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Silica gel (SG) based mixed matrix membranes (MMM) were prepared as FO
substrates.

The MMM with 1 wt.% SG (M1.00) loading had improved porosity and water
permeability.

M1.00 showed reduced S value compared to the membrane without SG
loading.

M1.00 achieved high FO water flux of >100 L/m*h for 1 M MgCl, DS and 0-

10 mM NaCl FS.
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ABSTRACT

Silica gel (SG) — polyacrylonitrile (PAN) composite Forward Osmosis (FO) membranes have
been synthesized and characterized in the present work. The incorporation of SG particles into
the PAN support layer significantly changed its water permeability and salt rejection rate. In the
range of 0.25 — 1.0 wt.% SG loading, water permeability of membranes were enhanced after the
embedment of SG, most likely due to the both porous nature of SG and the enhanced substrate
porosity. However, a reduction in both water permeability and salt rejection was observed if
further increase in SG loading (2.0 wt.%), possibly as a result of the agglomeration of SG. The
most permeable SG-PAN FO membrane (M1.00, with 1.0 wt.% SG loading) had a significantly
higher water permeability compared to the control pure PAN FO membrane (M0.00). This
membrane achieved high FO water fluxes of > 100 L/m?h was achieved by using the 1 M MgCl,
as the draw solution (DS) and 0-10 mM NaCl as the feed solution (FS). To the best knowledge of
the authors, this is the first study reporting the development and application of SG-PAN mixed

matrix FO membranes (MMMs) based on layer-by-layer assembly.

Keywords:

silica gel (SG); mixed matrix membrane (MMM); forward osmosis (FO); phase inversion;

crosslinked layer-by-layer (xLbL) assembly; internal concentration polarization.
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1. Introduction

By using the osmotic pressure difference between a low concentration feed solution (FS) and a
high concentration draw solution (DS) as the driving force to move water through a semi-
permeable membrane, forward Osmosis (FO) can potentially reduce the energy consumption of
current technologies by up to thirty percent [1, 2]. Compared to high pressure-driven reverse
osmosis (RO) and nanofiltration (NF) membrane processes, FO process has been reported to
have several advantages including (1) low energy consumption and higher fouling resistance, (2)
high rejection of a variety of solutes, and (3) low operating cost because of the utilization of high
osmotic pressure difference instead of the high pressure difference across the membranes as the
driving force [3-5]. Hence, FO process has been employed in a wide range of applications such
as wastewater treatment [4, 6-8], seawater desalination [5, 9, 10], food processing [11, 12], and

valuable product concentration [12, 13].

Comprehensive reviews of FO technology have been provided by Cath et al. [1], Zhao et al. [2],
and Chung et al. [14]. Existing commercial FO membranes are based on triacetate (CTA)
chemistry [15]. These membranes have relatively low water permeability and are prone to
hydrolysis and biodegradation. Therefore, one of the highest priorities in the research area of FO
is to develop high performance FO membranes [15-26]. Generally, FO membranes are
synthesized by phase inversion method [27, 28] followed by either interfacial polymerization [15,
17, 19, 23, 24, 26] or layer-by-layer (LbL) [20-22, 25], with a dense rejection layer on top of a

porous support layer. One of the major limitations for these asymmetric composite FO
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membranes is the internal concentration polarization (ICP), a specific and serious problem in FO
process [1, 29-32]. In reality, the actual effective osmotic concentration difference will be
significantly lower than the theoretical bulk osmotic concentration difference across the
rejection layer [31]. Concentrative ICP occurred when the active layer faces the draw solution
(AL-DS), the solutes were concentrated in the membrane porous substrate. Alternatively, dilutive
ICP occurred when the active layers faces the feed solution (AL-FS), the draw solution was
diluted in the support layer. In general, a smaller structural parameter S, which means thinner
membrane, smaller tortuosity, and higher porosity of membrane) can reduce the severity of ICP

during the FO process.

Recently, mixed matrix membrane (MMM) is an emerging topic under membrane development
area. Several membrane properties, such as permeability, selectivity, thermal and mechanical
stability, can be potentially enhanced by incorporating nanomaterials such as zeolite [33-38],
silica nanoparticle [39-41], titanium oxide nanoparticle [42], and silver nanoparticle [43-45]. For
example, silica nanoparticle, which has a variety of advantages such as high thermal and
chemical stability, inexpensive and commercially viable, tunable particle and pore size [46, 47],
has been reported to increase gas permeability without significantly decrease the selectivity of
mixed matrix membranes [48-50]. The performance enhancement was believed due to the good
compatibility between the polymer and the silica nanoparticle and they could be potentially used
to fabricate not only gas separation, but also ultrafiltration and reverse osmosis MMM for
industrial application. Unlike pressure driven membranes, FO water flux is strongly affected by
ICP. The mixed matrix approach can be potentially effective in enhancing the mass transfer

efficiency of membrane substrate and thus in controlling ICP. Nevertheless, the utilization of
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silica gel (SG) as the filler for the preparation of mixed matrix FO membranes has not been

reported in the open literature.

The objective of current study is to improve FO performance by using SG-based mixed matrix
substrate. SG was embedded into polyacrylonitrile (PAN) to cast MMMs with various SG
loadings. The morphology, structure and performance of these SG-PAN MMMs were
systematically characterized. To the best knowledge of all the authors, this is the first report
systematically studying the synthesis and characterization of SG-PAN MMM based membranes

for FO application based on layer-by-layer assembly.
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2. Experimental

2.1. Materials and chemicals

All chemicals and reagents were used as received unless otherwise stated. PAN (Sigma—Aldrich,
Mw ~150,000, Lot# MKBD6325V) was used for polymer dope solution preparation. PAN is
used in the current study for its ease of processing, good chemical resistance, mechanical
strength, and thermal stability [22, 51]. N,N-dimethylformamide (DMF, purity >99.8%, Merck)
was used as solvent while lithium chloride (anhydrous LiCl, Merck) was added as the pore
former, respectively. Sodium hydroxide (anhydrous NaOH, purity >98%, Merck) was used to
prepare alkali solution for base treatment of PAN substrate to enhance hydrophilicity. Silica gel
(SiliaFlash® Irregular Silica Gels - F60 Silica, SiliCycle, Lot# 070612) were used for MMMs
preparation due to its high surface area, neutral pH, low trace metal content, tight particle size
distribution, and well characterized properties [52]. According to the product characteristics
provided by the company, the particle size and pore size of silica gel ranged from 40 to 63 um

and 55 to 65 A respectively.

Poly(allylamine hydrochloride) (PAH, Mw ~ 112,000 - 200,000, Polyscience, Lot# 639458) was
used as polycation and poly(sodium 4-styrene-sulfonate) (PSS, Mw~70,000, 30 wt.% in H,0,
Sigma-Aldrich, Batch# 09622HH) was used as polyanion for LbL self-assembly. The ionic
strength of both PAH and PSS was adjusted by sodium chloride (NaCl, 99%, Merck). The LbL
rejection layers were crosslinked by using glutaraldehyde (GA, 25% in water, Sigma—Aldrich).
Previous studies [20-22, 53] have shown that xLbL FO membranes have relatively high FO
water flux and good rejection to divalent ions and may have potential applications in biomass

concentration, food processing, etc.
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2.2. Fabrication of PAN nanocomposite substrates

To achieve good dispersion of the particles, different amounts (0.0 wt.%, 0.25 wt.%, 0.5 wt.%,
1.0 wt.% and 2.0 wt.% based on the dope solution) of dry silica gel particles were added into
DMF followed by ultrasonicated the solution for 1 h. PAN (18 wt.%) and LiCl (2 wt.%) were
then added into the DMF solution followed by stirring for at least 24 h at 60 °C until a
homogeneous solution was obtained. The polymer solution was then cooled down to room
temperature overnight without stirring to completely remove any gas bubbles. A casting knife
was set at a gate height of 150 um (Elcometer Pte. Ltd., Asia) was used to cast the polymer
solution onto a clean glass plate. The polymer film was then solidified in the tap water bath at
room temperature. The PAN substrate was then immersed into the 1.5 M NaOH solution at 45 ‘C

for 1.5 h to partially hydrolyze the PAN substrate surface.

2.3. Layer by layer assembly and crosslinking

The details procedure for LbL rejection layer preparation can be found elsewhere [20-22, 25].
Briefly, the rejection layer was formed by alternatively soaking the PAN substrate into the PAH
and PSS solution for 15 min followed by soaking the substrate into the DI water after each
polyelectrolyte soaking step. Based on the optimization performed in our prior studies [21, 22],
the PAH/PSS treatment was repeated three times to prepare membranes rejection layer with
suitable rejection properties for FO applications. LbL FO membranes were cross-linked by
soaking the membranes in a 0.1 wt.% GA solution for 30 min followed by soaking with DI water

for 5 min to remove excess GA and the resulting membrane was designated as (M0.00, M0.25,
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MO0.50,M1.00, and M2.00). Table 1 shows the compositions of polymer dope solution and active

layer.

2.4. Membrane characterization

The surface and cross section morphological structures of the prepared PAN membranes were
characterized by field emission scanning electron microscope (FESEM, JSM-7600F, USA) [25].
A freeze-dryer was used to dry all the membranes samples at room temperature for at least 12 h
followed by coated with a uniform platinum layer before observation. Element mapping was
detected with the FESEM microscope equipped with energy-dispersive X-ray spectroscopy
(EDX) [37]. The surface roughness of the membrane samples were tested by atomic force
microscope (AFM, Park Systems XE-100, Korea). Micromeritics ASAP 2020 instrument (USA)
was used to obtain the nitrogen sorption isotherm at — 196 'C [39]. The sample was degassed in a
vacuum oven for 6 h at 200 "C to remove the gases and vapors absorbed on the sample surface
before the measurement. By ploting the volume of nitrogen adsorption against the relative
pressure, the specific surface area, pore diameter, and pore volume of silica gel was calculated

using multiple point Brunauer-Emmett-Teller (BET) equation.

1 c-1 P 1

= x—+
|:Va(PO_1]:| vV,C P, V,C

where Vv, is volume of gas absorbed at standard temperature and pressure and V,, is volume of

gas absorbed at standard temperature and pressure to produce an apparent monolayer on the

sample surface. P is partial vapor pressure of adsorbed gas in equilibrium with the surface at
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77.4K and P, is saturated pressure of absorbed gas. C is dimensionless constant that is related to

the enthalpy of adsorption of the adsorbed gas on the powder sample.

By measuring the dry mass (mgry) and wet mass (mwe) Of membrane samples, the membrane

porosity (¢) can be calculated according to following equation [15, 54]:

(mwet - mdry)/pw

= x100%
(mwet - mdry)/pw + mdry/pm

Where py, and pn are the density of water (1.0 g/cm®) and the density of PAN (1.18 g/cm®). It was
assumed that all the pores in the membrane and silica gel were completely filled with water.
Attenuated total reflection-Fourier transform infrared spectra (ATR-FTIR, Shimadzu Prestige-21,
Japan) was used to confirm the functional group on the membranes. OCA contact angle
goniometer system (DataPhysics Instruments GmbH, Germany) was used to measure contact
angles of the membranes and the measurement was repeated 8 times on 3 different membrane
samples with the elimination of the highest and lowest two values before averaging and
calculating the standard deviation. The methods for determining intrinsic separation properties
such as pure water permeability, salt rejection, and salt permeability can be found elsewhere [15,
29]. Briefly, all the membranes were tested in a pressurized cross flow filtration setup using an
applied pressure of 5 bars and the feed water temperature remained at 20 °C by a circulating
cooling system. The effective membrane area was 42 cm?. A relatively high cross flow velocity
of 20 cm/s and diamond-shaped feed spacers were used to reduce the concentration polarization
of feed solutes. By measuring the amount of permeate, the water permeability coefficient A of

membranes was determined. The MQgCI, rejection R were determined by conductivity
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measurements (Ultra Meter 11™ 4P, Myron L Company, CA) with the difference between the
feed water and permeate water. The reported values of A and R are the average value of at least
three replicates and the solute permeability coefficient B was calculated from the rejection and

the permeate flux.

2.5 FO performance evaluation

All the details of FO performance evaluation has been reported in our previous studies [37].
Briefly, a small piece of membrane with the effective membrane area of 60 cm®was used in each
FO test. Both the FS and DS were pumped by two independent variable speed pump at a fixed
cross flow rate of 20 cm/s on both sides of the membrane. Concentrated MgCl, solutions (0.1,
0.3, 0.5, 1.0, 2.0 or 3.0 M) were used as draw solution and the feed solution was either 10 or 100
mM NaCl solution and DI water. MgCl, was selected as the draw solute as it has high water
solubility (which helps to generate a wide range of osmotic pressure), high diffusion coefficient
(which helps to reduce internal concentration polarization), and good rejection by the active
layers (which helps to reduce reverse solute diffusion) [2, 55]. By measuring the weight change
of the FS tank with a weighing balance at fixed time intervals, the FO water flux was determined
using computer data logging system. The solute flux through the FO membrane was measured by
monitoring the conductivity of the FS. For each membrane sample, both the active-layer-facing-

DS (AL-DS) and active-layer-facing-FS (AL-FS) orientations were tested.

The structural parameter S of the FO membranes was determined by [22]:

10
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where D is the solute diffusion coefficient; S is the structural parameter of the support layer;

Cuaraw and Cyeeq are the concentrations of draw solution and feed solution, Js is the solute flux; £ is

the van’t Hoff coefficient; Ry is the universal gas constant; T is the absolute temperature.
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3. Results and discussion

3.1. Characterization of silica gel particles

The FESEM image and the nitrogen adsorption and desorption isotherms showed that the SG
particles are monodispersed microparticles with a narrow particle size of ca. 60 um and there are
relatively ordered nanopore channel (6 nm) in the particle (Fig. 1). The specific surface area for

SG is 542 m?/g calculated by using the Brunauer-Emmett-Teller (BET) method.

3.2. Characterization of physical and chemical properties of SG-PAN MMMs
3.2.1. Morphology, thickness and porosity of SG-PAN MMMs

Both top view and cross section images of pure PAN substrate (M0.00) and SG-PAN MMM
substrates (M1.00) were shown in Fig. 2 (a) to (d). Basically, no major difference was observed
on the top substrate surface. The cross-sectional images (Fig. 2 (c) and (d)) showed that less
pores was observed without the SG particle (M0.00) while more straight finger-like pores were
observed with SG particles (M1.00). From Fig. 2 (e) and (f), the presence of SG was observed
using FESEM and further confirmed by both EDX and FTIR analysis (Fig. 3). One potential
explanation is that the hydrophilic SG might facilitate the formation of pores due to decreased
interfacial energy between solvent (DMF) and water during phase inversion separation [39]. As a
result, a highly porous substrate (porosity of >70% based on gravimetric measurement) was
obtained (Table 2). Substrate with high porosity and low tortuosity are generally favored in FO
application to minimize structural parameter S [15]. The overall thickness of membrane substrate
was ~55 um, which is comparable to the thickness of commercial HT1 FO membranes (40 — 90

pm) but is significantly thinner than that of conventional TFC RO membranes (150 um) [22].

12
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3.2.2. ATR-FTIR spectra of SG-PAN MMMs

Fig. 3 showed the ATR-FTIR spectra of the pure PAN membrane (M0.00) and the SG-PAN
MMMs (M2.00). The FTIR spectra of PAN and NaOH-treated PAN have been reported in Qiu et
al. [21] and Phuoc et al. [52]. For both of the membranes, the absorption peaks at 1560, which
correspond to the -COONa stretching. The presence of the -SO3 group of the PSS polyelectrolyte
at 1006, 1035, and 1126 cm™ and -CH=N- group of the PAH polyelectrolyte at 1627 cm™
indicated that the xLbL film was successfully deposited onto the SG-PAN MMMs. Furthermore,
a new peak at ~1050 cm™, which is attributed to the Si-OH stretching, indicates that the SG
particles were successfully incorporated in the PAN membranes [39]. Its low peak intensity was

likely due to the relatively low loading of silica (2 wt.%).

3.2.3. FESEM and AFM characterization of SG-PAN MMMs

Top view of both FESEM and AFM of SG-PAN MMM s after XLbL synthesis is shown in Fig. 4.
Generally, as the loading of silica gel in the polymer dope solution increase, surface roughness of
the SG-MMMs increased. As the loading of silica gel in the polymer dope solution increase, the
AFM root-mean-square (RMS) roughness, which is an indication of the mean roughness height,
was significantly increased from 15 nm (MO0.00) to 36 nm (M1.00), which showed greater
nodular appearance on the surface of SG-MMMs. This might be due to the presence of SG cause
the variation of surface roughness of SG-PAN MMMs under different loading. In general, as the
surface roughness increase, the water permeability of the membrane also increases. The exact
mechanism is not clear and further research is needed to explain this phenomena. In addition, the

increased surface roughness may potentially affect the fouling propensity of the membrane [56,

14
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3.3. Effect of SG loadings on intrinsic separation properties of SG-PAN MMMs

The effect of SG loadings on intrinsic membrane separation properties, such as water
permeability and salt rejection of SG-PAN MMMs, were measured by using pressurized cross
flow filtration test (Appendix A). The relationship between SG loading and water permeability of
the SG-PAN MMM was shown in Fig. 5. The water permeability of pure PAN substrate is 14.9
L/m?h bar. With the increment of in SG loading, the SG-PAN MMM substrate showed higher
water permeability and an optimal of 24.5 L/m* h bar was attained for M1.00, which can be
partially attributed to the nanoporous nature of the SG particles (Fig. 1). In addition, the SG
particles may affect the phase inversion process to facilitate the formation of finger-like pore
structure of the membranes due to the hydrophilic surface of SG [39]. Further increasing SG
loading to 2.0 wt.% had negative impacts on the SG-PAN MMM permeability, eg. 12.5 L/m*h
bar for M2.00. This might be explained by increased risk of particle agglomeration at excessive

SG loading, which lead to less effective water transport in the substrate [39, 58].

As shown in Fig 5(b), the SG-PAN MMMs showed same trend to that the water permeability of
the substrate. The water permeability of M0.00 is 1.85 L/m?h bar. With the increment of in SG
loading, the SG-PAN MMMs showed higher water permeability and an optimal of 3.79 L/m?h
bar was attained for M1.00. Further increasing SG loading to 2.0 wt.% had negative impacts on
the SG-PAN MMM permeability, eg. 2.26 L/m? h bar for M2.00. The current study showed
reduced MgCl, rejection at increased SG loading, which might be due to the formation of a less
tight rejection layer. The salt rejection decreased from initial 91% for M0.00 to 66% for M2.00,
which resulted in a drastic increase of B value from 2.6 x 107 m/s to 16.6 x 107 m/s. The ratio

of solute permeability to water permeability (B/A ratio) increased as the loadings of silica gel

16
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increased (Appendix B). Further study is needed to optimize the membrane B\A parameter in

order to reduce solute reverse diffusion and to achieve a more stable FO process [1, 2].

3.4. FO performance
3.4.1. Effect of SG loadings on FO performance of SG-PAN MMMs

Fig. 6 demonstrates different SG loadings on FO performance of SG-PAN MMMs. By using 0.5
M MgCl; as DS and DI water as FS, the FO water flux is tested for both AL-DS and AL-FS
orientation. Without SG loading, the xLbL membrane (M0.00) had an FO water flux of 40.8
L/m?h in AL-DS and 17.5 L/m?h in AL-FS. The much lower flux in AL-FS can be attributed to
the dilution of draw solution in the membrane substrate in this orientation [29, 31]. The
embedment of SG particles increased the FO water flux initially for a SG loading up to 1.0 wt.%
and further increase SG loading caused the water flux reduction. This might be explained by
increased risk of particle agglomeration at excessive SG loading, which lead to less effective
water transport in the substrate [39, 58]. In addition, this result is consistent with the water
permeability A of SG-PAN MMMs, where the membrane with the optimal water permeability
also had the optimal FO water flux (M1.00). For the AL-FS orientation, the same trend was also
observed, where once again the SG-PAN membrane (M1.00) showed the highest water flux.
With a 0.5 M MgCl, as the DS and DI water as the FS, M1.00 had water flux of 77.9 L/m®h in
AL-DS and 28.6 L/m?h in AL-FS. The water flux of the pure PAN membrane (M0.00) were
significantly lower than these values, suggesting that the incorporation of SG particles as an

effective approach for enhanced FO water flux performance.
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The Js/Jv ratio of SG-MMMs is shown in Fig. 6(b) for both the AL-DS and AL-FS orientation.
The term Js/Jv ratio represents the effective solute concentration reverse diffused through an FO
membrane. When evaluating FO membranes, we need to consider both water flux and solute flux
at the same time. Previous studies have revealed that lower Js/Jv value is preferred to avoid
excessive fouling and solute accumulation in FO processes, less severe membrane fouling as
well as decreased the replenishment cost where DS regeneration is needed [20-22, 25]. We
observed for the SG-PAN MMMs that (1) a very small value of Js/Jv ratio was obtained (<0.3
g/L), (2) Js/Jv ratio was slightly higher in AL-FS compared to AL-DS, and (3) Js/Jv ratio remain
nearly constant for a SG loading up to 1.0 wt.% and further increase SG loading resulted in
slightly higher Js/Jv ratio in both AL-DS and AL-FS. The SG-PAN MMM membrane (M2.00)
has the highest Js/Jv ratio in both AL-DS and AL-FS. The high Js/Jv value can be contributed to
the low solute rejection by the membrane and the corresponding high B/A value. With a 0.5 M
MgClI; DS and DI water FS, M2.00 had Js/Jv ratio of 0.12 g/L in AL-DS and 0.25 g/L in AL-FS.
The Js/Jv ratio of the pure PAN membrane (MO0.00) was slightly lower than these values,
suggesting that the incorporation of excess SG particles decreased the selectivity of SG-PAN
MMMs. Therefore, it is very crucial to optimize the SG loading because of excess SG particles
(eg. from 1 wt.% to 2.wt.% in this study) may dramatically increase the solute flux and decrease
the water flux at the same time (ie. the Js/Jv ratio increased). Comparison of FO performance of

the SG-PAN MMM membranes with other FO membranes in literature was shown in Table 3.

3.4.2. Effect of draw solution and feed solution concentrations on FO performance of SG-PAN
MMMs

18
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The FO water performance of SG-PAN MMMs (M1.00) is presented in Fig. 7 for a variety of
DS concentrations (0.1, 0.3, 0.5, 1.0, 2.0, 3.0 M MgCl,) and FS concentrations (0, 10, 100 mM
NaCl). Regardless of the membrane orientation, higher the concentration of the DS resulted in
higher the FO water flux for the SG-PAN MMM due to the larger osmotic pressure as the
driving force across the membrane. In AL-DS orientation, the FO water flux of SG-PAN MMM
(M1.00) was 20 L/m?h for a 0.1 M MgCl, and it increased to 77.9 L/m?h at 0.5 M MgCl, as a
result of increased the osmotic driving force. The highest FO water flux of 121 L/m? h was
achieved by using the 2.0 M MgCl, as the DS and DI water as the FS, this clearly demonstrates
the potential of SG-PAN MMMs for high flux FO application. However, further increase the
concentration of DS to 3.0 M MgCl; did not result in additional gain in water flux. This is
consistent with prior studies [10, 59] that ICP increases and FO efficiency decreases at higher DS

concentrations.

The FO water performance of SG-PAN MMMs (M1.00) is presented in Fig. 7(b) for various FS
concentrations using 1.0 M MgCl, DS. Regardless of the membrane orientation, higher FS
concentration decreased the osmotic pressure driving force across the membrane and hence
decreased the water flux of the SG-PAN MMMs. With a 1.0 M MgCl, as the DS and DI water as
the FS, M1.00 had water flux of 117 L/m?h in AL-DS and 41 L/m®h in AL-FS. These values
were significantly higher than those of the commercial HTI Hydrowell membranes, which had
water flux of 36.3 L/m?h in AL-DS and 15.8 L/m?h in AL-FS, under the same testing condition.
However, further increasing the FS concentration from 10 mM to 100 mM NaCl solution, the FO
water flux decreased sharply from 106 L/m?h to 65.4 L/m?h in AL-DS orientation and the FO

water flux decreased slightly from 37.4 L/m?h to 33.8 L/m?h in AL-FS orientation.
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4. Conclusions

In summary, SG-PAN MMM based FO membranes with and without SG particles were
systematically synthesized and characterized in this study. SG-PAN MMMs can significantly
enhance FO water flux probably due to both the nanometer pores in the SG particles and
enhanced substrate porosity upon embedment into the membrane substrate layer. Both the
intrinsic separation properties and surface chemistry and of SG-PAN MMMs were enhanced by
various SG loadings. The highest FO water flux of 121 L/m?h was achieved by using the 2.0 M
MgCl, as the DS and DI water as the FS. The current study demonstrates the potential of use of
MMMs for improving the substrate porosity and mass transfer coefficient as well as the rejection
layer properties. This opens an additional dimension for ICP control in osmotically-driven

membrane processes.
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Appendix A

Pressurized cross flow filtration setup.

=

(1) Feed tank, (2) pump, (3) liquid flowmeters, (4) membrane cells, (5) regulating valves, (6)

pressure gauges, (7) three-port valves. [37]
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Appendix B

Intrinsic separation properties of SG-PAN MMM membrane with different silica gel
loading®

Water permeability

Water permeability A Salt
Membran after NaOIk:I after xLbL synthesisb I\/_IgC_Ig Permeabilit ~ B/A°

treatment Rejection ¢
e 7 ¢ yB (kPa)

2 2 (x10™“m/s (%) 7
(L/m* h bar) (L/m* h bar) Pa) (x10"'m/s)

M0.00 149404 185+010 52+03 01 26+04 496
M0.25 16.3+0.9 3504011  9.7+0.3 84 00+16 924
M0.50 22.3+0.4 3354008  9.3+02 83 06+16 102
M1.00 24.5+0.9 3794017 105+05 76 169+11 161
M2.00 121407 226+013  63+04 66 166+58 262

% The experiment errors are reported as the standard deviation of at least 3 repeated

measurements.

® Measured at an applied pressure of 5 bar with ultrapure water as feed water in the pressurized

cross flow filtration testing mode.

¢ Measured at an applied pressure of 5 bar with 5 mM MgCl, as feed water in the pressurized

cross flow filtration testing mode.
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544  Table 1. Flat-sheet SG-PAN MMMs with different SG loading.

Substrate Active Layer

Membrane PAN DMF LiCl SG PAH PSS

(wt.%) (wt.%) (wt.%) (wt.%) (o/L) (g/L)

M0.00 18 80.00 2.0 0.00 1.0 1.0

MO0.25 18 79.75 2.0 0.25 1.0 1.0

MO0.50 18 79.50 2.0 0.50 1.0 1.0

M1.00 18 79.00 2.0 1.00 1.0 1.0

M2.00 18 78.00 2.0 2.00 1.0 1.0
545
546
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547  Table 2. Membrane thickness, membrane porosity, surface roughness, and contact angle of SG-
548 PAN MMMs with different loading of silica gel.

Membrane Membrane Surface Contact Anale Structural
Membrane Thickness Porosity ¢ ~ Roughness R, ©) g Parameter
(um) (%) (nm) (mm)
MO0.00 56+1 6711 15+1 34+2 0.36 £ 0.03
MO0.25 52+1 735 21+2 28+1 0.44 +0.01
MO0.50 55+1 78+4 33+3 262 0.28 £ 0.02
M1.00 54+1 791 36+8 30+1 0.25+0.01
M2.00 50+1 80+3 15+1 33+1 0.34 £ 0.01

549
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550 Table 3. Comparison of FO performance of the SG-PAN MMM membranes with other FO membranes in literature

DS:
i) il 3/, N .
Membranes (Umh)  (g/m?h)  (g/L) FS Néﬁﬂc)lz orientation  Temp. (°C) Reference Number
17.5 2.7 0.15 DI 0.5 AL-FS 25+1
MO0.00 2
40.8 3.2 0.08 DI 0.5 AL-DS 25+1
19.5 35 0.18 DI 0.5 AL-FS 25+1
MO0.25 2
54.7 3.9 0.07 DI 0.5 AL-DS 25+ 1
25.3 4.8 0.19 DI 0.5 AL-FS 25+ 1
MO0.50 @ current study
67.3 5.8 0.09 DI 0.5 AL-DS 25+1
28.6 5.8 0.20 DI 0.5 AL-FS 25+1
M1.00 2
77.9 6.9 0.09 DI 0.5 AL-DS 25+1
19.6 4.8 0.25 DI 0.5 AL-FS 25+ 1
M2.00 2
45.7 5.7 0.12 DI 0.5 AL-DS 25+ 1
17.2 20 o120 m/'\[/')INaC' 05 AL-FS 23+1
xLbL2.5° 45
39.3 31 o071 m/l'\glNaC' 05 AL-DS 23+1
423 120  0.284 DI 0.5 AL-DS 22405
xLbL3-3°¢ 20
35.5 N.A. N.A. 10 mM NaCl 0.5 AL-DS 22405
xLbL ¢ 30.0™ 58  0.193" DI 0.5 AL-FS 23 21

31



60.0™ ) 0.058™ Dl 0.5 AL-DS 23

28.7 10.5 0.366 DI 1 AL-FS 23+1
25.3 N.A. N.A. 10 mM NaCl 1 AL-FS 23+1

3#LbL FO °
31.7 28.6 0.903 DI 1 AL-DS 23+1
23.8 N.A. N.A. 10 mM NaCl 1 AL-DS 231
T 15.8 1.2 0.074 DI 1 AL-FS 23+1
36.3 7.6 0.209 DI 1 AL-DS 23+1

551  2J, values were obtained by using 0.5 M MgCl, as draw solution and DI water as feed solution.

552 P J,values were obtained by using 0.5 M MgCl, as draw solution and DI water or 10 mM Nacl as feed solution.
553  ° Cross-linked double-skinned NF-like flat sheet FO membranes

554 9 Cross-linked NF-like flat sheet FO membranes

555  °Flat sheet FO membranes

556 | Commercial flat sheet thin film FO membrane.
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Fig. 1. Nitrogen sorption isotherm of silica gel and the inset is the FESEM micrographs of

silica gel.
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Fig. 2. FESEM micrographs of the membranes substrate. (a) Top surface and (c) cross-
section of M0.00 substrate; (b) top surface and (d) cross-section of M1.00 substrate; (e) and
(f) FESEM and EDX image of M1.00 substrate confirmed that SG particle was successfully

incorporated into the membranes.
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Fig. 3. FTIR spectra of pure PAN membranes (M0.00) and SG-PAN MMM (M2.00). A new

peak at ~1050 cm™ was due to the Si-OH stretching of silica gel.
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Fig. 4. FESEM and AFM characterization of (a) M0.00, (b) M0.25, (¢) M0.50, (d) M1.00 and
(e) M2.00.
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Fig. 5. Effect of different silica gel loading on (a) the pure water permeability of the
membranes substrate after NaOH treatment and (b) on the performance of RO after xLbL
synthesis. Testing conditions: DI water or 5 mM MgClI, as the feed solution; applied pressure:

5 bars, error bar was based on the standard deviation of 3 replicate measurements.
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Fig. 6. Effect of silica gel loading on (a) FO water flux, and (b) ratio of solute flux over water
flux of SG-PAN MMM membranes. Testing conditions: 0.5 M MgCl, as the draw solution and

DI water as the feed solution, error bar was based on the standard deviation of 3 replicate

measurements.
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on the standard deviation of 3 replicate measurements.



	SEPPUR-D-13-01457R1 9
	SEPPUR-D-13-01457R1 10
	Content

