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Hybrid organosilica membranes were successfully prepared using bis(triethoxysilyl)ethane (BTESE) and applied to reverse
osmosis (RO) desalination. The organosilica membrane calcined at 300°C almost completely rejected salts and neutral
solutes with low-molecular-weight. Increasing the operating pressure led to an increase in water flux and salt rejection,
while the flux and rejection decreased as salt concentration increased. The water permeation mechanism differed from the
viscous flow mechanism. Observed activation energies for permeation were larger for membranes with a smaller pore size,
and were considerably larger than the activation energy for water viscosity. The organosilica membranes exhibited
exceptional hydrothermal stability in temperature cycles up to 90°C. The applicability of the generalized solution-diffusion
(SD) model to RO and pervaporation (PV) desalination processes were examined, and the quantitative differences in water
permeance were accurately predicted by the application of generalized transport equations. © 2012 American Institute of

Chemical Engineers AIChE J, 59: 1298-1307, 2013
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Introduction

The provision of clean, fresh water for continuously grow-
ing populations is a long-term challenge facing the world
today. Reverse osmosis (RO) is now the leading technology
for the production of drinking water from seawater and
brackish water, and its popularity is expected to increase in
the near future."” A typical RO membrane is composed of a
crosslinked aromatic polyamide thin film on the surface of a
microporous polysulfone support via interfacial polymeriza-
tion. These polyamide thin-film composite membranes domi-
nate the current RO membrane market due to their high salt
rejection (>99%) and high water permeability.3 However,
polyamide membranes are prone to biofouling, which
severely diminishes filtration performance and shortens
membrane lifetime.* The membrane biofouling could be
reduced or even stopped if the oxidizing agents such as chlo-
rine could be added to the feed. Unfortunately, polyamide
membranes are quite sensitive to chlorine, because the amide
linkage in the membranes is susceptible to chlorine attack.’
Extensive efforts have, therefore, been devoted to developing
new chlorine-resistant RO membranes, such as the recently
exploited membranes based on crosslinked lyotropic liquid
crystals and sulfonated block copolymers.ﬁ_8 Moreover, oper-
ation of RO at high temperatures is desired in many indus-
trial applications, such as the food and textile industries.”'"
Unfortunately, the maximum operating temperature for most
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polyamide membranes is normally below 55°C.1!" Hence, a
major objective in new RO membrane development is the
combination of high permeability and selectivity, along with
durability in harsh environments.

Inorganic membranes have superior thermal and chemical
stability with great potential for application to water desali-
nation. Recently, zeolite membranes such as MFI-type (sili-
calite and ZSM-5) zeolite, have been tried for RO desalina-
tion because of their well-defined sub-nanometer pore struc-
tures.'>'> Zeolite membranes, however, typically require
tedious synthesis procedures to form thin, defect-free film on
porous substrates. Another promising candidate for RO
desalination is amorphous microporous silica membranes
with molecular sieving permeation characteristics. These
sol-gel derived silica membranes with pore sizes that range
from 2-5 A have been successfully used for gas separation
and pervaporation (PV) processes.'®'® The main obstacle to
the use of silica membranes for water purification is struc-
tural instability in the presence of water, due to hydrolysis
of the siloxane bonds and rearrangement of the silanol
groups, which eventually results in a loss of separation per-
formance.'” Some alternative approaches have been pro-
posed to improve the hydrothermal stability of silica mem-
branes, such as modification of silica matrix with metal
oxides®™?!' or methyl (—CH3) groups.”*?

More recently, some research groups have reported the uti-
lization of organically bridged bis-silyl precursors for the fab-
rication of microporous organosilica membranes. The stability
of the membranes has been greatly enhanced by incorporating
organic linking groups between two silicon atoms.**>* Castri-
cum et al*** developed microporous membranes derived
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from cocondensation of 1,2-bis(triethoxysilyl)ethane (BTESE)
and methyltriethoxysilane (MTES) for the dehydration of 95
wt % n-butanol by PV. The results demonstrated that these
organosilica membranes could withstand long-term operation
of up to 2 years at 150°C. BTESE and bis(triethoxysilyl)me-
thane (BTESM) membranes showed a high degree of acid sta-
bility in long-term measurements at a pH value of ~2, and
the membrane performance was reproducible for acidities that
ranged from pH 2-82° Our research group proposed a
“spacer” technique to control silica networks, using an organ-
ically linked alkoxide for the development of a highly perme-
able hydrogen separation membrane with hydrothermal stabil-
ity. Organosilica membranes derived from BTESE showed
approximately one order of magnitude higher H, permeance,
compared with previously reported tetracthoxysilane (TEOS)-
derived silica membranes.*”**

A number of transport equations have been proposed for
the transport mechanism. Gas permeation through porous
membranes is governed by the viscous, Knudsen, surface
diffusion, and molecular sieving mechanisms, depending on
the pore size and the molecular size. One major transport
theory for nonporous membranes is the solution-diffusion
(SD) model in which the permeating molecules dissolve into
a membrane, diffuse through it, and desorb from the other
side. In liquid-phase separation, viscous flow is the accepted
mechanism for the permeation of solvents in the range of
MF to NF, while SD is the most widely accepted mechanism
for transport in RO. The SD model was also applied to PV.
Although the SD model has been used successfully for RO,
PV and gas separation (GS), different types of SD equations
have been used and the relationship among them is not clear.
Several research groups have proposed a generalized SD
model.?** The more general equations provide a good
description of transport behavior in all of these processes,
and can be compared with each other. The generalized SD
mode is valuable in predicting the flux in gas separation, PV
and RO. However, only a limited number of articles have
discussed the generalized SD model and examined its applic-
ability.

Our most recent study examined the possibility of using
BTESE-derived organosilica membranes to desalinate water
by RO. These organosilica membranes exhibited exceptional
chlorine tolerance and hydrothermal stability in our prelimi-
nary study, showing great promise as a new type of robust
RO membrane materials.®> For a better understanding of the
permeation properties of this membrane, more detail is
needed regarding the factors that affect membrane perform-
ance. In this article, we present the results of a series of
studies including the effects of solute species, calcination
temperatures and operational variables on membrane per-
formances. Moreover, three different membrane processes,
including RO, PV and gas permeation, were performed using
the same organosilica membrane to study the transport prop-
erties in each process, and a quantitative comparison of
water permeances in PV and RO was made by using gener-
alized SD equations.

Theory
Conventional solution-diffusion model

The solution-diffusion model is widely accepted for the
explanation of transport behavior in RO, PV, and gas perme-
ation.”>** The schema of permeation in a solution-diffusion
film are schematically presented with symbols in Figure 1
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Figure 1. Schematic illustration of permeation through
a solution-diffusion membrane.

In the case of RO, the volume flux of water J,, is
expressed as follows

Jy = Ly(AP — Ar), (1)

where L, is the water permeability and, AP (= P, — P») and
An (= m; — my) are the differences in applied pressure and
osmotic pressure, respectively. The osmotic pressure 7, is
given by

= ¢CRT ()

where ¢ is the osmotic coefficient, Cy is the molar
concentration of ions, R is the gas constant, and T is the
absolute temperature. For dilute solutions, ¢ is reasonably
assumed to be unity for the Van't Hoff equation. Similarly,
according to the SD model, a simplified expression for salt
flux Jg, is given by

Js = B(Cr — Cp) 3)

where B is the salt permeability, and C and C,, are the salt
concentrations in the feed and permeate, respectively.

Flux in PV can be expressed with permeance in PV, Ppy,
and vapor pressure difference across a membrane (Pg, —
P»), since the driving force of the permeating molecules is
the vapor pressure P, = P;. When the vapor pressure in the
permeate P, is assumed to be zero, permeate flux can be
expressed as follows

J:PPV(PM[_PZ):PPV'PMI (4)

A similar equation is conventionally applied to gas perme-
ation, using pressure difference between the feed and perme-
ate sides, as follows

J = Pgs(Py — P2) (6))

Generalized solution-diffusion model

The generalized SD model assumes that the diffusion
coefficient D, activity coefficient 7™, and total molar concen-
tration C”, are constant; the pressure within a membrane P,
is uniform and equal to upstream pressure Py; and, the molar
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volume of a permeant v, is constant, and is not dependent on
the pressure. According to the SD model, permeating molar
flux is obtained as the product of diffusivity and concentra-
tion difference in the membrane and formulated for RO and

PV as follows™
exp| == (P2 — P1) 6)
RT"* !

The osmotic pressure, 7, is defined, using activity, a (=
1x), as follows

Dm
RO: J:%(

YiXt YoX2

ry}ﬂ ,ym

7= @) = K i) 7

v —

Thus, Egs. 6 and 7 can be combined to yield

_DC" fyix oy v B
J = ¢ ( pm m €xXp (RT (7[1 n2)>
X exp <RLT (P2 — P1)>>

DC™ v
:V"—’éylm (1 —exp(E(AP—An)>> (8)

Under the RO test conditions AP (= P, — P,) = 1.15 x
10° Pa, An (= 1y — my) =~ 0.17 x 10° Pa, T = 298-363 K,
and ¥ = 18 x 107° m’/mol; the term V(AP — An)/RT is
from 5.8 x 107> to 7.1 x 107>. Since this term is very
small, the simplification 1 — exp (x) — x as x — 0 can be
applied, and a very good approximation of Eq. 8 can be
written as follows

DC™ v

L (AP~ A 9
i 71X1 RT( m) ©)
DC™ (y,x Poxy v
PV: = - — (Pgat — P 1
J Y ( ym ymPSal exXp (RT( sat 1))) ( 0)

Under the PV test conditions, v = 18 x 10~° m*/mol, P,
= 10° Pa, T = 363 K, Py ~ 0.7 x 10° Pa; the term
exp(V(Psy — P1)/RT) ~ 1. Equation 10 can be written as

DC™ (4 P Dbc" P
J— (/1X1 _ 1ax ) _ (V1X1 -~ 2X2) an
e\ y"Pa) ™ P

Therefore, the permeance in PV combining Egs. 4 and 11,
can be expressed as follows

Ppy = —————— (12)

While the permeance in RO, Pgrg, is defined on a molar
basis, a comparison of Egs. 1 and 9 is, as follows

L, DC"yx; v

2= 17 13
vy RT (13

Equations 12 and 13 give the conversion relationship
between conventional and generalized SD model, and a
quantitative comparison of permeance in RO and PV.
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Figure 2. Schematic diagram of the reverse osmosis
experiment.

Experimental
Synthesis of BTESE-derived organosilica sol

BTESE polymer sols were synthesized by the hydrolysis
and polymerization reaction of BTESE (Gelest, Inc.) in etha-
nol. The detailed procedure has been described elsewhere.”®
Briefly, BTESE was mixed at the molar ratio of BTESE/
H,O/HCl = 1/60/0.1 with the equivalent weight of BTESE
kept at 5.0 wt %. After stirring for 2 h at room temperature,
the BTESE polymer sols were used to prepare the separation
layer of the organosilica membranes.

Membrane fabrication and characterization

Tubular o-alumina microfiltration membranes (porosity,
50%; average pore size, 1 um; outside diameter, 10 mm;
length, 100 mm) were used as the supports. First, z-alumina
powders (average particle size: 0.2, 1.9 um) were coated onto
the outer surface of the support using silica-zirconia colloidal
sols as a binder, and the support was fired at 550°C for 30
min. This coating and firing process was repeated several
times to remove large pores that might have caused pinholes
in the membrane. Then, SiO,-ZrO, colloidal sols (molar ratio
of Si/Zr = 1/1) were coated onto the substrate and fired at
550°C to form an intermediate layer. Finally, the BTESE
polymer sol was deposited onto the intermediate layer, fol-
lowed by calcination in nitrogen at 100 or 300°C for 30 min.
After preparation, the membrane morphology and thickness
were examined using a scanning electron microscope (SEM)
(JCM-5700, JEOL) with an acceleration voltage of 20 kV.

Reverse osmosis, gas permeation, and pervaporation
measurements

Figure 2 shows the schematic diagram of the RO experi-
mental apparatus. The membrane was installed vertically
inside a RO cell. The feed solution, pressurized with a
plunger pump in the range of 0.5-1.5 MPa, was vigorously
agitated using a magnetic stirrer at 800 rpm in the cell, and
the retentate was recycled back to the feed container at an
approximate flow of 30 mL/min. The permeate stream was
maintained at atmospheric pressure, and collected using a
micro tube pump. The temperature of the feed solution was
controlled at 25-90°C using a water bath. The concentrations
of solute in the feed (Cy), and permeate (C,), were measured
with a conductivity meter (HORIBA, ES-51) for electrolytes
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Figure 3. Cross-sectional SEM image of the BTESE-
derived organosilica membrane.

and a total organic carbon analyzer (Shimadzu, TOC—VE)
for neutral solutes. The observed rejection Ry, is expressed
as follows

Rops = (1= Cp/Cy) x 100% (14)

The effect of concentration polarization was rationally
ignored in this study due to the low permeate flux. Each RO
test lasted for at least 3 h to confirm a steady water flux and
rejection, and then the permeate sample was collected at a
predetermined time interval. Each experimental data point
reported in this article is the average value of 3 samples.
The variation in water permeability and observed rejection
during each measurement was found to be less than 3.6%
and 0.7%, respectively.

Gas permeation measurements were performed at 200°C
using a high-purity single component of He, H,, CO,, N,, CHy,,
C3Hg and SFg. Before the measurement, the membrane was first
pretreated for 8—10 h in a He flow of 50 mL/min at 200°C to
remove the adsorbed water from the membrane pores. The per-
meate side was kept at atmospheric pressure, and the pressure
drop through the membrane was maintained at 1 bar. The per-
meation rate was measured using a soap-film flow meter.

The PV experiments were carried out using a typical PV
testing apparatus as previously reported.34 The membrane
was dipped into a 2,000 ppm NaCl solution, which was cir-
culated vigorously to minimize the effect of concentration
polarization on the membrane surface. The pressure on the
feed side was maintained at atmospheric pressure, whereas
the permeate side was evacuated to less than 300 Pa using a
vacuum pump. Permeate was collected in liquid nitrogen
cold traps during a predetermined time interval.

Results and Discussion

Membrane morphology and reverse osmosis
performance

A hybrid organosilica layer was prepared by coating
BTESE polymer sol onto the silica-zirconia intermediate
layer, followed by drying and calcination at either 100 or
300°C. Figure 3 presents the SEM image of a cross section of
a BTESE-derived organosilica membrane. As shown in this
micrograph, a crack-free, continuous separation layer formed
on the top of the Si0,-ZrO, intermediate layer, and the thin
separation layer had a thickness of approximate 200 nm.

The observed rejection and water permeability of the mem-
branes were measured at 25°C and 1.15 MPa, using a series
of electrolytes and neutral solutes of different sizes: NaCl
(hydrated size of Na(*;q): 0.72 nm, and Cl(‘aq): 0.66 nm);
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MgSO, (Mgz;rl): 0.86 nm, and SO%‘(MD: 0.76 nm);*> ethanol
(Stokes dia. &).4 nm); isopropyl alcohol (IPA, 0.48 nm); and,
glucose (0.73 nm).*® Figure 4 shows the RO performance of
a BTESE-derived organosilica membrane for these probe
molecules of different sizes. At a pressure of 1.15 MPa, the
membrane calcined at 300°C (BTESE-300) almost com-
pletely rejected electrolytes (>98%) and neutral solutes of
low-molecular-weight (IPA, 96.9%; glucose, 98.3%), approx-
imately the same level of rejections as seawater desalination
membranes. The incomplete rejection of glucose might be
due to the pore-size distribution of amorphous silica net-
works. The preparation procedure will be further optimized
to obtain a sharp pore size distribution. However, ethanol
afforded only moderate rejection (/276.0%), because the
Stokes diameter of ethanol is smaller than other neutral mol-
ecules (IPA, glucose). Its superior capacity for rejection of
salts and small organic molecules demonstrated that the
BTESE membrane showed great promise as a RO membrane.
In addition, the neutral solutes with a larger Stokes diameter
showed a higher rejection in the RO process. Since the
Donnan effect was ineffective on these neutral solutes, this
observation led us to the tentative conclusion that the trans-
port mechanism for the BTESE membrane was primarily
based on the molecular sieving effect. This assumption will
be further discussed in the following sections.

Effects of operating pressure and feed concentration

Figure 5 shows the effect of feed pressure on permeation
of water and salt, using 2 organosilica membranes with dif-
ferent calcination temperatures. Both the water flux (J,) and
the salt rejection (Rops) of BTESE-100 and BTESE-300
membranes increased continuously as operating pressure
increased from 0.7 to 1.5 MPa (Figure 5a). The water per-
meability (Lp), and salt permeability (B) of the two mem-
branes, obtained by Eqgs. 1 and 3, were almost constant (Fig-
ure 5b). This can be explained by the conventional SD
model described by the simplified Eqs. 1-3. The transmem-
brane pressure difference (AP — An) is the driving force for
water transport across the membrane. Therefore, the water
flux increased linearly with increasing the operating pressure,

and the water permeability remained almost constant
5
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Figure 4. Rejection and water permeability of the
BTESE-300 membrane for 5 types of probe
molecules at a temperature of 25°C and a
pressure of 1.15 MPa.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. Effect of operating pressure on water flux and salt rejection (a), and on water permeability and salt per-
meability (b) at 25°C and 2,000-ppm NaCl feed (Dotted curves are calculated using Egs. 1, 2, 3, and 15

with membrane parameters L, and B).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

throughout the operating pressure range. However, the driv-
ing force for ion permeation through the membrane, accord-
ing to Eq. 3, is the transmembrane concentration gradient. In
other words, the salt flux (/i) is independent of the operating
pressure. Therefore, the salt permeability (B) was nearly con-
stant, as shown in Figure 5b. Eventually, the salt rejection
increased gradually with feed pressure due to the enhanced
water permeation (Figure 5a). Using the relationships of
water and salt permeability, the theoretical salt rejection of
the SD model can be expressed as follows®’

Ly(AP — Am)

Equation 15 relates salt rejection to intrinsic transport
properties of the membrane (L, and B), and the operating
conditions (AP and Am). The dotted curves in Figure Sa
were calculated using averages for L, and B, as shown in
Figure 5b, and showed excellent agreement with experimen-
tally obtained flux J,, and rejection R ps.

It should be noted that the BTESE-300 membrane exhib-
ited higher rejection and lower water flux than the BTESE-
100 membrane. This difference in the separation perform-
ance can be attributed to effective pore-size variation of the
organosilica network that occurred in the calcination process.
Calcination at higher temperatures accelerated the condensa-
tion reaction of silanol groups (dehydroxylation) on the net-
work and the formation of siloxane bonds, thus, resulting in
a denser silica network structure.**®

The desalination performance of the BTESE-300 mem-
brane was evaluated using NaCl concentrations varied from
500 to 10,000 ppm. The filtration performances of these
NaCl solutions at a constant pressure of 1.5 MPa are illus-
trated in Figure 6. Increasing the feed concentration led to a
decrease in transmembrane pressure difference (AP — An)
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Figure 6. Influence of NaCl concentration on the per-
meation performance of the BTESE-300
membrane at 25°C and 1.5 MPa (Dotted
curves are calculated using Eqgs. 1-3, and Eq.
15 with membrane parameters L, and B).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

because of the increased osmotic pressure (m) at high ion
concentrations (at 25°C, 7 = 0.04 MPa, and = = 0.85 MPa,
respectively, for 500-ppm and 10,000-ppm NaCl solution).
Consequently, at a constant operating pressure, the water
flux fell linearly from 1.9 x 1077 to 1.0 x 1077 m*/(m*s)
in the concentration range, while the water permeability was
nearly constant at approximately 1.3 x 107"% m?*/(m* s&Pa).
Since the concentration gradient across the membrane is the
driving force for ion permeation, salt flux increased linearly
with feed concentration, and salt permeability at any concen-
tration, remained relatively constant. Ultimately, as shown in
Figure 6, the salt rejection decreased slightly as the concen-
tration increased, which is in agreement with Eq. 15. Mean-
while, the salt permeability clearly did not show obvious
changes. As is well-known, the rejection behavior of the sol-
utes in NF and RO is governed by the charge (Donnan)
effect and/or steric (sieving) effect. If the charge effect plays
a major role, an increase in the ion concentrations should
result in a significant drop in salt rejection, which is often
observed for many nanofiltration membranes.>® Therefore,
the observation that the salt permeability remained approxi-
mately constant indicates that the influence of charge-charge
interactions between the ions and micropores of silica net-
works has only a minor effect on the transport of ions
through the membrane. This provides additional evidence
that the transport mechanism for the BTESE RO membranes
is governed by the molecular sieving effect.

Temperature dependence of RO performance
The water permeation performance of the membrane as a

function of temperature is shown in Figure 7. As temperature
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increased from 25 to 55°C, the water permeability of two
BTESE membranes with different calcination temperatures
increased two- to three-fold. According to the viscous flow
mechanism, the permeability through porous membranes
(effective pore size rp; effective membrane thickness, Ax;
and porosity Ay) is formulated as the following Hagen-Pois-
euille equation:*°

Lyp = ryAc/8Ax (16)

If the transport mechanism through these micropores is the
viscous flow mechanism, the viscosity-corrected water per-
meability L,u, defined as L, multiplied by the viscosity of
bulk water (i), should be constant regardless of the permea-
tion temperature, since the structural parameters on the right
side of Eq. 16 are considered to be constant. As shown in
Figure 7, the L,u of the two kinds of BTESE membranes was
not constant and clearly increased with temperature. Our
group and others have observed a similar temperature de-
pendency for inorganic NF membranes in water and many
different organic solvents systems.‘m_42 Figure 8 shows Lpu
normalized with that at 25°C for the BTESE RO membranes
in a comparison with the previous SiO,-ZrO, and TiO, NF
membranes. The normalized L,u should be unity if the water
permeation obeys the viscous flow mechanism. However, it is
obvious that the normalized Lpu increased as temperature
increased, and the slope increased on the order of BTESE-
300>BTESE-100>Si0,-ZrO,>TiO,, which is in accordance
with the order of MWCO values (Table 1). The membrane
with smaller pores showed a larger deviation from the vis-
cous flow behavior. The dependency on permeation tempera-
ture can be evaluated by the Arrhenius equation with the acti-
vation energy of permeability. Table 1 summarizes the
observed activation energies of L, and Lyu for BTESE, SiO,-
ZrO, and TiO, membranes. Clearly, the membrane with the
smaller pore size showed larger activation energy. Mean-
while, the observed activation energies were larger than the
corresponding viscosity activation energy, which again sug-
gests that the water permeation through BTESE-derived orga-
nosilica membranes was different from viscous flow.

1.8
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16L A 8i02-2r02"
& Tio"
9 -
PRy
14+
y
j} 12+
viscous
1.0 £ &
I 1 L 1 1 1 1 1 "

20 30 40 50 60 70
Temperature [°C]
Figure 8. Normalized L u as a function of temperature.
[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Table 1. Activation Energy of L, and L,u for BTESE RO Membranes, Compared with Silica-Zirconia and Titania NF

Membranes
BTESE-300 BTESE-100 Si0,-21r0,* Tio,*!
Membrane (MWCO*: 50)* (MWCO: 100)* (MWCO: 200) (MWCO: 600) viscous flow®
AE(Ly) (kJ/mol)* 30.8 27.1 24.6 22.7 15.4
AE(L,p) (kI/mol)* 15.3 12.1 / 8.2 0

ACIIthlOl’l energies AE(LP) and AE(L,u) were obtained using L, = (Lp)o exp(—AE(Ly)/RT), and pr = (pr)o exp(— AE(Lp;t)/RT)
®Activation energy of viscous flow was calculated from the temperature dependence of the water viscosity, u, in the bulk assuming a constant L.
“Molecular weight cutoff (MWCO, g/mol) is defined as the molecular weight at which 90% of a non-charged solute will be retained by the membrane

There are several possible reasons for these phenomena.
The first is that water permeation is an activated process in
which water molecules permeate through the micropores via
a repulsive force from the pore walls. Since the average pore
size of the BTESE membrane is estimated to be approxi-
mately 0.5 nm,”® water molecules are expected to have
strong friction with the pore walls. As the temperature
increases, a portion of water molecules that have sufficient
thermal energy to jump the energy barrier can pass through
the micropores. Another explanation might be based on
adsorption of water on the pore wall. Water can adsorb to
hydrophilic parts of the organosilica pore wall that are cov-
ered with small amounts of silanol groups. The thickness of
adsorbed water decreases with temperature, resulting in
larger effective pores for water permeation. Third, the vis-
cosity of water in micropores is different from that in a bulk
solution.*®  Therefore, the temperature dependence of
viscosity in these pores might be higher than that of the bulk
solution.

To further investigate the influence of temperature on
desalination performance, the water permeability and NaCl
rejection of the BTESE-300 membrane were measured in
temperature cycle experiments. As presented in Figure 9, the
feed temperature was increased and decreased step by step.
After each step reached a steady state (ca. 3 h), the mem-
brane performance was then measured. With an increase in
temperature from 25 to 90°C, the water permeability
increased approximately eight-fold. Surprisingly, a tradeoff
between water permeability and water/salt selectivity was
not observed during this process. On the contrary, NaCl
rejection increased slightly as temperature increased and
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Figure 9. Water permeability and salt rejection for the
BTESE-300 membrane as a function of tem-
perature cycles at 1.15 MPa and 2,000-ppm
NaCl feed.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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reached 98.3% at 90°C, from an initial value of 97.3% at
25°C. This contrasts with polymeric desalination membranes,
for which increased water permeability generally comes at
the expense of salt rejection due to thermal expansion of the
polymer at high temperature.’’ For example, with the well-
known commercial polyamide membrane, NF90, rejection of
KCI decreased from 96.6 to 93.2% and water permeability
increased from 3.5 to 11.5 kg/(mz-h-bar) as the feed tempera-
ture increased from 20 to 60°C (at 0.6 MPa, pH 6, and 20
mM KCI).** However, thermal expansion effects were
assumed to be less pronounced for these silica-based hybrid
membranes, and therefore the pore size appeared to be
unchanged in this temperature range. Increasing the tempera-
ture resulted in increased water permeability probably due to
decreased viscosity and activated diffusion, whereas the
large hydrated ions were still severely hindered due to the
small pore sizes of BTESE silica networks. When the feed
temperature was decreased gradually back to the starting
level, water permeability returned to approximately the ini-
tial value, and high salt rejection was maintained. Only a
few polymeric NF membranes withstood a temperature cycle
of up to 65°C without a significant change in filtration per-
formance.'®!" The high reproducibility of the RO perform-
ance in temperature cycles indicated superior hydrothermal
stability of the BTESE membranes, which would benefit
applications of high-temperature reverse osmosis.
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Figure 10. Gas permeance of the BTESE-300 mem-
brane as a function of kinetic diameter at
200°C compared with water permeance in
PV and RO processes at 90°C.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Table 2. Comparison of Desalination Performance of BTESE Membranes and some Typical RO Membranes

Flux Water permeability Rejection
Membrane Testing conditions [L/(m*h)] [m*/(m*-s-Pa)] [%] Ref.
ZSM-5, Si/Al = 50 25°C, 2.76 MPa, 0.1M-NaCl 1.129 1.4 % 1073 929 [13]
Silicalite 25°C, 2.76 MPa, 0.1M-NaCl 0.112 1.4 x 107 90.6 [13]
Silicalite 25°C, 2.76 MPa, 0.1M-NaCl 0.35 43 % 107" 99.4 [14]
SW30HR (FilmTec)* 21°C, 2.76 MPa, 2000 ppm-NaCl 2145 (22405) x 1072 98.5 + 0.7 [7]
ES10 (Nitto Denko)” 24°C, 1.0 MPa, 104 ppm-NaCl (1.2 £ 0.16) x 107" 99.2 [49]
BTESE-100 25°C, 1.15 MPa, 2000 ppm-NaCl (2.8-32) x 107" 93.8-94.4 This work
BTESE-300 25°C, 1.15 MPa, 2000 ppm-NaCl (0.9-1.8) x 107" 97.1-99.2 This work

aMembrane type: aromatic polyamide; free chlorine tolerance: <0.1 ppm.>°
®Membrane type: aromatic polyamide; residual chlorine: zero.*

Comparison of transport properties and desalination
performances

Figure 10 shows water permeances in PV and RO desali-
nation processes with the BTESE-300 membrane, and com-
pares them with gas permeances to develop deeper insight
into the properties of water transport through the organosil-
ica membrane. The single gas permeance results revealed
that the membrane had hydrogen permeance as high as 1 x
107 mol m 2 s~ ' Pa~' with a high H,/SFs permeance ratio
of 5700. Water permeance in the PV was nearly one order
of magnitude higher than the permeance of gases with simi-
lar kinetic diameters, such as He and H,. This can probably
be attributed to an increment in the adsorptive property of
the water molecules. Water molecules that adsorbed to the
hydrophilic parts of the organosilica networks could easily
diffuse through the membrane by surface diffusion mecha-
nism, avoiding strong interactions between water molecules
and membrane pore walls. Similar observations have been
reported in zeolite-4A membranes** and carbon mem-
branes.*’ It is noteworthy that the transmembrane pressure
difference was approximately 1 MPa in RO, resulting in a
water flux of 2.4 kg/(m*h), whereas the vapor pressure dif-
ference was approximately 70 kPa in PV at 90°C, giving a
flux of 34.9 kg/(m>h). For comparison, L, [m’/(m*s-Pa)]
was converted to Pro (Pro = Lp/v,,) in mol/(m?s-Pa), and
very low water permeance was obtained in RO.

The difference in water permeance, as shown in Figure
10, can be explained by application of the generalized SD
equations for RO and PV processes. Within the context of
the generalized SD model, by comparing Eqs. 12 and 13 the
permeance difference in PV and RO is found in the terms
1/Pg, and v/RT. The generalized transport equations suggest
that the PV and RO are directly connected, and the permea-
tion performance in one mode can be used to provide an ini-
tial estimate of performance in the other mode. For example,
one can calculate theoretical PV desalination performance
using the RO desalination performance data. In this study,
the theoretical ratio of water permeance in RO to that in PV
was calculated to be approximately 0.04% at 90°C, and the
experimentally obtained ratio was 0.5% at this temperature.
The generalized SD model successfully explained the drastic
decrease in RO permeance, compared with that of PV. This
is because a larger chemical potential difference could be
provided for PV due to very low permeate pressure. Quanti-
tatively, the water permeance in PV was predicted to be
overstated, since the prediction of PV performance was
made under ideal conditions. First, the PV process is theoret-
ically considered as isothermal in the radial direction to the
membrane. In reality, however, there is usually a noticeable
temperature decrease from the bulk liquid to the upstream
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membrane surface.*® This temperature drop in the liquid
boundary layer could lead to a significant drop in water per-
meance due to the decrease in water vapor pressure, and,
therefore, the driving force. Second, the nanoporous interme-
diate layer of this membrane is suspected to offer extra re-
sistance to the transport of water molecules, particularly in
PV with high flux, thus, inhibiting the observation of
expected high water permeance in PV.*” Third, in the PV
desalination experiment, small amounts of hydrated Na and
Cl ions may have diffused through to the permeate side and
built-up on the surface of the permeate side, since they can-
not evaporate under a vacuum.*® The accumulation of ions
on the permeate surface would increase with experimental
time, and decrease the water permeance.

Table 2 summarizes the desalination performance in RO of
BTESE-derived organosilica membranes, typical zeolite mem-
branes, and commercial polyamide membranes. Compared
with inorganic zeolite membranes such as ZSM-5 and silicalite,
BTESE membranes showed higher water permeability. While
the commercial polyamide RO membranes (seawater RO mem-
brane, SW30HR; low-pressure RO membrane, ES10) had
higher water permeability than BTESE membranes, these poly-
amide membranes suffered from poor resistance to chlorine,
the concentration of which was normally recommended to be
lower than 0.1 ppm.so BTESE membranes had already exhib-
ited high chlorine tolerance over a wide range of chlorine con-
centration (from 100 to 1,000 ppm active chlorine) in our previ-
ous study, showing great promise as a new type of chlorine-re-
sistant RO membrane materials.”®> Further studies are being
focused on optimizing the surface chemistry and network struc-
ture of the membrane to improve the water permeability and
salt rejection while maintaining its high robustness.

Conclusions

Hybrid organosilica membranes were prepared by a sol-gel
technique using bis(triethoxysilyl)ethane (BTESE), and were
applied to desalination by reverse osmosis (RO). The influences
of solute species, calcination temperatures, operating pressure,
feed concentration and feed temperature were systematically
studied to determine the permeation performance and transport
mechanism of this new type of RO membrane. The generalized
solution-diffusion (SD) equations were applied for a quantita-
tive comparison of water permeance in PV and RO desalination
processes using the same organosilica membrane.

1. BTESE-derived organosilica membrane showed supe-
rior retention performance for mono- and bivalent ions and
neutral solutes of low-molecular-weight, such as isopropyl
alcohol and glucose. The membrane calcined at 300°C
exhibited higher salt rejection and lower water flux com-
pared with the membrane prepared at 100°C, due to the
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formation of a denser silica network structure in the calcina-
tion process.

2. As the operating pressure increased from 0.7 to 1.5
MPa, both the water flux and the salt rejection increased con-
tinuously, and the water permeability and salt permeability
were almost constant. The pressure dependence of the perme-
ation performance was explained well by the conventional SD
model. The theoretical salt rejection and water flux showed
excellent agreement with the experimental values.

3. The water flux decreased linearly as the salt concentra-
tion increased from 500 to 10,000 ppm, and the salt rejection
decreased slightly with salt concentration. The nearly con-
stant salt permeability in the concentration range excluded
governance of the transport mechanism by the charge effect,
thus, supporting the molecular sieving mechanism for the
organosilica RO membranes.

4. The water permeation mechanism was found to differ
from the viscous flow mechanism. Observed activation ener-
gies of permeation increased with a smaller pore size (lower
MWCO values) for RO and NF membranes, and were consid-
erably larger than the activation energies of the solvent viscos-
ity. The organosilica membranes showed exceptional hydro-
thermal stability in temperature cycles in comparison with
commercial polyamide RO membranes. The water permeabil-
ity increased approximately eight-fold and salt rejection also
increased slightly with an increase in temperature up to 90°C.

5. The applicability of the generalized SD model was
examined in RO and PV desalination processes. The general-
ized transport equations were useful in providing a quick
prediction for permeation performance based on performance
observed in one mode. The water permeance differences in
RO and PV processes agreed with the predictions made by
using the generalized SD equations.
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Notation

a = activity, dimensionless
Ay = surface porosity, dimensionless

B = salt permeability, m-s~"

C = concentration, mol-m~

D = diffusivity, m2s!

J = permeation flux, mm 2s7!

L, = water permeability, m*m s 'Pa!
P = pressure, Pa

P, = saturation vapor pressure, Pa
Ppy, Pro, = permeance in pervaporation, reverse osmosis, and gas
and Pgs  separation, molm s 'Pa~!
R = gas constant, J-mol MK ™!
R,,s = observed rejection, dimensionless
R = theoretical salt rejection, dimensionless
r, = pore radius, m
T = temperature, K
x = mole fraction, dimensionless
Ax, ¢ = membrane thickness, m

Greek letters

¢ = osmotic coefficient, dimensionless

7 = activity coefficient, dimensionless

1 = viscosity, Pa-s

v = molar volume, m>mol™!

7 = osmotic pressure, Pa
Superscripts

m = inside the membrane
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Subscripts

f, p = feed stream, permeate stream
s = salts
w water
1, 2 = feed and permeate stream in diffusion
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