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Abstract

Asymmetric tubular alumina-supported poly(vinyl acetate) (PVAc) and poly(vinyl pyrrolidone) (PVP) membranes were
created and characterized by pervaporation separation of binary mixtures of methanol antametbtyll ether (MTBE). The
active separation layer was created by free-radical graft polymerization of PVAc and PVP onto a vinylsilane-modified alumina
substrate with an average native pore diameter of 50 A. The separation layer consisted of a surface phase of terminally anchored
polymer chains with estimated radius of gyration about a factor of 4.5-6.8 larger than the membrane pore radius. The methanol
separation factors for the PVP and PVAc-grafted pervaporation membranes reached values of 26 and 100, respectively, at the
lower range of methanol concentrations (1-5% v/v) tested in the study. The separation impact of the grafted polymer chains was
apparent given that the native (unmodified) and vinylsilylated alumina membranes lacked selectivity for the MTBE/methanol
system. Total permeate flux attained with the PVAc and PVP-based membranes ranged from 0.055 to 1.26 and 0.55 to
6.19 kg/n? h, respectively, over the respective feed methanol concentration ranges of 1-90 and 5-90% (v/v). A tradeoff
between separation and permeate flux was apparent from the decrease in permeation flux with increasing separation factor.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction (especially azeotropic or close boiling mixtures) has
attracted significant attention in the research com-
Membrane pervaporation for the separation of lig- munity. To date, the use of commercially available
uid chemical mixtures is a research area of growing polymeric membranes in the above application has
interest and importanc§l]. Currently, most com-  not attained widespread industrial acceptance owing,
mercial pervaporation processes involve dehydration in part, to degradation of membrane performance in
of alcohols and other organic solvents, or recovery organic mixtures which cause swelling and loss of
of organic solvents from dilute agueous streams. In membrane integrity2,3]. In order to improve mem-
recent years, the potential use of pervaporation tech- brane stability, the common approach proposed in the
nology for the separation of organic/organic mixtures literature has been to utilize cross-linkige-6] and/or
blended polymeric membrane materifis9] that are
_— optimized for specific chemical mixtures and operat-
* Corresponding author. Tel+1-310-825-8766; . .. . .
fax: 4+1-310-206-4107. ing conditions. An alternate approach is the adaptation
E-mail addressyoram@ucla.edu (Y. Cohen). of ceramic materials as a stable support structure for
URL: http:/Avww.polysep.ucla.edu the polymeric membrane, thereby providing sufficient
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chemical and thermal stability to withstand anhydrous covalently anchored onto the surface of a 500 A pore
solvents and higher temperatures. size silica support membrane. These membranes per-
The emergence of robust inorganic membranes of formed with separation factors of up to 106 and 118
controlled pore siz§l0] has resulted in the creation of  for aqueous solutions of trichloroethylene (TCE) and
ceramic-supported polymer (CSP) membrads in chloroform (500-700 ppm), respectively, with per-
which a polymer layer governs the separation perfor- meation fluxes of up to 0.37 kghh and negligible
mance of the membrane, while the inorganic support membrane mass transfer resistance for the organic
provides the desired mechanical integrity. The ma- species. More recently, a pervaporation membrane
jority of the proposed inorganic-polymer composite created by pore-filling plasma polymerization of a
membranes for pervaporation have relied on physical methyl acrylate monomer onto a porous silica support
attachment of the polymer to the inorganic substrate was reported by Kai et aJ3]. The resulting pervapo-
via solution casting12], coating[13,14], dip-coating ration membranes were shown to separate 28% (w/w)
a porous ceramic substrate followed by subsequentsolutions ofn-hexane in chloroform with chloroform
cross-linking[15], asymmetric incorporation of inor-  separation factors as high as 16.3 at a permeation rate

ganic materials as a powder in a polymer makti&], of 0.5kg/n? h.
or pore-filling of a porous ceramic substrate with In the present work, the method of Jou et al.
acrylamide, followed by cross-linkingl7]. In con- [11] was adapted to produce selective pervapora-

trast, ceramic-supported polymer membranes are cre-tion membranes by grafting a molecular layer of
ated by terminally and covalently bonding a layer of terminally anchored poly(vinyl pyrrolidone) (PVP)
polymer chains onto the surface of a porous ceramic or poly(vinyl acetate) (PVAc) polymer chains to an
support. The polymer surface chains are expected tootherwise non-selective porous alumina membrane
have greater mobility than cross-linked chains, yet the with 50 A average pore size. The performance of the
polymer phase is stable even when contacted by liquid resulting membranes was examined in the pervapo-
mixtures in which the native polymer is completely ration separation of methanol/methgrt-butyl ether
soluble. In principle, temperature stability of the CSP (MeOH/MTBE) mixtures over the complete compo-
membrane is limited only by the temperature at which sition range from pure MTBE to pure methanol, and
thermal degradation of the polymer backbone or side the role of the separation layer structure was eluci-
groups may occur. This membrane type is particularly dated based on a scaling analysis of the relative size
attractive because a wide variety of monomers can of the grafted polymer chains, surface chain density,
be used in the graft polymerization reaction, thereby and substrate pore size.

allowing one to tailor design such membranes for

an array of different pervaporation applications. For

example, Leger et al18] grafted preformed poly- 2. Experimental

dimethylsiloxane (PDMS) onto the surface of an

alumina support membrane by contacting the support 2.1. Materials

surfaces with a heated silicone oil. The resulting per-

vaporation membrane was tested for the separation of The native alumina substrate used for the CSP mem-
agueous solutions of 5wt.% 1-butanol and 10wt.% brane was a tubular asymmetric composite membrane
tetrahydrofuran (THF), resulting in a THF separation 25cm in length, with 0.65cm i.d. and 1.0cm o.d., ob-
factor of 20 and 1-butanol separation factor of 20 for tained from US Filter (DeLand, FL). The membrane
these respective solutions. Total permeation fluxes for consisted of a fum thick layer of y-alumina with

the THF and 1-butanol aqueous solutions were 0.1 average pore size of 50 A (as reported by the manu-
and 0.31kg/rhh, respectively. A different approach facturer) on a multilayer support of poroausalumina.
was taken by Jou et dll1] who reported on a class of  Silica particles (Novacite L207-A, Malvern Materials
organic-selective pervaporation membranes preparedCo., Hot Springs, AR) of pum size andy-alumina

by a two-step surface free-radical graft polymeriza- particles (Alfa Aesar, Ward Hill, MA) of up to 25@m

tion process. The pervaporation membranes consisted(~60 mesh), with corresponding surface areas of 2.2
of an active layer of PVAc chains terminally and and 158m/g, were used as surrogate particles to
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determine the polymer graft yield. Hydrochloric acid
(HCI) used for cleaning was ACS certified quality
(Fisher Scientific, Tustin, CA). Surface activation
prior to graft polymerization was performed using
vinyl trimethoxysilane (VTMS) (98% pure, Aldrich

Chemical Co., Milwaukee, WI) and reagent-grade
xylenes solvent (Fisher Scientific, Tustin, CA).
Graft polymerization reactions were performed using

reagent grade vinyl acetate monomer (Fisher Scien-

tific, Tustin, CA), 1-vinyl-2-pyrrolidone monomer
(994+%, Aldrich Chemical Co., Milwaukee, WI),
ACS-grade ethyl acetate solvent (Fisher Scientific,
Tustin, CA), hydrogen peroxide (30% w/w in,B,
Fisher Scientific, Tustin, CA), ammonium hydroxide
(58% v/v in KO, Aldrich Chemical Co., Milwau-
kee, WI), anda,a’-azobis(2,4-dimethylvaleronitrile)
initiator obtained from Dupont Co. (Wilmington,
DE). All water used was distilled and deionized us-
ing a Milli-Q filtration system (Millipore, Bedford,
MA). Pervaporation experiments were performed
using chromatographic-grade methanol and MTBE
obtained from VWR Scientific (San Dimas, CA).
A set of poly(styrene), poly(vinyl pyrrolidone), and
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was maintained at a temperature of 287 during
the 5h reaction. At the termination of the silylation
reaction, the membrane was rinsed by pumping pure
xylenes solvent through the tube side of the mem-
brane for 1h, replacing the solvent every 20 min.
Subsequently, the membrane was removed from the
module, rinsed again in fresh xylenes, and dried in
a vacuum oven overnight at 14Q. The resulting
surface vinyl groups provided the necessary active
anchoring sites for the subsequent graft polymer-
ization step. For PVP grafting, the VTMS-modified
membrane was immersed in a potassium hydroxide
solution (pH= 9) for 72 h period prior to graft poly-
merization to hydrolyze any remaining alkoxy groups
[20]. This surface treatment improves the wettability
of the membrane, thereby enabling more efficient
contacting of the membrane surface by the aqueous
vinyl pyrrolidone reaction mixture. No such treat-
ment was necessary for the PVAc grafting since the
reaction was carried out in an organic medium.

Graft polymerization of the silylated membrane
was performed using a 1.51 jacketed reactor under a
nitrogen atmosphere. The reaction mixture was stirred

poly(vinyl acetate) molecular calibration standards in by impeller and was maintained at the desired reac-
the 17,000-189,000 MW range were obtained from tion temperature using a temperature controlled water
American Polymer Standards (Mentor, OH) for use circulator (Neslab Instruments Inc., Portsmouth, NH).

in molecular weight determination.

2.2. Surface modification

Surface modification of the porous support was

The reaction solution was pumped from the reactor
and through the tube side of the membrane module
using a diaphragm pump. The shell side of the module
was filled with the reaction solvent (ethyl acetate or
water) and sealed prior to the reaction in order to pre-

performed in three steps: pretreatment, surface activa-vent reaction mixture infiltration into the membrane
tion, and graft polymerization. Pretreatment consisted support. Poly(vinyl acetate) grafting was accom-

of cleaning and hydroxylating the native alumina

plished following the procedure described by J21il,

membrane using a dilute (1%) aqueous solution of with a 40% (v/v) solution of vinyl acetate monomer

HCI. The membrane was dried, then equilibrated in
a 50% relative humidity atmosphere for 15 h at’23

[19], after which the resulting membrane substrate
was loaded into a stainless steel module for in situ

in ethyl acetate at 60C, initiated with 0.03M

2,2-azobis(2,4-dimethylpentanenitrile). PVP grafting
was carried out at 80C using a 30% (v/v) aqueous
solution of vinyl pyrrolidone containing 0.034 M am-

surface activation with VTMS. Anhydrous surface monium hydroxide, using hydrogen peroxide (0.03 M)
silylation was performed by pumping a solution of as the initiator{22]. Each graft polymerization reac-
10% VTMS in xylenes solvent through the feed side tion proceeded for a period of 6 h. At the termination
of the membrane, such that the solution contacted of the reaction the membrane was rinsed by pumping
the inner (separating) surface of the tubular mem- fresh solvent through the membrane tube-side for a
brane. The shell side of the module was filled with period of 1 h, changing the wash solvent every 20 min.
pure xylenes and sealed prior to the reaction to pre- Following the rinse the membrane was removed from
vent convective infiltration of the feed-side reaction the module, rinsed a final time with fresh solvent, and
mixture into the porous support. The VTMS solution dried overnight under vacuum at 110.
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The resultant polymer surface layer consisted of a
molecular layer and thus using a direct gravimetric or
other non-destructive method to determine the poly-
mer graft yield was not feasible. Therefore, the poly-
mer graft yield was estimated based on graft poly-
merization studies with surrogate silica apdlumina
particles, under the same surface silylation and poly-
merization reaction conditions, in a slurry reactor fol-
lowing the procedures described by Nguyen ef2A]
and Rovira-Bru et al[23]. The polymer graft yield,
determined by thermogravimetric analysis (TGA) us-
ing a TGS-2 system (Perkin-Elmer, Norwalk, CT),
was 2.66 mg/rhfor PVAc grafting and 1.97 mg/Afor
PVP. The average molecular weight of the PVP and
PVAc polymer chains, for the present reaction condi-

W. Yoshida, Y. Cohen/Journal of Membrane Science 213 (2003) 145-157

IL) that served as the feed reservoir was filled with
1000 ml of MeOH/MTBE feed solution just prior to
each pervaporation experiment. The feed solution (at
20°C) was pumped through the tube side of the mem-
brane module using a variable speed diaphragm pump,
with the feed flow rate measured by an online ro-
tameter. Feed-side pressure was measured by pressure
transducers (Model CD 223, Validyne, Northridge,
CA), and a vacuum gauge (Pirani Vacuum Gauges,
Edwards, Wilmington, MA) was used to monitor per-
meate side pressure. A vacuum pump (Model M8C,
Fisher Scientific, Pittsburgh, PA) was used to main-
tain permeate-side pressures of approximately 2 Torr.
The low-pressure vapor permeate was collected using
two dewar flasks immersed in liquid nitrogen. Prior to

tions, was estimated by size exclusion chromatogra- each run, the system was equilibrated by running both

phy (SEC) to be 13,000 and 39,700, respectively.

2.3. Pervaporation

Pervaporation experiments were carried out in a typ-
ical bench-scale apparatus as showfkim 1 A Ted-
lar bag (Chromatography Research Supplies, Addison

the feed circulation pump and the vacuum pump for
at least 1 h. The composition of the feed and permeate
were determined using a SRI 8610C gas chromato-
graph (SRI, Torrance, CA) with a FID detector heated
to 200°C and oven temperature maintained at 160
The column used was a Supelco’148 10 stainless

, steel column packed with 80/120 Carbopack B.
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Fig. 1. Schematic of pervaporation apparatus.
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3. Analysis resistancef27,28] by combiningEgs. (2) and (3)
Rov,
The generally accepted measure of the separa-a = R (4)
tion capability of a pervaporation membrane for a oVt
spe_cific binary mixture is the separation factat, The overall component resistanc®y, is the
defined as: sum of the feed-sideR¢ ;), membrane Ry ), and
_ Xp,i/Xp,j W permeate-sideRp ;) mass transfer resistances:
Xt /Xt Rov,k = Rf k + Rmx + Rpk (5)

wherexp ; andxp, ; are the mole fractions of the pref-
erential and secondary permeants, respectively, in the
permeate, ands; and x ; are their corresponding
mole fractions in the feed. The separation factor can
vary from unity (indicating no separation) to infinity,
where largera-values indicate increased selectivity.
The separation factor as measured experimentally is
a composite indicator of a system’s overall separation
performance and can vary depending on feed hydro-
dynamic conditions, permeate resistance due to ele-

vated partial pressures, changes to the diffusion rate . . s
b P 9 reduced to the point where pressure-driven liquid flux

caused by membrane swelling, or changes to mem-i mall compared t rvaporation flux. The decr
brane/component solubility. The separation factor can IS small compared to pervaporation Tiux. 1he decrease

also be expressed in terms of the component permeatem effective pore size due to silylation and grafting is

manifested by a decrease in the Darcy’s permeability

It is noted that when the permeate total pressure is
sufficiently low, as was the case in the present work,
the permeate-side resistanBg; can be neglected
compared to the other two resistand@9]. More-
over, to evaluate the pervaporative properties of the
grafted polymer layer, feed-side hydrodynamic condi-
tions were selected such that the membrane resistance
was the dominant mass transfer resistance.

In order for pervaporation to occur, the effective
pore size of the membrane (i.e. permeability) must be

quxesJ as for a pure componett k, (cm?), calculated fronf30]:

i Xf,j

= —— 2 ; : .

“= @ ke = ]kMk"lA T)(’”o/rl) ©)
m

inwhichJ; andJ; are the fluxes of the preferential and ) o _
secondary components. Expressions for the compo-n whichr; andrg are the inside and outside membrane
nent permeate fluxes are commonly obtained by using tube radii (cm), respectively is the pure component
the mass transfer resistance-in-series mgjai—26] viscosity, APn, is the transmembrane pressure, gnd
Accordingly, J;, the overall permeate flux for a com-  (cm/s) is the liquid permeation flux.
ponentk (wherek = i or k = j for a binary feed),
can be written as

Ctx — HyCpuk 4. Results and discussion

Ji (3

R
ovk 4.1. Surface modification and membrane
in which Cs ; and Cy . are the component feed and permeability

permeate concentrationd; is a dimensionless equi-

librium partition coefficient (i.et;, = C,%/C/* and PVAc-alumina and PVP-alumina asymmetric com-
Rov.x is the overall component mass transfer resis- posite membranes were produced and subsequently
tance. Under typical pervaporation conditions, the characterized via a series of pervaporation separation
permeate total pressure is much lower than the experiments for methanol/MTBE mixtures. The active
component vapor pressures, and it is reason- polymer surface layer consisted of polymer chains
able to assume thaCp; ~ 0. We note that that are terminally and covalently bonded onto the
for most cases of interesC > HiCpi, and membrane surface. When chain spacing is sufficiently
therefore the separation factor can be reason- large such that the surface chains do not overlap, the
ably approximated in terms of the component polymer surface chains resemble a hemisphere with
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Table 1

Reaction conditions and characteristics of PVAc and PVP-grafted polymers

Polymer Graft reaction M, Polymer graft Radius of Chain spacing, Brush height,
condition$ yield (mg/n?) gyration, D¢ (A) L9 (A)
M%) T Re", (A)
M (%) T(°C)

Poly(vinyl acetate) 40 60 3.9% 10 2.66 171 49 388

Poly(vinyl pyrrolidone) 30 80 1.30¢ 10* 1.97 113 33 258

aM is initial monomer concentration by volume percent dnthe reaction temperature.
b Polymer chain radius of gyration in a good solveRy & N%/5a).

¢ Polymer surface density is defined @as= a2/D?.

d Height of polymer brush (in a good solvent)~ Nas1/3,

a radius that under good solvent conditions is essen-the number-average molecular weight of the grafted
tially equivalent to the Flory radiu81], Rg, given as polymer andNa is Avogadro’'s number. For the
Re = N%°a, whereN is the number of monomer per  present PVAc and PVP-based membranes, the average
chain anda is the monomer size. The monomer size, chain-to-chain spacing expected for the present reac-
a, was estimated to be 4.3 and 6.4 A for vinyl acetate tion conditions was estimated at 49 and 33 A, which
(VAc) and vinyl pyrrolidone (VP), respectively, based is less than the average native membrane pore diame-
on molecular modeling calculations (Hyperchem 6.0, ter. Since the polymer Flory radii greatly exceed the
Spartan 4.1). Since the average polymer molecular chain spacing, under good solvent conditions these
weights of PVAc and PVP are®x 10* and 13x 10%, terminally anchored surface chains should extend
the corresponding numbers of monomers per chain  away from the surface in a “brush” due to volume ex-
are 461 and 120, respectively. Accordingly, the esti- clusion interactions. Grafted chains can be considered
mated Flory radii of the PVAc and PVP-grafted poly- to be in this so-called dense “brush” regime when
mers are 170 and 113 A, clearly larger than the 50 A the chain spacingD, is sufficiently small such that
native support membrane pore size. These results arethe brush criterior = (a/D)% > N~/ is fulfilled.
summarized infable 1 This condition was verified for the grafted PVAc and
Although, it is plausible that chain grafting inside PVP using values fronTable 1 The average chain
the pores may have occurred to some degree, the poreextension (e.g. swollen brush heighty, for good
size is only about 8-11 times larger than the monomer solvent conditions can then be estimated based on a
size and severe hindered pore diffusion would pre- simple scaling analysi®1], L. ~ Na(a/D)Y3, lead-
vent grafting of a significant amount of even fairly ing to brush heights of 388 and 258 A for PVAc and
short chains within the pore. Based on the classical PVP surface chains. These brush heights represent
hindered pore diffusion mod€B2], upon grafting the approximate thickness of the separating layers.
a seven-mer chain within the 50 A pore, monomer  On the average, the polymer chains are spaced less
diffusivity within the pore would be reduced by two than a pore diameter distance apart, and both the chain
orders of magnitude; we also note that for polymers extension and Flory radii are larger than the pore diam-
with N > 10, the Flory radius would exceed the pore eter by factors of 5-8 and 2—4, respectively. Therefore,
radius. In addition, the development of the surface it is probable that the terminally anchored polymer
polymer layer would also serve to screen the pores chains cover the pore openings, providing a continu-
and prevent reactants from reaching the pore interior. ous molecular coverage over the microporous surface
Since the average PVP or PVAc surface chain consistsand enabling pervaporation to occur. Previous work
of 100-400 monomers, it is likely that the majority with silica-PVAc membranes has suggested that for
of the PVAc and PVP chains are grafted onto the sur- pervaporative separation capability to exist, the Darcy
face of the membrane support rather than in the pore (liquid) permeability Eq. (6) of the membrane has
interiors. The average spacing between these surfaceto be reduced by polymer grafting to approximately
chains can be estimated @ = (GNa/M,) %2 10-15¢n? [11], a criterion that was demonstrated for
where G (g/m?) is the polymer graft yieldM, is the pure component§éble 29 of the binary mixture
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Table 2 separation factor of 0.76 with respect to methanol
Hydraulic permeability for the native, silylated and polymer- (i.e. slight preferential permeability for MTBE) and
grafted membranes a significantly higher flux than those reported for

Membrané Hydraulic permeability (crf) methanol/MTBE pervaporation with polymeric mem-

MeOH MTBE branes[5,33]. A methanol separation factor of 1.1
Native alumina 1.0x 10713 1.6 x 10713 was observed for the VTMS-modified membrane, but
Silylated 6.6x 10715 5.4 x 1071% the flux was reduced by nearly 50% relative to the
PVP-grafted 1.1x 1071 Impermeable native membrane support. These results are consistent
PVAc-grafted Impermeabfe Impermeable

with the open pore structure expected for the unmod-
ified and silylated membranes, and suggest that the
observed separation values result primarily from vac-

2All modified membranes are based on the same alumina
support membrane.
b Measurable permeation not observed at transmembrane pres-

sures up to 40 psi. uum distillation[18]. In vacuum distillation{34], the
¢ Measurable permeation not observed at transmembrane pres-selectivity is determined by the vapor-liquid equilib-
sures up to 50 psi. rium of the methanol/MTBE components while the

_ _ permeation is only limited by the evaporation rate.
in the current study. The measured Darcy permeabili- Above the azeotropic point, selectivity via vacuum

ties wgreapreliminaryindication of the pervaporative distillation should favor the more volatile MTBE,
potential of the CSP membranes at various stages ofas can be verified from vapor—liquid equilibrium

modification. data for the MTBE/methanol systef5]. In con-
trast, the polymer-grafted membranes are selective
4.2. Membrane separation capability for methanol, with a methanol separation factor of

approximately 9 Fig. 2). The pore size reduction of
The PVP and PVAc-grafted membranes demon- the grafted membranes (suggested by the reduction in
strated preferential methanol permeation, while the Darcy permeabilitiesTable 9 resulted in decreased
silylated and native membrane supports displayed total flux and increased methanol separation factor
little or no separation capability. This behavior is il- relative to the ungrafted membranes, similar to the
lustrated inFig. 2 for a 50/50 (v/v) methanol/MTBE  flux/selectivity tradeoff commonly observed for per-
mixture. The unmodified alumina support had a vaporation membranes.

30 10
o> 2 Total Flux 1o
| a
25 | 5
= i
:; 20 /
— 7 6
g 15 5 3
x o
i {4
I i
E 10 ]3
5 | 12
""""""""""" H N N
, I o

Unmodified Silylated PVP M30T80 PVAc M40T60

Fig. 2. Comparison of separation factor (for methanol) and fluxes for 50/50 (v/v) mixtures of methanol and MTBE for unmodified, VTMS
silylated, and PVP and PVAc-grafted membranes (dotted line indicates separation factor of unity).
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The separation factors and permeate fluxes for the 100 ——— 8
PVP and PVAc-based membranes, measured over a o{ B¢ L,
Reynolds number range of about 400-3000, demon- go| M Flux |
strated an average variation of only 6.3 and 2.4%, re- 70 °F
spectively, which can be considered to be well within 60 |5 g
the range of the overall experimental error. In contrast, | " " L4
separation factor and permeate fluxes varied with feed 0] . Z
concentration by one to two orders of magnitude over 0 u g
the range of concentrations tested. This behavior sug- 2 2=
gests that the mass transfer resistance associated with o 1
the feed concentration boundary layer is small relative n a
to that which is associated with the membrane itself 2'0 4'0 o éo 1000
(Eq. (5). Therefore, the mass transfer resistance and Mothana! Vol %

hence the separation factor observed can be consid-
ered intrinsic properties of the grafted polymer layer Fig. 4. Effect of feed composition on methanol separation factor
of the CSP membrang]. and total flux for PVP-grafted membrane.

4.3. Effect of feed concentration on pervaporation for the PVAc-grafted membrane at methanol vol-
ume fractions of 5 and 1%, respectively. The total

The pervaporation separation factor and total fluxes permeate flux at these conditions was 0.55 Kgim

of the two types of grafted membranes were tested for the PVP-grafted membrane and 0.055 kgim

over the complete range of methanol/MTBE feed for the PVAc-grafted membrane. Both membranes

concentrations, and the resulting values are given in greatly outperformed the vapor-liquid equilibrium

Figs. 3 and 4 Both types of grafted membrane dis- separation achievable by vacuum distillation and

played the commonly observdd] tradeoff between  neither membrane was affected by the presence of

decreased separation and increased flux as the vol-the methanol/MTBE azeotrope, as shownFig. 5.

ume fraction of methanol in the feed is increased.

Both types of CSP membrane were selective toward 1

methanol ¢ > 1) and achieved separation factors as

high as 26 for the PVP-grafted membrane and 100

508
]
[
£
&
- 06
T
(e}
= @
S =
E s 04
5 =
s g
X w
= 2 02
e} = = = . VaporiLiquid 4 PVAc grafted
= Equilibrium  m  pyp grafted
0 . ,
: 0 02 04 0.6 08 1
0 20 40 60 80 100 Mole Fraction MeOH (Feed)

Methanol Vol %
Fig. 5. Methanol/MTBE vapor-liquid equilibrium relative to sep-

Fig. 3. Effect of feed composition on methanol separation factor aration achievable by grafted PVP and PVAc membranes (equi-
and total flux for PVAc-grafted membrane. librium data measured at 101.32kPa by Arce ef{2i]).
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However, the PVAc membrane had a higher separa- less swollen state relative to the PVAc chains. Since
tion factor and lower flux than the PVP-grafted mem- the grafted PVP chains are also physically smaller
brane at all feed concentrations. Since both grafted than the grafted PVAc chainggble 1), contraction
membranes were created from identical support sub- of the chains toward the surface would lead to an
strates, it is reasonable to attribute the differences in increase in effective pore size and a decrease in the
their separation characteristics to the differences in grafted polymer brush height, which is consistent
the partitioning and diffusivity of the feed compo- with the observed higher permeation flux and lower
nents in the grafted layer. The diffusivity of methanol selectivity of the PVP-based membrane relative to
in the grafted polymer layer is expected to be higher the PVAc membrane. The above argument suggests
than MTBE due to its smaller molecular size, favor- that when modification of membrane substrates is
ing the selectivity of methanol over MTBE in both performed, careful consideration must be given to the
membranes. Polymer solubility tests at°Z3demon- relationship between the native pore diameter and the
strated that while methanol is a good solvent for size of the grafted polymer chains.

both polymers, PVAc was only moderately soluble

in MTBE, while PVP was essentially insoluble in 4.4. Component fluxes

MTBE. Based on solubility considerations alone one

would expect both membranes to be more selective The permeate flux for specidsin the feed,J;,
towards methanol with the PVP membrane having a was determined from measurements of the total per-
higher selectivity for methanol. meate flux i) and the permeate compositior, ()

The experimentally observed separation charac- as Jy = Jiotxpx. The methanol permeation flux
teristics of the two membranes can be attributed to (Figs. 6 and Yincreased essentially linearly over the
differences in both the grafted layer structure and range of compositions studied for both the PVP and
polymer—solvent compatibility. As shown by Castro PVAc membranes. In contrast, a maximum in MTBE
et al. [36], the apparent pore size (or permeability) permeation flux through the PVAc and PVP mem-
for PVP-grafted membranes increases as the solventbranes was observed at methanol feed concentrations
quality decreases. Since MTBE is a poor solvent for of 5 and 11 mol/l (20% v/v and 45% v/v methanol),
PVP, when the polymer chains are exposed to the respectively. Above these maxima, the MTBE com-
MTBE/methanol feed, the chains are likely to be in a ponent fluxes decreased with increasing methanol
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Fig. 6. Component fluxes for pervaporation of methanol/MTBE mixtures through PVAc-grafted membrane.
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Fig. 7. Component fluxes for pervaporation of methanol/MTBE mixtures through PVP-grafted membrane.

concentration due to the decline in the MTBE suggests thatthe maximum is notdue to changesin dif-
concentration driving force, a result expected from fusion behavior through the membrane (which would
pervaporation solution—diffusion theoryEq. (3). affect both components), but rather the non-ideal solu-
However, below these maxima, the MTBE flux in- bility behavior of MTBE in the presence of methanol.
creased with increasing methanol concentration de- Indeed, a maximum in MTBE sorption capacity with
spite the decreasing MTBE driving force. respect to solution composition has been previously re-
The fact that a maximum in flux with respect to ported inthe literature for sorption of methanol/MTBE
composition exists for MTBE but not for methanol mixtures by polyimide films [37], and similar
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Fig. 8. Effect of feed composition on mass transfer resistances of methanol and MTBE for PVAc-grafted membrane.
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Fig. 9. Effect of feed composition on mass transfer resistances of methanol and MTBE for PVAc-grafted membrane.

solubility behavior has also been noted for polyvinyl
alcohol films in alcohol/water solution88]. Since
the magnitude of the MTBE pervaporation flux is
directly proportional to its solubility in the mem-
brane, the similarity between the pervaporation flux
curve in this work and sorption isotherms reported
in literature implies that the flux/separation trade-
off observed in this work may be primarily due to
changes in MTBE solubility in the polymer phase.
Direct evaluation of the partitioning of methanol and
MTBE into the grafted polymer phase is a challeng-

volume). For the PVP-grafted membrane, resistance
to MTBE transport decreased by a factor of 5.9 as the
methanol feed composition increased from 0.13 to
0.75 mole fraction (corresponding to 5-50% methanol
by volume). The strong dependence of MTBE mem-
brane resistance on feed concentration coupled with
the weak dependence of methanol membrane resis-
tance on feed concentration suggests that the decline
in methanol separation factor with rising methanol
feed concentrationFig. 3) is due to a significant
increase in the membrane’s permeability for MTBE

ing endeavor, but such studies will clearly be needed rather than a decrease in methanol permeability.

to better understand the intricate relationship between

flux, partitioning and membrane resistance.

The component membrane resistandes. (3) for
methanol and MTBE are shownlitigs. 8 and Jor the
PVAc and PVP membranes, respectively. Although

5. Conclusion

Alumina support membranes of 50 A native pore

there is some scatter in the calculated methanol re- size were modified by a two-step free-radical graft
sistance data, it is evident that resistance to methanolpolymerization of either vinyl acetate or vinyl pyrroli-

transport for the PVAc-grafted membrartéd. 8) in-

done to create ceramic-supported polymer (CSP) per-

creases by approximately 45% as the methanol mole vaporation membranes for organic—organic separation.

fraction increases from zero to unity. In contrast,
methanol resistance for the PVP membraRy.(9

The active poly(vinyl acetate) and poly(vinyl pyrroli-
done) separation layers consisted of molecular layers

was essentially constant (with a deviation of about of terminally anchored polymer chains. The present
6%) over the range of concentrations studied. For both CSP membranes were found to be methanol selective
the PVAc and PVP-grafted membranes, resistance tofor the pervaporation of methanol/MTBE mixtures,
MTBE transport decreased with increasing methanol achieving separation factors of up to 100 (PVAc) or 26
concentration in the feed. For the PVAc-grafted mem- (PVP). As methanol feed concentration increased, the
brane, MTBE resistance decreased by a factor of aboutmembranes displayed a tradeoff of increasing flux ac-
2.5 as the methanol feed mole fraction increased from companied by decreasing methanol separation factor.
0.03 to 0.3 (corresponding to 1-10% methanol by The separation ability of these membranes was shown
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to be due to the graft polymerized surface chains. In [11] J.D. Jou, W. Yoshida, Y. Cohen, A novel ceramic-supported

contrast, the unmodified and silylated membranes had =~ polymer membrane for pervaporation of dilute volatile organic

negligible separation capabilities. The study suggests __ compounds, J. Membr. Sci. 162 (1999) 269-284.

that pervaporation separation. rather than vacuum [12] M. Goldman, D. Fraenkel, G. Levin, A zeolite/polymer
L p_ p . P ! L membrane for separation of ethanol-water azeotrope, J. Appl.

distillation, occurs with these qum_ed _membranes Polym. Sci. 37 (1989) 1791.

because the grafted polymer chain size is larger than[13] K.M. Song, W.H. Hong, Dehydration of ethanol and

the native pore size, while the chain spacing is smaller isopropanol using tubular type cellulose acetate membrane

than the native pore size. The CSP membrane can be with ceramic support in pervaporation process, J. Membr. Sci.
. o . S 123 (1997) 27-33.

tailored for specific separations of organic mixtures

. . . . [14] Y. Zhu, R.G. Minet, T.T. Tsotsis, A continuous pervaporation
with the proper choice of polymer chemistry; how- membrane reactor for the study of esterification reactions

ever, increase in selectivity would also require careful using a composite polymeric/ceramic membrane, Chem. Eng.
optimization of grafted polymer chain spacing and Sci. 51 (N17) (1996) 4103.
chain Iength relative to the support pore size. [15] Y. Zhu, H. Chen, Pervaporation separation and pervaporation—

esterification coupling using crosslinked PVA composite
catalytic membranes on porous ceramic plate, J. Membr. Sci.
138 (1998) 123.
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