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Abstract: This work investigates the effect of various membrane substrates and coating conditions
on the formation of carbon/ceramic mixed matrix membranes for desalination application.
The substrates were impregnated with phenolic resin via a vacuum-assisted method followed by
carbonization under an inert gas. Substrates with pore sizes of 100 nm required a single impregnation
step only, where short vacuum times (<120 s) resulted in low quality membranes with defects.
For vacuum times of >120 s, high quality membranes with homogeneous impregnation were
prepared leading to high salt rejection (>90%) and high water fluxes (up to 25 L m~2h~1!). The increase
in water flux as a function of the vacuum time confirms the vacuum etching effect resulting from
the vacuum-assisted method. Substrates with pore sizes of 140 nm required two impregnation steps.
These pores were too large for the ceramic inter-particle space to be filled with phenolic resin via
a single step. In the second impregnation step, increasing the concentration of the phenolic resin
resulted in membranes with lower water fluxes. These results indicate that thicker films were formed
by increasing the phenolic resin concentration. In the case of substrates with pores of 600 nm, these
pores were too large and inter-particle space filling with phenolic resin was not attained.

Keywords: mixed matrix membrane; ceramic substrate; phenolic resin; vacuum impregnation;
desalination

1. Introduction

Access to water is one of the major problems facing many regions of the world, known as water
poverty areas [1]. In these areas, water scarcity has led to several programs aiming to optimize water
for agricultural use in Mali [2] and the Jordan Valley [3]; and policy integration in Cyprus [4] and
Southern Africa [5]. A more concerning matter is access to potable water for human consumption,
and desalting seawater technologies are employed around the world such as thermal processes [6-8],
membrane distillation [9-11], and reverse osmosis membrane technology [12,13]. It is estimated that
up to 25 million m? of desalinated water is produced daily around the world [14], with large-scale
desalination plants in the Middle East, particularly the United Arab Emirates, Kuwait, and Saudi
Arabia [15]. Currently, reverse osmosis (RO) membrane is a leading technology to desalt sea water.

Processes 2018, 6, 47; d0i:10.3390/ pr6050047 www.mdpi.com/journal/processes



Processes 2018, 6, 47 20f13

RO membranes have also been reported for processing effluents from coal mining [16] and gold
mining [17].

Inorganic membranes for desalination by pervaporation has attracted the attention of the research
community in the last decade. An advantage of inorganic membranes in this application is operating
at atmospheric feed pressure whilst processing high concentration brines (up to NaCl 15 wt %) [18],
contrary to reverse osmosis (RO) membranes which require much higher feed pressures (60-75 bar) [19-21]
and are only capable of processing waters with much lower salt concentrations (0.1 to 4.5 wt %
NaCl [22]). The problem, however, is that inorganic membranes initially delivered very low water
fluxes compared to RO membranes which deliver high water fluxes of 2028 L m~2h~1[23]. Table 1
shows the water flux evolution for inorganic membranes including zeolite [24-28], silica [29-32],
carbonized template silica [33-37], metal oxide silica [38-40], and titania [41] membranes, in addition
to the novel carbon alumina mixed matrix inorganic membrane [42,43]. It is clear that observed water
fluxes for inorganic membranes have increased significantly for the last decade. For instance, initial
values of 0.2 and 1.4 L m~2 h~! were reported in 2009 for zeolite and carbonized template silica
membranes, respectively. By 2015, carbon alumina mixed matrix membranes achieved water fluxes of
9.4 L m~2h~!, thus demonstrated improvements of almost two orders of magnitude as compared to
the earlier embryonic results.

Table 1. Review results of inorganic membranes reported for desalination tested at NaCl ~3.5 wt %
and room temperature.

Timeline Membrane Flux (Lm~2h~1) Rejection (%) Reference
2009 Zeolite MFI-ZSM-5 0.2 99 Duke et al. [24]
2011 Zeolite NaA 0.4 99.9 Cho et al. [25]
2012 Zeolite MFI-S1 1 99 Drobek et al. [26]
2016 Zeolite Fau 0.96 99.9 Zhou et al. [27]
2017 Zeolite NaA-X 3.6 95 Malekpour et al. [28]
2013 Pure silica 6.8 98 Elma et al. [29]
2013 Ordered hybrid SiO, 2.9 99.9 Chua et al. [30]
2016 * RTP pure silica pH4 sol-gel 2.5 99.5 Wang et al. [31]
2017 * RTP pure silica pH1 sol-gel 19 99.5 Wang et al. [32]
2009 C6 silica 14 92 Wijaya et al. [33]
2011 PEG-PPG 49 97 Ladewig et al. [34]
2015 Silica P123 2.3 99.5 Elma et al. [35]
2017 Carbonised template 8.3 99.4 Yang et al. [36]
2018 Carbonised template 2.5 99.8 Yang et al. [37]
2012 cobalt oxide silica 1.5 99.9 Lin et al. [38]
2015 cobalt oxide silica 4.6 99.7 Elma et al. [39]
2016 nickel oxide silica 2.5 97 Darmwan et al. [40]
2015 Titania 3 >99 Yacou et al. [41]
2016 carbon alumina 94 99.9 Song et al. [42]
2017 carbon alumina 9.2 99.9 Song et al. [43]

* RTP—Rapid Thermal Treatment.

Much of the work in inorganic membranes has been dedicated to silica derived membranes.
A variety of silica preparation methods have been reported, including changing the silica precursor or
the pH of the preparation methods, adding carbon templates or metal oxides to the silica sol-gel. Lately,
improved water fluxes have been achieved by preparing interlayer-free silica derived membranes,
which have a lower resistance to water mass transfer than comparable membranes containing
interlayers. Further, all these methods have delivered structural variations such as changes in pore
size and porosity. As a consequence, due to the different silica membrane materials and structures,
variations in the water fluxes from 1.4 to 9.5 L m 2 h~! can be observed as demonstrated in Table 1.
Moreover, the embedding of carbon templates into silica membranes followed by carbonization
generally improved the long-term performance of the membranes. As carbon imparts hydrophobic
properties, it provides a superior structural integrity to the hydrophilic and unstable silica. In addition,
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Elma and co-workers [35] reported that the water fluxes of carbonized template silica membranes were
less affected by changes in feed salt concentration than pure silica. This was attributed to the carbon
structure repelling hydrated ions, contrary to silica that adsorbs hydrated salt ions [44] and adds extra
resistance to water transport.

Zeolite based membranes have also shown major improvement in water fluxes from 0.2 to
3.6 L m~2 h~! in the last decade. Despite this improvement, the performance of zeolite membranes
is still uncompetitive as compared to other inorganic membranes. Pure ceramic membrane reports
for desalination are limited, particularly since ceramics membranes have large macropores and are
often hydrophilic (dp > 50 nm) which cause pore wetting and low salt rejection. In the case of the
titania membrane, the pore size was controlled to mesoporous dimensions of 4 nm where pore wetting
was not observed [41]. Pore wetting is undesirable in pervaporation as the salt solutions fully diffuse
through the pore structure of the membrane without any capacity to reject salt ions.

Recently, by combining carbon structures with alumina substrates, Song et al. pioneered a
method of phenolic resin impregnation into an alumina substrate by a vacuum-assisted method [42].
The vacuum-assisted method conferred controlled pore sizes for desalination using pervaporation,
in addition to molecular weight cut-off pore tailoring [45,46]. Carbon precursors are excellent
materials for pore size tailoring under controlled pyrolysis (i.e., polymer carbonization) [47-49],
including the preparation of mixed matrix membranes containing carbonised polymer and an inorganic
phase [50,51]. Phenolic resin is a carbon precursor of interest for the preparation of high quality carbon
membranes [52-54] or as composite alumina carbon membranes [55-58] after pyrolysis. All these
carbon membranes were prepared as films for gas separation, and generally display low water fluxes
in pervaporation due to ultra-micropore sizes. However, the vacuum-assisted method etched the
thick-film into a thin-film whilst slightly opening the pore sizes, and thus improving water fluxes [43],
which is desirable for desalination applications [59].

Within the limited reports on carbon alumina mixed matrix membranes for desalination under
pervaporation conditions, the focus has been on the effect of the carbonisation temperature and
vacuum-assisted time on membrane properties and performance correlation using a single substrate
type only. As the vacuum-assisted method involves the impregnation of phenolic resin within the
substrate structure, it warrants a detailed understanding of the role played by the substrate in the
formation of carbon alumina mixed matrix membranes. Therefore, this work investigates the effect
of alumina and titania substrates with pore sizes ranging from 100 to 600 nm on phenolic resin
interparticle filling. In addition, the effect of the vacuum time, number of impregnation steps and feed
phenolic resin concentration are studied and correlated to the membrane performance. The membranes
are assessed for desalination using pure water and saline waters ranging from brackish (NaCl 0.3 and
1.0 wt %) to seawater (NaCl 3.5 wt %) concentrations at room temperature to 75 °C.

2. Experimental

2.1. Membrane Preparation and Characterisation

A solution containing a phenolic resin Novolak Resinox IV-1058 was initially mixed with an
appropriate amount of hexamine as a curing agent to ensure polycondensation between the phenolic
resin and formaldehyde take place [60,61]. In order to obtain a solution with a consistent viscosity for
coating substrates, the solution as diluted with methanol at a ratio of 1:99 wt %. The phenolic resin
solution was impregnated into the substrate using a vacuum-assisted dip-coating method pioneered
by Song and co-workers [42] as schematically shown in Figure 1. In this method, the outer shell of a
porous ceramic tube was inserted in a beaker containing a phenolic resin. Then a vacuum (<1 Torr)
was applied in the inner shell of the tube, allowing the impregnation of the phenolic resin into the
porous substrate. The tube was exposed up to 600 s of vacuum impregnation time followed by a fast
withdrawal from the solution in the beaker and rapid depressurisation of the inner shell to atmospheric
pressure. Subsequently, the coated ceramic tubes were air dried for 24 h, and vacuum-dried for another
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24 h. The final step of this preparation method was the pyrolysis of the coated ceramic tube up to
700 °C under an inert nitrogen atmosphere with a heating and cooling rate of 5 °C min™ and a dwell
time of 1 h. A series of membranes were prepared by using different substrates as listed in Table 2.

Depregsurisation
Ceramic
Tube
4"/
Vacuum
Pump

Lig. N, Phenolic
Cold Trap Resin
Solution

Figure 1. Schematic of the vacuum-assisted impregnation method.

Table 2. Substrates used for the preparation of carbon membranes.

Substrate Supplier Substrate Material, Pore Size and Dimensions
a-Alr O3, dp = ~100 nm

sC Ceramic Fabricators Dimensions: OD 9 mm ID 6 mm

TiO, substrate and top layer, dp, = ~140 nm
ST TAMI Dimensions: OD 10 mm, ID 6 mm
S.p Pall o-Alr O3, dp = ~600 nm

Dimensions: OD 10 mm ID 6.5 mm

2.2. Membrane Testing and Characterisation

The membranes were tested for desalination using a pervaporation setup, shown schematically
in Figure 2. The outer shell of the membrane tube was exposed to a feed salt water solution in a beaker.
Feed solutions were prepared by dissolving an appropriate amount of NaCl (Sigma Aldrich, St. Louis,
MO, USA) into deionised water, with NaCl concentrations ranging from 0.3 to 3.5 wt %. In this
pervaporation set up, the driving force for water permeation through the membrane was provided by
a vacuum pump in the inner shell of the tube. The water vapour permeated through the membrane
was collected in a cold trap using liquid nitrogen. In order to minimise concentration polarisation,
the NaCl was recirculated using a peristaltic pump, whilst the feed salt solution was stirred constantly
in the beaker.

The water flux was calculated as | = (m/p) x (A x t), where ] (L m~2h™1) is the flux, m (kg) is the
mass of water from the cold trap, p is the density of water (kg L 1), A is the membrane surface area (m?),
and ¢ (h) is the time over a testing period. The salt concentration in the water collected in the cold trap
was analysed using a conductivity meter (LabCHEM CP). The conductivity of the samples was checked
against calibrated salt concentration versus conductivity curves. The salt rejection was calculated as
R = (Cr — C)/Cr x 100% based on conductivity of solutions, where R (%) is the salt rejection, Crand
C, are the salt concentrations (NaCl wt %) in the feed and permeate streams, respectively. The feed
temperature effect on water fluxes and salt rejection was also studied. The beaker containing the salt
solution was placed on a hot plate where the temperature of the feed solution was controlled and
varied from 20 to 75 °C.
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Figure 2. Schematic of the pervaporation experimental set up.

3. Results and Discussion

Membranes prepared using the S-C substrates (hereinafter S-C membranes) were initially prepared
and tested as a function of the vacuum-assisted impregnation time (or vacuum time exposure) and
results are displayed in Figure 3a for various feed solution of NaCl from 0.3 to 3.5 wt % tested at 20 °C.
It is observed that the highest water fluxes were achieved by the membranes with a long vacuum
exposure time. The water flux trends show stabilization around a vacuum exposure time of 300 s
for all NaCl feed solutions. It is also observed in Figure 3a that the water flux slightly reduces as the
NaCl feed concentration increased from 0.3 to 3.5 wt %, though the water flux reduction was relatively
low as compared to silica derived membranes also for desalination applications [38]. Figure 3b
shows that salt rejection was generally high in excess of 99%, except for the membranes prepared
with 30 s vacuum-assisted time. NaCl cannot evaporate under the testing temperatures in this work.
Hence, the presence of NaCl in the collected water from the cold trap is associated with hydrated ions
entrained in water vapour droplet permeation through the membrane.
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Figure 3. S-C membrane results as a function of the vacuum-assisted impregnation time for (a) water
flux (£8%) and (b) salt rejection (£1%) at 20 °C and various NaCl feed concentrations.

Figure 4a,b display the SEM surface images for the membranes prepared with vacuum-assisted
times of 30 and 600 s. It is observed that the 30 s time exposure resulted in a surface coverage with
large pores and partial coverage only. These observations suggest that 30 s vacuum-assisted time
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resulted in an uneven impregnation of phenolic resin as schematically shown in Figure 4c. Hence,
large pores could not separate hydrated ions from water, thus explaining the lower salt rejection as
compared with the membranes prepared with longer vacuum-assisted time. In addition, the 30 s
vacuum exposure was too short to etch the phenolic resin segments, thus providing a thicker film with
high resistance to water transport and lower water fluxes (see Figure 3a). Contrary to these trends,
the membrane exposed to a vacuum-assisted time of 600 s resulted in a more even surface coverage
as shown in Figure 4b. The schematic in Figure 4d depicts a more even surface coverage where the
vacuum exposure time was enough to etch the phenolic resin segments and reducing the effective
thickness of the carbon film as compared to the short 30 s vacuum time exposure. This is attributed
to etching mechanism due to vacuum low pressure. In this mechanism, the effective thickness of
the carbon film is reduced by a (re)dissolution of resin fragments which become entrained in the
solvent and result in (re)deposition deeper into the substrate. The reduction of the effective thickness
due to this etching mechanism thus explains the improved water fluxes as a function of the vacuum
time exposure.

ﬁ Ceramic Particle b Phenolic Resin Segments

@ Water Molecule -7 \_7 Permeation Pathway

Figure 4. Representative SEM images of the surface of carbon alumina S-C membranes prepared at
vacuum-assisted impregnation times of (a) 30 s and (b) 600 s, and respective idealized membrane
structural schematic (c) 30 s and (d) 600 s and the phenolic resin thickness (t).

The S-T membranes could not process saline water due to pore wetting and resulted in no
salt rejection. This is associated with the relatively large pore size of the interlayer film (~140 nm).
In order to further verify the effect of the pore size on the formation of carbon membranes, a second
impregnation was carried out by increasing the concentration of the resin from 1 to 10 wt %.
The membranes were initially tested for pure water only. Figure 5 shows that the water fluxes
reached 6.0, 1.3, and 0.8 L m 2 h ! for the seconded coated membranes with 1, 5, and 10 wt % resin
concentrations, respectively. These results show that the water flux decreased by almost one order of
magnitude as the concentration of the phenolic resin solution was increased from 1 to 10 wt %. Hence,
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the higher the phenolic resin concentration, the higher is the transport resistance for water permeation
through the membrane.
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Phenolic Resin Concentration ( wt% )

Figure 5. Pure water flux (£8%) of membranes impregnated with phenolic resin of 1 wt % in the
first-step and varying phenolic resin concentration in the second step.

Figure 6 depicts a schematic of the S-T membrane impregnation process. As the pores of
the support are relatively large, the first impregnation coat still resulted in relatively large pores
(Figure 5a). In this process, phenolic resin segments were entrained in the solvent into the S-T substrate.
This resulted in the coating of the titania particles, where the inter-particle space could not be filled
by the phenolic resin. However, in the second coating step, the inter-particle space was able to be
filled. As the concentration of the phenolic resin increased from 1% (Figure 6b), to 5% (Figure 6¢) and
10% (Figure 6d), so did the effective thickness () of the impregnated membrane. The increase of the
effective thickness as a function of the high resin concentration conferred higher resistance for the
permeation of water, thus explaining the reduction of water fluxes from 6.0 to 0.8 L m 2 h~! as the
resin concentration increased from 1 to 10 wt %, respectively.

‘f: Ceramic Particle L Phenolic Resin Segments

Figure 6. Idealized schematic of the vacuum-assisted phenolic impregnation method for the S-T
substrates (a) first impregnation, and second impregnation for phenolic resin concentrations of
(b) 1 wt %, (c) 5wt %, and (d) 10 wt % and the phenolic resin thickness (¢).
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In view of the best performance of the S-T membrane containing two coats of 1 wt % phenolic
resin, further tests were carried out with NaCl feed concentrations varying from 0.35 to 3.5 wt % as
displayed in Figure 7a. It is notable that the water flux increased from 5 to 28 L m~2 h~! as temperature
increased from 25 to 75 °C for 0.3 wt %. This is attributed to the increase in the driving force. This is
a characteristic of membranes with a transport mechanism (J = KAP°) where water vapour pressure
(AP®) is the driving force for the water flux (J) through the membrane and K is a permeance coefficient
K, which is in turn temperature dependent as reported elsewhere [62]. Therefore, raising the feed
solution temperature results in increasing the water vapour pressure in the feed side. As the permeate
side water vapour pressure is low due to the vacuum pressure, raising the temperature explains the
observed increase in water fluxes. The increase of feed concentration from brackish (0.3 wt %) to sea
water (3.5 wt %) led to a significant decrease in water fluxes, particularly as the temperature increased.
This cannot be attributed to the changes in vapour pressure, which does not change significantly for the
same temperature as a function of the salt concentration [63]. This result could be related to the effect of
the hydrophilic titania particles, which could not be fully covered during the two-step vacuum-assisted
impregnation applied to the S-T substrates. In Figure 7b, the membrane shows excellent salt rejections
of >99.5% in all the testing conditions, demonstrating the feasibility of the two-coating method.

a b
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Figure 7. Desalination results for membrane S-T-1% (first coat) and -1% (second coat) (a) water fluxes
(£8%) and (b) salt rejection (£1%).

S-P membranes with 600 nm pore size were prepared in triplicate but failed to deliver any
salt rejection. Even though a second impregnation coating was also applied with different resin
concentration from 1 to 10%, this strategy did not yield desalted water. In all cases, pore wetting was
observed as the solution went through the membrane unimpeded. This problem was attributed to
the very large 600 nm pores of the S-P substrates, which does not allow the effective carbon structural
formation within the alumina pores, similar to Figure 5a. This problem results in pore wetting and the
undesirable diffusion of hydrated salts.

Figure 8 shows a comparison of the water flux versus salt rejection based on the data in Table 1
and the results in the work. It is observed that a large number of membranes are now reaching a
high level of water purity as salt rejections are higher than 99%. Further, water fluxes increased as a
function of the salt rejection, clearly indicating that membrane preparation processes greatly improved
with superior control of pore sizes and reduction of thin film thickness. Compared with the results
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in the literature, the results in this work are reaching the highest water fluxes and salt rejections.
In addition, the carbon/ceramic mixed matrix membrane proved to be very stable as each point in
Figure 7 corresponds to one day of full testing. Hence, the membrane was tested for over 200 h at
9 points of temperature and feed salt concentration, and consistently delivered very high salt rejections.
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o ®
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Figure 8. Water flux versus salt rejection of results in Table 1 and the membrane S-C membrane
with a 600 s vacuum exposure in this work. All results are for feed solutions of NaCl 3.5 wt % at
room temperature.

Finally, carbon/ceramic mixed matrix membranes may find several industrial applications.
The most obvious is in desalination, particularly for waters with high salinity concentration, such as
brines [64]. This is important for industries which require compliance with zero liquid discharge [65]
where water must be recovered and re-used again. One clear example is the coal seam gas industry in
Australia, where coal seam gas water is no longer allowed to be simply disposed of in evaporation
ponds. Australia is one of driest continents in the world, and according to new policies [66], there
is a need to beneficially use the coal seam water to protect the environment and water as a valuable
resource. Other potential applications of the membranes in this work are for the novel percrystallisation
processes [67] for a number of industrial projects, such as hydrometallurgy by crystallising mineral
salts, or for pharmaceuticals by crystallising important compounds for health therapy.

4. Conclusions

The vacuum-assisted method proved to be effective in preparing mixed matrix membranes
containing carbon/alumina or carbon/titania for desalination applications. Short vacuum times
formed membranes with more surface defects, whilst longer vacuum time allowed for a more even
surface coverage. The substrate structure played a role in the final vacuum-impregnation method.
Substrate with pore sizes of 100 nm only required a single vacuum-assisted impregnation step.
Substrates with pores of ~140 nm required two impregnation steps. By increasing the concentration
of the phenolic resin in the second impregnation step, the water fluxes reduced. These results
suggested that the resin concentration increased the effective film thickness and compactness of
the carbon/alumina mixed matrix film, thus adding extra resistance for the transport of water. In the
case of pores being too large (>600 nm), the vacuum-assisted method did not fill the interparticle space
of the substrate and impregnated membrane films could not be formed. Future potential applications
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could include processing brines, water recovery for compliance with zero liquid discharge policies,
and percrystallisation membranes in hydrometallurgy and pharmaceutical industries.
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