Any pore formation was not
visually observed. While evaporation time decreases from
M3 to M4, M7 to M8 and M6 to M10, pore sizes decreased
as can be seen in SEM images.

Regarding Fig. 3, membranes were formed with lon-
ger evaporation time, dense structures were observed (M1
and M2). On the other hand, when the evaporation time
decreases and casting speed increases, the formation porous
top layer was observed (M3 and M4). It has been known
that solvent evaporation time affects membrane formation
directly since final membrane structure in phase inversion is
mainly determined by the top surface of casted membrane
solution film [41]. When evaporation time increases, more
solvent evaporation is expected from the top layer of the
membranes. Using slow casting speed allowed the solvent to
evaporate much more before the casting solution immersed
into the coagulation bath, caused a higher concentration of
the polymer as a thin film on top of the polymer solution.

When solution is immersed into water, the denser structure
on the top surface decreased the rate of water intrusion and
slows the exchange rate between solvent and non-solvent.
In addition, slower casting speed increased the duration of
casting solution exposure to air humidity which is an import-
ant parameter for membrane formation. Due to humidity,
on top surface of the membranes, polymer precipitates and
polymer rich layer is observed. This gel layer is more viscous
than other parts of casted polymer solution. This viscous gel
layer can decrease the de-mixing rate and in turn exchange
rate between solvent and non-solvent decrease too [11]. It
can be said that if evaporation time decreases, exchange rate
between solvent and non-solvent will be increased. This will
result in the formation of polymer rich phase on membrane
surface having small and tight pores. When the situation
is vice versa, formation of dense top layer and sponge-like
structures are expected.

Green arrow shows the effect of PVP amount on the
membrane morphology. It can be inferred from Fig. 3 that
decreasing the PVP amount in casting solution altered the
rate of phase inversion and led to increase in the amount of
smaller and tighter pores on membrane surface. Guillen et
al. stated that, increasing the PVP amount in casting solu-
tion enhances sponge-like formation [11].

Blue arrows show the effects of coagulation bath tem-
perature on membrane morphology. It has been known that,
decreasing coagulation bath temperature, decreases de-mix-
ing rate. Therefore, bigger pores and sponge-like structure is
expected [42]. However, according to the Fig. 3 and Fig. 4,
results contradicted with the expected results. Membranes
with higher coagulation bath temperature have more sponge
like structure. While coagulation bath temperature decreased
during manufacturing of membranes M4 to M5, M8 to M9
and M10 to M11, membrane pore sizes decreased and much
asymmetric structure was observed. This can be explained
by slow de-mixing occurred when membranes were formed.
Membrane forming time after immersion of casting solution
into coagulation bath gives precipitation rate. If membrane
formation completes quickly and casting solution turns
opaque, that means precipitation rate is higher.
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Fig. 3. SEM images of membrane surfaces and extracted pore images.

Formation of sponge-like morphologies enhanced in
slower precipitation rates [27]. Therefore, it is expected
that more asymmetric structure should be observed in
higher coagulation bath temperatures. But it seemed that
as coagulation bath temperature decreases, increase in the
formation of asymmetric structure was observed opposed
to the literature. It is stated that increased coagulation bath

temperatures resulted in wide finger-like macro voids [42].
This may be explained by continuous pilot scale membrane
fabrication can be different than batch lab scale membrane
fabrication.

To understand what can be the reason for the differ-
ences obtained in pilot and lab scale membrane production,
humidity was measured at different levels of the coagulation
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Fig. 4. Cross section SEM images of membranes.
Table 2
Average temperature and relative humidity values

Data point = Casting knife 5 cm over bath

Coagulation bath Average Humidity Average Humidity (%)

temperature || temperature (C°) (%) temperature (C°)

15 239 34 23.8 35

25 241 36 24.7 41

30 24.2 36 26.1 49

bath and results were given in Table 2. Han et al. showed
that, 1-2% of water can decrease the time to reach cloud
point for PSf-DMF-water systems [41]. Therefore, it can be
concluded that PSf-DMF solutions are tend to coagulate
rapidly and phase inversion completed quickly. Increasing
coagulation bath temperature increased air humidity in the
vicinity of coagulation bath. Humidity accelerated the sur-
face precipitation of casting solution and a much more vis-
cous layer was formed on top. Slow de-mixing rate caused
by this viscous layer resulted with more “sponge-like” mem-
brane morphology. Regarding lab scale membrane manu-
facturing where casting and coagulation were conducted in
different places, more asymmetric structures are expected at
higher coagulation bath temperatures. On the other hand, in
pilot scale, casting and coagulation is a continuous process.
Casting solution is directly exposed to humidity around the
coagulation bath and therefore phase inversion kinetics was
affected. Especially M9 and M11 membranes have macro

voids as seen in their cross-section SEM images. Macro voids
are generally formed under instantaneous de-mixing condi-
tions, if the polymer additive concentration and the non-sol-
vent concentration in the polymer solution do not exceed a
particular value [38,43—45]. In case of low coagulation bath
temperature, M9 and M1l membranes were less affected
from humidity and instantaneous de-mixing was took place.
This is why more macro voids are formed.

3.2. Pore size distribution of membranes

Pore size distributions of the casted membranes are given
in Fig. 5. Calculated mean pore sizes are given in Table 3.
Since no pores were observed from M1 and M2, these mem-
branes are not included in Fig. 5. As stated before, pore
sizes and pore size distribution are affected from solvent to
non-solvent de-mixing rate. When de-mixing rate increased,
small pores and narrower pore size distribution is expected.
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Fig. 5. Pore size distribution of membranes.

Table 3

Mean pore sizes and standart deviations
Membrane  Mean pore  +/—(nm) Classification

size (nm)

M3 63 28 Microfiltration
M4 42 21 Ultrafiltration
M5 60 25 Microfiltration
M6 40 17 Ultrafiltration
M7 29 15 Ultrafiltration
M8 27 11 Ultrafiltration
M9 8 4 Ultrafiltration
M10 24 12 Ultrafiltration
M11 13 7 Ultrafiltration

This phenomenon can be observed in membranes that
casted with increasing casting speed rates and decreasing
coagulation bath temperatures. In lab scale, decreasing the
coagulation bath temperature should lead to bigger pore
sizes and sponge-like structures whereas in pilot scale, coag-
ulation bath temperature and humidity around coagulation
bath affected phase inversion as explained in detailed before.

Addition of PVP into casting solutions led to different
membrane morphologies and pore structure as well [46]. It
was found that the addition of PVP led to increase in viscos-
ity. Solution viscosity affects solvent-non-solvent exchange
rate. Jung et al. summarized that, when PVP amount was
increased, top layer of membranes became thicker and the
number of finger-like macro voids gradually disappeared
in the membrane [47]. In the direction of green arrow, from
M5 to M7, PVP concentration in solution decrease and
membrane pore sizes were decreased and narrower pore
size distribution was obtained supported by SEM images as
well. One possible explanation for this is the decreased solu-
tion viscosity caused enhanced phase inversion resulted in
an increase in polymer-rich phase on the membrane surface
having tighter pores. Another possible explanation was the
leaching of PVP from membrane matrix brought about pore
formation. M5 membrane had PVP having 40 kDa molec-
ular weight in the membrane matrix, whereas M6 did not
have. PVP40 can help to form much more bigger pores.

Chakrabarty et. al. [19] have found that membrane skin
layers are thicker and voids in membrane structure are less
when PVP concentration increased. PVP can be washed out

Permeability

0 I | |

M10 M1l

u o N ®
o © © O
o © o

w
o
o

Permeability (L/m2.h.bar)
n e
o o
o o

[
o
(=}

Membrane

Fig. 6. Permeability of membranes.

successfully from membrane matrix using hypochlorite
[47]. However in this study due to low concentration and
molecular weight of PVP, no hypochlorite treatment was
done.

3.3. Permeability of membranes

Permeabilities of membranes are given in Fig. 6. Mem-
brane permeabilities were decreased from M1 to M4 where
casting speed was increased and evaporation time was
decreased,. Permeability is mainly affected by membrane
resistance to passage of water. If membrane pore size
decreases and sponge-like structure increases, resistance of
membrane to water pass increases as well. Membrane per-
meabilities are generally decreased by decreasing coagula-
tion bath temperatures as can be seen in M10 to M11, M4
to M5 and M8 to M9. It can be concluded that, increased
casting speed led to decrease in pure water permeability of
support membranes.

4. Conclusions

This study provides a detailed insight into the fabri-
cation of asymmetric membranes which can be used as
support membranes in thin film composite membranes.
Main finding of this study is that, optimization of mem-
brane fabrication for lab scale and pilot scale can be quite
different from each other since one is batch system and
the other is continuous system. Lab scale conditions given
in literature cannot be always applied for pilot or indus-
trial scale. Each parameter affects membrane structures
in a combined way in pilot scale. It has been found that,
coagulation bath temperature affects humidity around
pilot scale membrane manufacturing line. Consequently
temperature around the bath affects membrane structure.
Several type support membranes with different pore size
and morphologies have been successfully fabricated in
this study.
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