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1. PROJECT SUMMARY

There is a growing need in the areas of hazardous waste treatment, remediation and pollution
prevention for new processes capable of selectively separating and removing target organic Species
from agueous steams. Membrane separation processes are especialy suited for solute removal from
dilute solutions. They have the additiona advantage of requiring less energy relative to conventional
separation technologies (eg., didtillation, extraction and even adsorption processes). The maor
difficulty with current membranes is the poor longevity of polymeric membranes under harsh
conditions (high temperature, harsh solvents and pH conditions) and the lack of selectivity of ceramic
membranes. In our previous work (1996 EMSP project), a first generation of novel polymer-ceramic
(PolyCer) composite membranes were developed with the goal ¢ overcoming the above difficulties.
The proposed PolyCer membranes are fabricated by a surface-graft polymerization process resulting
in a molecular layer of polymer chains which are terminally and covalently anchored to the porous
membrane support. The lymer imparts the desred membrane selectivity while the ceramic support
provides structural integrity. The PolyCer membrane retain its structural integrity and performance
even when the polymer phase is exposed to harsh solvent conditions since the polymer chains are
covaently bonded to the ceramic support surface. To date, prototype PolyCer membranes were
developed for two different membrane separation processes. (d) pervaporation remova of organics
from agueous systems, and (b) ultrefiltration of oil-in-water emulsions. Pervaporation PolyCer
membranes were demonstrated for removal of selected organics (TCE, chloroform and MTBE) from
water with permeate enrichment factors as high as 300. While the above results have been extremely
encouraging, higher errichment factors (>1000) should be sought for field applications. The above
improvement is feasible by increasing the length and surface density of the grafted polymer chains.
The required smultaneous increase in surface polymer graft density and chain length is beyond the
capability of present free-radica graft polymerization methods. Therefore, it is proposed to develop a
new approach to synthesizing the grafted polymer membrane phase via "living" freeradical
polymerization. This approach should dlow controlled growth of the grafted polymer chains while
maintaining the advantage of high surface chain density possible with conventional free-radica
polymerization. Optimization of the membrane surface layer will be sought by developing
fundamental correlation between surface characteristics (e.g., topology, chain length and surface
density) and membrane performance. The ability to talor-design the grafted polymer surface with
long polymer chains of a desired surface dendity is aso advantageous in fabricating non-fouling
ultrafiltration membranes for colloidd filtration.

Using the same “living” free-radica polymerization technology, as for the pervaporation
membranes, ultrafiltration ceramic membranes with terminaly anchored surface chains, can be
produced to repel colloidd species, thus reducing membrane fouling while increasing permeate
rejection. As an outcome of the 1996 EEMSP project, it was discovered that, with sufficiently long
surface chains, significant increase in PolyCer UF membrane rejection is possible, especidly at high
tangentia velocities. The fabrication, via “living” free-radica polymerization, and optimization of
such non-fouling UF membranes is another goa of the proposed research. It is expected that this
project will results in the demongration of a commercidly viable technology for the "tailor design”
and optimization of a new class of sdective and robust polymer-ceramic (PolyCer) membranes for
agueous waste treatment and water decontamination applications. The proposed PdyCer approach
will dlow the rapid deployment of “fied-ready” and task-specific membranes for recovery and
recycle for remediation and pollution prevention gpplications.
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Overall Progressand Accomplishmentsfor the Period 9/15/96-3/15/2000

This report summarizes the work progress over the last year of the above referenced
project. Membrane separation processes are especidly suited for solute remova from dilute
solutions. They have the additional advantage of requiring less energy relative to conventiona
separation technologies (e.g., didtillation, extraction and even adsorption processes). The major
difficulty with current membranes is the poor longevity of polymeric membranes under harsh
conditions (high temperature, harsh solvents and pH conditions) and the lack of selectivity of ceramic
membranes. The objective of the project has been to develop a new class of ceramic-supported
polymeric membranes that would overcome the above difficulties and could be tallored-designed
for awide-range of gpplications in remediation and pollution prevention.

The PolyCer membranes are fabricated by a surface-graft polymerization process resulting in
a molecular layer of polymer chains which are terminaly and covaently anchored to the porous
membrane support. The polymer imparts the desred membrane sdlectivity while the ceramic support
provides structural integrity. The PolyCer membrane retain its structural integrity and performance
even when the polymer phase is exposed to harsh solvent conditions since the polymer chains are
covaently bonded to the ceramic support surface. Prototype PolyCer membranes were developed for
two different membrane separation processes. (@) pervaporation remova of organics from agueous
sysems, and (b) ultrefiltration of oil-in-water emulsions. Also, as a result of the project work, we
have generated fundamenta knowledge in the aeas of graft polymerization kinetics,
hydrodynamics of terminaly anchored copolymer chains and polymer grafted-slicaresns

As a recognition of the unigueness of our membrane development approach, we received
the 1997 Outstanding Paper award from the AIChE Separations Divison [Castro & d., J.
Membrane Sci., 115, 179-190, 1996]. In addition, a patent gpplication for ceramic-supported
polymer pervaporaion membrane was filed with the US Patent Office with the consent of DOE.
To date, the work has resulted in the publication of five journd articles and book chapters
(Section 1.2), and 13 conference presentations and invited seminars. Four additiona papers are
currently in preparation for publication. Two Ph.D. students (Deng-Jeng Jou and Robert Castro)
and three M.S. students (Niangjiong Bei, Ron S. Faibish and Hiroyoshi Ohya), whose research
was supported in whole or to a significant degree by the above gant, graduated during the grant
period. Currently the dissertation research work of two Ph.D. students (Wayne H. Yoshida and
Ron S. Faibish), whose work on the DOE project commenced two years ago, is in progress. IT is
adso noted that highlights of our research accomplishments was recently published in Initiatives
in Environmental Technology [ nvestment (Volume 6, Winter 1999;
http:/Amww.wpi.org/initigtives).

The success of our membrane synthess work was made possble by being able to
caefully control the graft polymerization process having developed a detalled kinetic mode of
free-radicd graft polymerization. This enabled us to increase the polymer graft yidd to a higher
level than previoudy possble Also, it is now possble to increase the contribution of graft
polymerizetion to the total polymer graft yied, thereby increesng the polymer chains dengty
(Figure 1). The high surface chain dendty is illusraed by AFM image shown in Fig. 2. The
surface chains are polydisperse in size as expected from free-radica polymerization.

The hydrophobicity/hydrophilicity of the grafted surfaces was observed via contact angle
measurements as illugtrated in Fig. 3. For the hydrophilic PVP brush layer, the contact angle for
water decreased, with increesng polymer graft yidd, indicating a more hydrophilic surface
layer. Spreading of water on the PVP grafted layer is possible snce the surface chains can absorb
water and swell. In contragt, the PVAC layer is sufficiently dense, even a the lowest graft yidd,
as indicated in Fg. 3; thus little variaion in contact angle is observed on this hydrophobic
surface.
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The surface graft polymerization method, developed as part of this project, proved to be
effective in masking surface hydroxyl groups on the surface of inorganic oxides. As a reault,
surface charge was ggnificantly reduced, over a wide pH range, and therefore interaction of
solutes with surface hydroxyls was essantidly diminated. An example, of the effect of
poly(vinylpyrrolidone) on masking of -OH groups on a zrconia surface is illudrated in Fig. 4.
Such a aufece is efident in reducing irreversble fouling when tregting oil-in-water
microemulsons (which ae typicdly negativdy charged). Prdiminary sudies have shown that
irreversble fouling, which can lead to permesbility loss in excess of 50-100 % in many cases, is
virtudly diminated with the use of a PVP-modified membrane. An additiond benefit of the
grafted polymer phase is tha membrane rgection, for UF, can be increased due to the polymer
chans which screen the membrane pore from the emulson droplets, while dlowing the
continuous phase to permeate through the membrane. An example of the above behavior is
shown in FHg 5 for utrfiltration of a synthetic oil-inwaer emulson (decane/octanoic
acid/sodium  octanoate/isobutanol/water)  filtered through tubular native and PVP-modified
zirconia membrane under laminar flow condition. Reection was increased by about a factor of 2
(Fig. 5) with the modified membrane.

In a series of dudies with filtration of a commercd cutting oil emulsons through a slica
tube membrane (120 nm pore sze), we have found that sgnificant improvement in rgection of
ol was achieved a a sufficiently high tube-sde Reynolds number (Fig. 6). It is believed that the
above phenomena is due to deformation of the grafted polymer chains, a well documented chain
behavior. Work is currently underway to optimize the grafted chain length in order to exploit the
ful potentid of the above shear-induced behavior for improvement of membrane rgection
performance.

The graft polymerization method for membrane modification, developed in  our
laboratory, has proven successful for producing ceramic-supported polymer pervaporation
membranes. We have shown that for pervaporation, the starting pore size for the ceramic support
should be no larger than about 500 A. PVAc-grafted silica membranes, for example, were shown
to be capable of removing volaile chlorinated organic solvents from water by pervaporation
(Figs. 8), while PVP-based membranes were useful for polar/non-polar organic/organic
sepaation and dehydration of organic solventss These membranes exhibited negligible
membrane resstance to solute trangport through the membrane. The tube-side boundary-layer
ressance was the dominant mass trandfer resstance which decreased with increasng tube-side
Reynolds numbers. The enrichment factors for the remova of  trichloroethylene (TCE) and
chloroform and MTBE, usng an exploratory Poly(vinylacetate)-slica membrane, was
aufficiently high (with permeate enrichment factors up to 300) to enable the recovery of pure
organic solutes from solutions of concentrations down to aout 20 ppm in a one-stage operation
(Figs. 7). Our most recent work has suggested that the separation factor can be increased by
increasing the polymer graft densty. Improved separation of the PolyCer PVAC pervaporation
membrane is expected upon reduction of water permestion flux (Fig. 7). Enrichment factors of
gpproaching and even exceeding 1000 (Fig. 7) are possble with free-radicd graft polymerization
technology. However, modification to the reaction scheme to incorporate terminaion blockers
will be required.

We have demondrated that initid sdection d the polymer for specific separations can be
made based on smple solubility condderations. Accordingly, 2-D solubility parameter map is
shown in Fig. 8, where solvent (or solute)-polymer competibility is indicated by the distance
between the polymer and organic points on the map; increased compatibility (or solubility of
polymer in the organic liquid) is depicted by smdler disances between a sdected par. For
example, Poly(vinyl acetate) (PVAC) is completdy soluble in trichloroethylene and insoluble in
water; thus, PVAcC is a suitable polymer for pervaporation remova of trichloroethylene from
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water. Following the above gpproach, tubular dlica and zirconia membranes were modified with
PVAc and PVP to form pervaporation membranes.

4.2  Expected New Developments

Development work, to date, has been essentidly a “proof of concept” effort focused on
pervaporation remova of volaile organics from agueous systems and ultréfiltration of oil-in-
water microemulsons with PolyCer membranes. The PolyCer membrane technology has been
shown to be applicable for both UF and pervaporaion. We are now n postion to advance the
PolyCer membranes to the next leve — practicad PolyCer membranes. To accomplish this god
god, membrane performance, with respect to the grafted polymer phase, must be fully correated
and optimized. Such continuing work work is essentid for the devdopment of PolyCer
membranes for fidd-scde and commercid applications. Growing interest by industry in the
PolyCer membrane concept is encouraging. With additiond optimization work, we are confident
tha PolyCer membranes will emerge to meet the demand for membranes tha retan ther
dructurd integrity and longevity under harsh conditions while maintaining the desired sdectivity
and permeate fux. The gpproach will pave the way for a rapid talor-design of pervaporation and
UF membranes for organic-agueous separations.
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