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b-oriented silicalite-1 membranes on porous silica supports were synthesized using gel-free secondary growth. The
porous silica supports were made by pressing crushed quartz fibers followed by sintering and polishing, and further
modified by slip-coating three layers of Stober silica particles (1000, 350, and 50 nm). The b-oriented seed layers were
prepared by rubbing silicalite-1 particles (2 um X 0.8 um X 3 um along a-, b-, and c-axis, respectively) after deposit-
ing a polymeric layer on the support. After silicalite-1 seed deposition, a final coating of spherical silica particles was
applied. Well-intergrown, um-thick, b-oriented membranes were obtained, which, after calcination, exhibited ethanol
permselectivity in ethanol/water mixture pervaporation. At 60°C and for ~5 wt % ethanol/water mixtures, the best mem-
brane exhibited overall pervaporation separation factor of 85 (corresponding to membrane intrinsic selectivity of 7.7)
and total flux of 2.1 kg/(m’-h). This performance is comparable to the best performing MFI membranes reported in the

literature. © 2015 American Institute of Chemical Engineers AIChE J, 62: 556-563, 2016
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Introduction

Hybrid distillation-vapor permeation is the-state-of-the-art
technology for bioethanol separation. The first industrial scale
unit was installed in 2000 by Mitsui Engineering and Shipbuild-
ing Co. in Japan.! It relies on hydrophilic NaA membranes
for dehydration of ethanol-rich output of the distillation unit.
However, direct separation of low-concentration-ethanol from
the fermentation broth can be energetically more favorable. In
this approach, high performance hydrophobic membranes can
potentially lower the energy requirement of bioethanol produc-
tion in, ideally, single stage pervaporation or vapor permeation or
in combination with distillation.” All-silica zeolite membranes
are promising to tackle this challenge. They are commonly made
using secondary (seeded) growth or by in situ hydrothermal syn-
thesis.? In both cases, substrates are immersed in the growth sols
or gels under synthesis conditions, which require use and process-
ing of alkaline mixtures containing expensive structure directing
agents (SDA), adding to the manufacturing cost.

Among siliceous zeolites, the mordenite framework inverted
(MFI) structure (silicalite-1) has been extensively studied for
the separation of ethanol from aqueous mixtures.* In a recent
development, Yoon and coworkers® inspired by earlier work
indicating the possibility of growing supported zeolite crystals
in the absence of a liquid sol or gel using the substrate as silica
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source® demonstrated preparation of high quality oriented MFI
membranes by a method called gel-free secondary growth, in
which a small quantity of SDA is used and there is no bulk sol
or gel in contact with the seeded support.

For making continuous b-oriented MFI membranes, Yoon
and coworkers first made porous silica supports by compacting
Stober silica particles on which they deposited oriented
MFI monolayers by rubbing. They then impregnated the MFI-
coated support with an aqueous solution of tetrapropyl ammo-
nium hydroxide (TPAOH) followed by heating in a closed
vessel without adding any liquid.

Recently, it was demonstrated that the gel-free secondary
growth approach can also be used to make very thin b-oriented
membranes on porous silica supports’ and thin films on Si
wafers® using exfoliated zeolite nanosheets deposited by filtration
and Langmuir Schaefer deposition as seed layers, respectively.

In Ref. 7, in place of the Stober silica supports, which are of
low mechanical strength, a new type of mechanically stronger
silica porous support was introduced. It was made by first crush-
ing and then pressing commercially available silica fibers, referred
to as quartz fibers, followed by sintering and polishing. To
smoothen the support surface, several layers of Stober silica were
deposited including a top 50 nm Stober silica layer that also
serves as silica source to grow the zeolite seed layers to continu-
ous films by the gel-free secondary growth method.

b-oriented MFI membranes made by b-oriented conventional
seed layers® and 3-nm thick zeolite nanosheets’ exhibit excel-
lent performance in xylene and butane isomer separations.
However, this gel-free approach has not yet been explored for
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Table 1. Composition of Solutions that upon Mixing Results
in the Formation of Stober Silica

Size Solution A Solution B

1 micron 5 mL TEOS 9 mL NH4OH (28-30 wt %)
30 mL ethanol 50 mL ethanol

350 nm 22.3 mL TEOS 96.6 g distilled water

178 mL ethanol 18.9 mL NH4,OH (28-30 wt %)
16 mL ethanol
19.3 mL distilled water

0.6 mL NH,OH (28-30 wt %)

50 nm 4.5 mL TEOS

35.6 mL ethanol

making b-oriented ethanol selective silicalite-1 pervaporation
membranes for ethanol/water separation. Here, we demonstrate
high pervaporation performance using certain modifications of
the gel-free approach.

Materials and Method
Quartz support preparation

Quartz fibers (Technical Glass Products, coarse, 9 um wool)
were crushed by pressing at 4 tons over 1 inch die for 60 s. 2 g of
crushed fiber were mixed with 0.5 mL of sodium nitrate (as sin-
tering aid) in a methanol solution (2 mg/mL) and then pressed at
4 tons in 22 mm die for 60 s. Supports were heated at 50°C for
4 h, and then at 1100°C for 3 h with a heating/cooling rate of
4°C/min. The supports were polished with silicon carbide sand-
paper (P2500, Buehler) and sonicated (Branson 5510R-DTH,
135 W) in distilled water for 5 s and thoroughly rinsed with
water (sonication-rinsing was performed for four times) and
dried at 150°C before coating of intermediate layers.
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Figure 1. Schematic of the pervaporation experimental
set up.

Stober silica

To form graded intermediate layers on quartz supports,
three sizes (I um, 350 nm, and 50 nm) of Stober silica
spheres were synthesized. For these syntheses, two solutions,
called A and B, were prepared with the compositions given
in Table 1.

One micron Stober silica was synthesized according to the
procedure developed by Nozawa et al.” Typically, solution A
was added to solution B using a syringe pump at a rate of
0.7 mL/h under nitrogen atmosphere. After synthesis, particles
were centrifuged at 5,000 rpm for 5 min and washed with
50 mL ethanol for four times. Particles were dried at 70°C
overnight and then calcined at 700°C for 4 h.

50 nm and 350 nm silica spheres were synthesized accord-
ing to the Stober method.'® In short, solution A was added to
solution B at once and then stirred for 2 h at room temperature.
Particles were centrifuged at 12,000 rpm (50 nm) and
10,000 rpm (350 nm) and washed with 50 mL ethanol for four
times and then dried overnight at 70°C. 50 nm and 350 nm
silica particles were calcined at 400°C and 700°C for 4 h,
respectively.

Figure 2. SEM top-view of the bare support (a); after coating with 1 um Stober silica (b); 350 nm Stober silica (c);

and 50 nm Stober silica particles (d).
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Figure 3. SEM top-view of the seed-coated support (a); the membrane after gel-free secondary growth at low,
(b); and high magnification, (c); and the corresponding XRD pattern of the membrane (d). An arrow in
(b) points to a twin grain with a-out-of-plane orientation.

Stober silica coatings on quartz supports

0.16 g of 1 micron Stober silica was dispersed in 4 mL ethanol
and sonicated for 1.5 h. Unlike our earlier work,’ here, a slip-
coating method was adopted,'' in which the support is brought
into contact on one side with the Stober silica suspension for 15 s
and then detached gently from the suspension surface on a pen-
dulum’s trajectory move. The slip-coated supports were sintered
by heating at 50°C for 4 h (heating rate: 1°C/min), 1,020°C
for 3 h (heating rate: 2°C/min) and then cooled (cooling rate:
4°C/min).

The following preparation procedures were developed for
preparing and then coating the 350 and 50 nm Stober silica
suspensions.

0.2 g of 350 nm Stober silica was suspended in 50 uL
NH4OH (Sigma-Aldrich, 28-30 wt %) in 20 mL water solu-
tion and sonicated for 1.5 h. The suspension was centrifuged

Table 2. Pervaporation Performance of b-oriented Mem-
branes for a Feed of ~5 wt % Ethanol in Water at 60°C

Total Flux S.F. Membrane
Membranes (kg/(mz-h)) (Opervap)  Selectivity (omem)
24 h Secondary
growth at 180°C
2.3 76 7.0
35 35 32
32 40 3.6
29 39 35
30 h Secondary
growth at 180°C
2.1 85 7.7
558 DOI 10.1002/aic Published on behalf of the AIChE

at 2,000 rpm for 2 min and the top 15 mL of the solution were
carefully removed, centrifuged at 10,000 rpm for 20 min and
washed with 50 mL ethanol for three times. Finally, the cake
was dispersed in 4 mL ethanol by sonication and filtered
through 5 ym and then 2 um syringe filters.

The porous quartz support coated with 1 um silica was slip-
coated with the 350 nm sol for 12 s and sintered at 50°C for
4 h (heating rate: 1°C/min), 1,020°C for 3 h (heating rate: 2°C/
min) and then cooled (cooling rate: 4°C/min).

For 50 nm Stober silica, the same preparation procedure as
for 350 nm particles was used. However, further purification
was applied, in which the cake formed after centrifugation
was dispersed in 20 mL ethanol and sonicated (Qsonica Q500)
for 3 min and then centrifuged at 5,000 rpm for 5 min. The top
15 mL of the sol were separated and filtered through a
0.45 pm syringe filter. The final filtrate volume was increased
to 20 mL with addition of ethanol.

Quartz supports coated with 1 ym and 350 nm silica were
coated with the 50 nm sol for 8 s and calcined at 50°C for 4 h
(heating rate: 1°C/min), 550°C for 6 h (heating rate: 1°C/min)
and then cooled (cooling rate: 2°C/min).

b-oriented seed deposition by rubbing

Silicalite-1 seeds were synthesized according to well-
established methods.'>'® Briefly, 10.1 g of TEOS (Sigma-
Aldrich, >99%) was added to a solution of 3.69 g TPAOH
(Alfa Aesar, 40 wt %) in 87.8 g distilled water and stirred for
one day. The clear solution was filtered through paper filter
(Fisherbrand™, P8 grade) and then autoclaved at 150°C under
rotation for 12 h. The coffin shape silicalite-1 product was

February 2016 Vol. 62, No. 2 AIChE Journal
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ﬁ E L: The following procedure was used to form a polymeric inter-

mediate layer between support and seeds. First, a 50 wt %
solution of polyacrylic acid (Sigma-Aldrich, Mw 1800) in

o water was prepared and sonicated for 1 h. Then, 0.2 mL ethyl-
Sl 2 o oo 2 9 . p p
| e ee eee = © ene glycol was added to 1 mL solution of polyacrylic acid and
the solution was degassed by sonication for 20 min. The solu-
tion was spin-coated at 4,000 rpm for 15 s on the quartz sup-
> x> 2> o2 o2 > port and then heated at 70°C in a convection oven for 1 h. This
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£/% 8% E2F 22T 2 8 procedure was repeated for one additional time to make sure
S8 88 S8 3 z S S 3 the polymeric film covers the entire surface of the support.
n nnnn vnn vusn nrn O

Silicalite-1 seeds were rubbed by hand using Sterling Nitrile
powder-free gloves very gently on the polymer coated-
support, followed by drying at 150°C for 1 min. Then, 1 um
spherical silica powder (Alfa Aesar) was rubbed over the seeds
using latex powder-free (Premium Touch Gold Grip Plus)
gloves.

The seeded supports prepared as described above were cal-
cined at 550°C for 6 h (heating rate: 1°C/min) and then cooled
(cooling rate: 2°C/min) to decompose the polymeric layer and
fix the seeds on the support.

Y (%mem) is determined using Eq. 3, the reported opervap and calculated ¢eyq, from NRTL model in Aspen Plus V8.0.

Bold indicates the quantity (membrane selectivity) calculated.

Gel-free secondary growth

Seeded supports were coated on one side with equimolar
solution (0.075 M) of tetrapropyl ammonium bromide
(TPABTr, Sigma-Aldrich, 98%) and KOH (potassium hydrox-
ide, Sigma-Aldrich, 85%) for 20 s and then immediately auto-
claved at 180°C without adding any liquid. Growth times were
24 and 30 h. The membranes were removed from the auto-
claves, rinsed with water, dried at 70°C for 2 h, and then

100 nm top layer
Silicalite-1 (oo)/porous silica disc

100-200 nm
Silicalite-1 (c0)/z-Alumina tube 1-3 pum

Silicalite-1 (0o0)/a-Alumina disc
(Fraunhofer IKTS, Germany) 100 nm top layer

MFI/o-Alumina tube 1-3 um

(Nikkato Corp.) 1.0 um
MFI/o-Alumina disc (Fraunhofer IKTS, Germany)

support (300 mesh)
Silicalite-1 (00)/YSZ fiber 0.67 um

Silicalite-1 (0c0)/a-Alumina hollow fiber
(quartz + Stober)

Membrane (Si/Al)/Support with Pore Size
Silicalite-1 (oo)/silica tube 0.3 um

Silicalite-1 (co)/stainless-steel net
Silicalite-1 (oo)/mullite tube

“Intrinsic membrane selectivit

b
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Table 4. Selected High-Performance Membranes Reported in the Literature

Synthesis Conditions Compositions Support Ofpervap Flux kg/(mz-h) Ref.
In situ growth (16 h) SiO,:TPAOH:H,0 Silicalite-1 (co)/mullite tube, 106 0.9 19
Synthesis temperature (175°C) 1:0.17:120 pore size 1 ym (membrane 85 1.2
In situ growth (24 h) thickness 15-20 um)

Synthesis temperature (185°C) Silicalite-1 (co)/o-Alumina tube,

pore size 2 um (membrane

thickness ~10 pum)
Secondary growth (5.5 h) SiO,:TPAOH:H,0O Silicalite-1 (c0)/a-Alumina tube, 89 1.8 20
Synthesis temperature (185°C) 0.17:1:120 pore size 2 um (membrane

thickness > 17 um)
Secondary growth Si0,:Al,05:NaOH:TPABr: ZSM-5 (Si/Al = 300)/titania tube 81 1.8 33
Synthesis temperature (180°C) H,0 1:0.00166:0.035:0.0035:85 (Nikkato Corp.) with top

layer of 34 nm

pores (membrane thickness 50 um)
Secondary growth (16 h) TEOS:NaOH:TPAOH:H,0O MFI/o-Alumina tube 1-3 um 88 1.2 42

Synthesis temperature (175°C) 1:0.095:0.005:165

(membrane thickness N/A)

calcined at 400°C for 12 h (heating rate: 1°C/min, cooling
rate: 1.5°C/min).

Pervaporation experiments

A schematic of the pervaporation setup is presented in Figure 1.
The feed temperature was controlled by circulating fluid through a
heat exchanger, which was heated by a Lauda—Brinkman ECO
thermostat. Two liquid nitrogen cold traps in parallel were used to
collect permeate condensates. The permeate was weighed and its
composition was analyzed by a gas chromatograph (Agilent Tech-
nologies 7890N) equipped with a thermal conductivity detector
(TCD) and a capillary column (DB-624).

The performance of the membranes was investigated using
a feed of ~5 wt % ethanol/water solution at 60°C and other
temperatures.

The overall ethanol-water pervaporation separation factor,
Opervaps and total flux J (kg/(m2~h)) are defined, respectively, as

Methanol, p
s "

(x v =
PEIVAD iethanol £ /
Myater, f

I=" ) )

where, m;, and m;; are the mass fractions of component i
(water or ethanol) in the permeate and feed, respectively, M is

80

70
60
50
40
30
20

Total Flux (kg/(mZ2.h))

Factor (ethanol/water)

10

Pervaporation Separation

0 + T T 0
30 45 60 75
Temperature (°C)
Figure 5. Effect of temperature on the performance of
b-oriented membranes (membrane grown for
24 h at 180°C).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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the total permeate (in kg) collected after time ¢ (in hours) and
A is the surface area of the membrane in m?.

The above definition of pervaporation separation factor,
commonly reported in the literature, can be further broken
down into two terms to distinguish between evaporation sepa-
ration factor and intrinsic membrane selectivity as'+16

Opervap = Olevap X Olmem (3 )

The evaporation separation factor, oeyap, i a function of
feed conditions and can be readily obtained from the vapor—
liquid equilibrium data and the following equation

Methanol, v /

Mywater, v ( 4)

Olevap =
P Metmanor, ¢ /

Myater, f

where, m;, is the mass fraction of component i (ethanol or
water) in the vapor phase in equilibrium with the feed in liquid
state. We have used NRTL model in Aspen Plus V8.0 to cal-
culate Oeyap.
omem calculated by the above procedure is the same as that
calculated from the ratio of molar permeances:
_ P ethanol

Omem =
P water

Qwater

Pwater,v — Pwater, p

Qethanol

with Pehanol = and Pyger=

Pethanol, v — Pethanol, p

where, p;, is the vapor pressure for each component in equi-
librium with the feed liquid and p;, is the partial pressure for
each component in the permeate side, assumed to be negligible
compared to that in the feed (Pethanol,v > Pethanol,p and
DPwater,v =>> pwater,p)~

Results and Discussion

Figure 2 shows scanning electron microscopy (SEM) top-
view images of the bare support and the subsequent Stober
silica intermediate layers. For continuous seed layer formation
on the substrate by rubbing method, smoothness of the sub-
strate is of critical importance. The quality of the Stober silica
layers formed here by slip-coating is comparable to that of the
layers reported earlier and made by rubbing.” The current
approach is advantageous as it allows for easier scale up and
removes the uncertainties introduced by the rubbing approach.
Figure 3 shows top-view SEM images of b-oriented out-of-
plane seeded supports before (Figure 3a) and after (Figure 3b
and c) gel-free secondary growth with the corresponding X-ray
diffraction (XRD) pattern after secondary growth (Figure 3d).
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Spherical silica particles are evident in Figure 3a in between
the silicalite-1 seeds. They are placed there by the final rub-
bing step after seed layer formation. SEM top views of the
membranes after secondary growth indicate high degree of
intergrowth and preservation of the preferred orientation of
the seeds with only a small occurrence of twinning at grain
boundaries. The higher magnification top-view SEM shown in
Figure 3c indicates grain overlapping in areas of reduced film
thickness. This is a desirable characteristic to reduce nonselec-
tive transport pathways and it appears to be a result of gel-free
secondary growth where nutrients for crystal growth are
being made available from below the seed layer and not from
the top as in conventional sol-based secondary growth. The
XRD pattern indicates high degree of b-out-of-plane orienta-
tion and cross-section SEM (not shown) indicates a mem-
brane thickness of 1.5 um.

Membrane pervaporation performances are shown in Table 2.
b-oriented membrane after 30 h secondary growth showed higher
selectivity and lower flux than membranes grown for 24 h.
Membranes with opervap of 85 and high flux of 2.1 kg/(m2 h)
can be prepared. We found that if the last step of silica
coating (applied after the deposition of zeolite seeds) is omit-
ted, membrane quality is not consistent. It appears that its use
allows the consistent formation of a monolayer of seeds on
the substrate.

To compare the membranes made in this work with those
reported in the literature, a summary of the performance of
silicalite-1 membranes is presented in Table 3 and plotted in
Figure 4. As can be seen, the b-oriented membranes made in
this work are comparable to the best reported silicalite-1 mem-
branes in the literature, if both selectivity and flux are taken
into account. High performance MFI membranes tested under
the same conditions used herein are presented in Table 4.
Considering the differences in thickness, aluminum content,
support used, and microstructure, it is not possible to interpret
the similarities in flux and selectivity performance in terms of
common desirable characteristics. Most striking are the small
differences in flux despite the more than order of magnitude
differences in thickness (e.g., 50 yum in Ref. 18 vs. 1.5 um of
the membranes reported here). It is likely that support trans-
port resistances affect the performance of the thin membranes
and mask the differences in intrinsic performance of the zeo-
lite membrane layers.

The performance of a b-oriented membrane at different
temperatures is exhibited in Figure 5. The flux increased to as
high as 3.5 kg/(m2~h) at 75°C at the cost of reduction in the
separation factor to approximately 60.

This high performance, along with the advantages of the
gel-free approach for easy and reproducible scale up and for
reduced cost, make this approach very promising and worthy
of further investigations aiming to improved membrane qual-
ity and performance.

Conclusion

Fabrication of b-oriented silcialite-1 membranes on porous
silica supports via gel-free secondary growth for ethanol/
water mixture pervaporation was demonstrated for the first
time. The performance of the 30 h grown membranes is com-
parable to the best reported in the literature. The pervapora-
tion separation factor was as high as 85, corresponding to
membrane intrinsic selectivity of 7.7, and the total flux was
2.1 kg/(m*h).
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