


Research in Water Purification Appears to be Gaining
Traction in the Scientific Community



New Gas Separation Membrane Materials with

Performance Better than Conventional Membranes
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Polymers with Cavities Tuned for
Fast Selective Transport of
Small Molecules and lons

Ho Bum Park,® Chul Ho Jung,® Young Moo Lee,™™ Anita ]. Hill,® Steven ]. Pas,’
Stephen T. Mudie,® Elizabeth Van Wagner,” Benny D. Freeman,” David ). Cookson®

Within a polymer film, free-volume elements such as pores and channels typically have a wide range of
sizes and topologies. This broad range of free-volume element sizes compromises a polymer’s ability to
perform molecular separations. We demonstrated free-volume structures in dense vitreous polymers
that enable outstanding molecular and ionic transport and separation performance that surpasses the
limits of conventional polymers. The unusual microstructure in these materials can be systematically
tailored by thermally driven segment rearrangement. Free-volume topologies can be tailored by
controlling the degree of rearrangement, flexibility of the original chain, and judicious inclusion of
small templating molecules. This rational tailoring of free-volume element architecture provides a route
for preparing high-performance polymers for molecular-scale separations.

cavities (i.e., free-volume elements) in soft  plications for membrane separation processes in

S mall-molecule and ion diffusion through  or nanoscopic phenomenon. It has important im-
organic materials is an inherently subnano-  chemicals production as well as energy conver-
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Beating the Permeability-Selectivity Tradeoff

for H, Purification

Fig. 4. Permeability/selectivity L S ———
map for CO/H, separation. Mixed- - .
gas separation performance data of [ -20°C
the 70 wt % PEGMEA/30 wt %

PEGDA copolymer at 35°C (@),

10°C (A) and -20°C (V) are ;
included for comparison. The vari- - 10
ous symbols at each temperature S“' .
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represent data points measured at
different feed pressures and binary I @00 08 o
CO,MH, mixture compositions. Each I
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different material from the litera- [ o ° °%°9%° o
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pressures in the feed gas and vice 0 :“’ o0
versa. The upper bound is drawn 107" e v vl i il vl s
according to a model prediction of 102 10" 10° 10" 10° 10° 10*
this phenomenon (30) with the CO, Permeability [Barrer]

adjustable parameter f set to 0.

The parameter f characterizes the interchain spacing at equilibrium. Rubbery polymers such as those of
interest in this work do not exhibit the nonequilibrium excess volume that is associated with nonzero
values of f in glassy polymers.

Lin et al., Science, 311, pp. 639-642 (2006).



CO, Selective Materials

Plasticization-Enhanced
Hydrogen Purification Using
Polymeric Membranes

Haiging Lin,u Elizabeth Van Wagner,* Benny D. Freeman,** Lora G. ‘Iu)-,'* Raghubir P. Gup‘ta"

Palymer membranes are attractive for molecular-scale separations such as hydrogen purification
because of inherently low energy requirements. However, membrane materials with cutstanding
hydrogen separation performance in feed streams containing high=pressure carbon dioxide

and impurities such as hydrogen sulfide and water are not available. We report highly
permeabla, reverse-selective mambrane materials for hydrogen purifi@tion, as exemplified

by molecularly engineered, highly branched, crosslinked polylethylene oxidel. In contrast

to the performance of conventional materials, we demonstrate that plasticiztion can be

harnessed to improve saparation performance.

ydregen is produced primarly by
Hm'am reforming of hydrocarbons fol-

lowed by the water-gas shift rmacton,
which yizlds a hydrogen product containing
impurities such as CO,, H,S, and HO (1)
The hydrogen must be purified for further
use, and basad on the high volumes curmently
produced and the likelihood for this produc-
tion toincrease, even a small improvement in
H, purification efficiency could substantial-
ly reduce the costs. Membrane technology is
attractive for molecular-scale separations be-
cause of inherent advantages such asz high
energy efficiency, excellent reliability, and a
amall footprint (2-5). The potential applica-
hility of membrane tochnology relies sirongly
on the ability of membrane materials to ex-
hibit high sepamation performance at practical
feed conditions {e.g., with feed streams that
contin high-pressure CO, and impurities such
as H,5 and H,0).

Highly permeable and highly selective mem-
brane materials are desired for C0,/H, sep-
aration. (s permeahbility P, which is the
steady-state, pressme- and thickness-nomalized
gas flux through a membrane, is usually ex-
pressed as P = § = D, the product of gas sol-
ubility § and gas diffusivity I in the polymer
memirane (). Selectivity a,,,, which charac-
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terizes the ahility of a membrane to separate
gaws A and B, i given by

Py _ 5u Dy
L i (1)

where 5,05, is the solubility selectivity and
DDy, is the diffusivity selectivity (). The se-
lectivity of CO, over H,, acg,u,, reflects the
tradeofl between Bvorable solubility selectiv-
ity {C0, is more condensable than H, and,
therefore, See, /Sy, = 1) and unfavorable dif-
fusivity selectivity (00, is larger than H,, so
Deny /D, < 1) (7). In conventional polymeric
membran: materials (8) and hose hased on
carbon (4) and silica (9, ], overall gas se-
lectivity is dominated by diffusivity selectivity
and, therefore, these materials are typically more
pemgeable to H, than te CO,. Consequently, the
H, product & preduced in the permeate at low
pressure, even though further downstream
utilization requires FH, at high pressure. Expen-
sive recompression of the H, product hence
diminizhes the advantage of membrane ch-
nology relative to that of conventional separa-
tion technologies, such as pressure swing
adsaption, that produce H, at or near feed
pressure (1, 2, ). To minimize or avoid H, re-
compression, optimal membrane materials
should be reverse selactive (ie., mone permeable
o larger molecules, such as 00, than to smaller
maolecules, such as HL ). Here, we propose that
to achieve very high CO/H, selectivity, a
membrane must exhibit fvorable imeractions
with 00, > enhance sohubility selectivity and
hawe very weak sizesieving abiity o bring
Dy (D, as close to 1 a3 possible. Guided by

these material design principles, we prepad
and chamacterized a family of highly branched
polymens based on polyfethylene oxide) (PEO)
and found that these polymens display excel-
lent CO,/H, separation performance. Coumnter-
intuitively, the COyH, selectivity and CO,
pemeabdity improve as 00, partial pressure
increases (ie., as 00, concentration sarbed in
the polymer increases). This is in contrast to
the behavior of conventional, strongly size-
selective materials, for which raising (O, partisl
ressure typically decreases selactivity (117

In a recent review of the influence of
primary chemical structure on O0,/H, separa-
tion properties of polymers, ethylene oxide
(E) units were identified as the best chemical
groaps for such membranes because the polar
ether oxygens in BEO units imeract favorably
with 00, resulting in high solubility selectivity
{125, Pdymers containing EOQ can be highly
flexible, leading & weak size-sieving behavior
and highdiffusion coefficient, two factors which
contribae directly to high CO, permeshility and
high COLH, selectivity (12, 13). However, pure
PEQ exhibits very low CO, permeability
[approcimaiely 12 Barrers (14) at 35°C and
infinite dilution] a5 a result of high crystallinity
lewelk (7). Additionally, the presence of crys-
talline regins in pure FEO reduces poymer
chain mohility in the amorphous phase and
increases size-sieving ability, thereby de-
creasing COJH, slkectivity (12). To circum-
went thiz limitatdon and effoctively frostrate
crystllization, shont non-PEQ scgments are
introduced into the polymer backbone to
intermupt the B0 repeat units, Chain branches
containing shor, noncrystallizable segments of
B ame ako introduced mndomly ingo the chain
hackbone to further inhibit crystallinity, This
leads to amorphous materials with higher gas
permesbility and higher COLH, selectivity than
semicrystalline FEQ. Plasticization further
improves their C0,/H, separation properties,
in contrast i the view that plasticization always
meduces polymer membrEne sepamation per-
formance, as it does in the case of COYCH,
separation in natural gas purification (15), More-
over, all polymers are more permeable o 00,
than to CH, because OO, has higher diffusiv-
ity (bocause of it amaller molecular size) and
higher soluhility (bocause of i® greater tend-
ency to condense) than CH,. In contrast,
polymers that are more permeable to OO0,
than to H, are much rarer because the smaller
size of H, favars its permeation over that of
the larger CO,.
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High-Performance Polymer
Membranes for Natural-Gas
Swectening®®

By Haiging Lin. Elizabeth Van Wagner, Roy Raharjo,
Benny D. Freeman,® and lan Roman

Polymers containing ethylene oxide units have attracted sig-
mificant scientific interest since ether oxygen linkages lead to
flexible polymer chains and specific interactions with metal
ions[Y polar molecules such as HoO and HaS P and quadrupo-

lar maolecules such as COg,

Bl Amorphous polymers containing

poly{ethylens oxide) (PED) have been studied extensively in
applications such as high-energy density batteries® and drug
delivery. ] Herein, we demonstrate a strategy to design rub-
bery membrane materials for the removal of acid gases such
as C0; and HyS from natural gas (mainly CH,) using a highly
branched, crosslinked FPEO hydrogel. Unlike conventional
size-sieving membrane materials, which achieve high perme-
ability selectivity mainly via high diffusivity selectivity P! thass
polar rubbery membrane materials exhibit high CO2 perme-
ability, high COw/CH, mixed-gas selectivity. and excellent sta-
hility to contaminants in natural gas due to high gas diffusivity
and high CO./CH, solubility selectivity.

Matural gas is a wital energy source, and approximately
20 % contains excesz OO0 which must be removed to meet
pipeline specifications™ Due to the large volume of naturl
gas produced annually (6.8 x 10" m° {at standard temperature
and pressure, STP) in 2003 in the US alone!™), even small im-
provements in COz-removal efficiency could lead to consider-
able cost reductions in purifying natural gas. Membrane tech-
nology has attracted interest for this application, especially in
remote areas such as off-shore pJall'ou'ms,"] because mem-
brane units are compact (they have a small footprint). energy
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Using Nanocomposites to Enhance Membrane Separations

REPORTS

Ultrapermeable,
Reverse-Selective
Nanocomposite Membranes

T. C. Merkel," B. D. Freeman,? R. J. Spontak,? Z. He,* 1. Pinnau *
P. Meakin,® A. ). Hill*

Polymer nanocomposites continue to receive tremendous attention for appli-
cation in areas such as microelectronics, organic batteries, optics, and catalysis.
'We have discovered that physical dispersion of nonporous, nanoscale, fumed
silica particles in glassy amaorphous poly{4-methyl-2-pentyne] simultaneousky
andsurprisingly enhances both membrane permeability and sslectivity forlarge
organic molecules over small permanent gases. These highly unusual property
enhancements, in contrast to results obtained in comventional filled pobrmer
systems, reflect fumed silica-induced disruption of polymer chain packing and
an accompanying subtle increase in the size of free volume elements through
which molecular transport occurs, as discerned by positron annihilation lifetime
spectroscopy. Such nanoscale hybridization represents an innovative means to
tune the separation properties of glassy polymeric media through systematic

manipulation of molecular packing.

Organic-inorganic polymer nanocomposites
have attracted wide interest, because the ad-
dition of inorganic particles to polymers can
enhance conductivity (f, 2), mechanical
toughness (), optical activity . 5). and
catalytic activity (4, 7). Nanecomposites may
alzo prove to be vseful for molecular sapara-
tions, a diverse field affecting processes such
as biomolecule purification. environmental
remediation, seawater desalination. and pe-
troleum chemicals and fuel production (%),
These separations are typically accomplished
with established technologies such as distil-
lation, absomption, and adsorption, which are
often extremely energy- and capital-inten-
sive, or recently by selective permeation
through membranes (8). Membranes are at-
tractive becausa they are a low-cost, energy-
efficient, greem technology. Their widespread
use in pas separations has, however, been
limited by the difficulty of preparing mem-
branas with the desimble combination of high
selectivity. which yields high product purity
and low operating costs, and high permeabil-
ity, which reduces membrane area and capital
cost. Unfortunately. as the selectivity of con-
ventional polymer membrane materials in-
creases, permmeability invarably decreases

"Canter for Energy Technology, Research Triangle In-
stitute, Reszarch Tdangle Park, NC 2708, USA, *Die-
partment of Chernical Engineering, Centar for Energy
and Emvrcomental Resources, University of Texas at
Austin, Austin, TX TB7SE, LISA Department of
Chemical Engineering, Morth Carclira State Unbversi.-
ty, Raksigh, NC 27635, USA, *Membrare Tedhnology
and Fesaarch, Menla Fark, CA 94025, USA, "Commean-
wealth Scientific and Industrial Research Organisa-
tiorDivisicn of Manufacturing Science and Technol-
cgy, Clayton, Victoria 3168 Australia, "School of
Chemistry, Monach Unkermity, Clayton, Victora,
B0 Australia,

and vice versa (%, J0) Attempts (J7-13) to
overcame this fundamental limitation have
explored the addifon of micron-sized porous
zeolite particles to organic polymers in the
hope of combining the mechanical elasticity
and proceszability of polymers with the
strong size selectivity charactkristic of spa-
tially well-defined zeolite poms. Commer-
ciglization of this approach, however, has
been hampered by poor polymerzeclite ad-
hesion and inadequate particle dispersion
(FE]N

Conventional, or size-selective, polymer
membranes preferentially allow small male-
cules (such as H,) to permeate relative to
larger ones (such as methane). However, an-
other class of membranes, wverse-selective
membranes, preferentially allows largar spa-
cies to permeate in a mixture. This counter-
intuitive property is possible because molec-
ulartransport in densa polymer mem branes is
governad by both penetrant solubility and
diffusivity (74). The permeability F of such a
membrane may be expressed as P = § = D,
where S and [ are the penetrant solubility
and diffusion coefficients. mspectively. The
selectivity of a membrane for component A
over component B, o, . is

w2 o

where the first term on the right-hand side is
the salubility sslectivity and the second is the
diffusion selectivity. Generally speaking, as
penetmant size increases, solubility often in-
creaszs while the diffusion coefficient usually
decreasas (F5)1 Polymers with a very flaxible
chain backbone or rigid ones that pack poorly
and exhibit very high free volume sieve mol-
ecules poorly based on differences in size.

Conzequently, it is possible to prepare mem-
branes from such materials having sufficient-
ly weak diffusion selectivity ithat is, I, /Dy
— 1) so that larger, more soluble vapors
(such as a-butane) penneate more easily than
light gases (such as H_). These reversz-selec-
tive membranes are useful in industrial sep-
arations in which the smaller, less soluble gas
component in a mixtum is required at high
pressure because it is the larger malecules
that preferentially pass through to the low-
pressure side. Examples of reverse-szlactive
membrane applications include the remaoval
of higher hydrocarbons from methane in the
purification of natural gas, organic monomer
separation from nirogen in the production of
polyolkfins, and hydrocarbon removal from
hydrogen in refinery applications (f5). Re-
verse-selective membranes are not subject to
the permeability/selectivity tradecff inherent
in conventional size-selective polymer mem-
branes; more permeable reverse-sslective
membranes tend to be mone selective (15)
Polymers exhibiting the most favorable re-
verse selectivities and highest permeabilities
ame high—plass transifion termpemature, amor-
phous, high-free-volume (that is, low-densi-
ty) =ubstituted polyacetylenss, such  as
poly(4-mathyl-2-pentyne) (FMF) (fd). The
addition of nanoscale inorganic particles to
such existing polymers offers a new and un-
eaqplored route to wme the molecular param-
eters governing membrane salectivity (7).

Molecular transport through a dense poly-
mer depends strongly on the amount of fres
volume, or space not occupied by polymer
chaing, in the material (J8). Free volume,
whether static voids created by inefficient
chain packing or transient gaps generated by
thermally induced chain segment reamange-
ment, presents diffising molecules with a
low-resistance avenus for transport. The larg-
er and more numerous thess pathways are,
the faster molecules migrate through a paly-
mer. These free volume considerations are
embodied in the following statistical mechan-
ics model of Cohen and Tumbull (19)

Dy=cenpi = v/ Fev) )

wheme o and - am positive constants, v, is the
‘minimum volume mquired for penetrant A o
enxecute a diffusion step and hence is a measume
of penetrant size, and ¥, is the avemge poly-
meer free volume, Insertion of Eq. 2 into Eq. 1
reveals that the diffusion selectivity D, /Dy, is
proporticnal te explp(iy, — v, VF ) and, when
species A is alarger vapor molecule and B is a
small zas molecule, approaches | as the aver-
age polymer free volume increases. That is,
increasing polymer free volume enhances -
verse salectivity,

Because the reverse-selective nature of
PMF is related to its intrinsically high free
volume caused by inefficient chain packing
(&), further disruption of molecular packing
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should increase the free volume of PMF and,
in turn, its reverse selectivity,. We hypothe-
gize that this effect can be malized through
the use of fine filler particles as “nancepac-
ers” to prevent tigid PMP chains from pack-
ing closely. This speculation, howewver, is
complately contrary to the establishad princi-
pke that adding impenmeable filler particles to
a polymer leads to a systematic reduction in
miolecular transport (200, In fact, this effect is
exploited to enhanee barter properties of
polymer films. Mumerous models, basad on
thearies of composite materials, have been
proposad to describe the reduction in parme-
ability of filled polymers (2. One of the
‘most frequently used examples of such mod-
&ls is derived from Maxwell's analysis of the
steady-state dielectric properties of a dilute
suspension of spheres (20)

) @)

where F_ is the permeability of the com-
posite medium, Py is the permeability of
the pure polymer, and &, is the volume
fraction of filler. The Maxwell equation
captures the notion that filler particles ob-
struct molecular transport and, despite its
simplicity, is consistent with transport data
in a variety of filled polymer systems (201,
Physically. reduced pemmeability in filled
polymers is atiributed to the increase in
diffusion path length and decrease in effec-
tive eross-sectional area available for trans-
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Fig. 1. The ratic of#lmmrn permeability in the
nanocomposite to that in the pure pobymer a5 a
function of filler wolurne fraction. Filler volume
fraction is estimated from &, — + m;p,u'
P, whene mand p mrtoaamﬂtmd density,

ectively, of filler (f) and polyrmer (p) wsed in
the nanocomposite. The dashed Line represents
the Maewell model prediction [Eq. 3) Our data
{open droes) are for methane permeation at
25°C in PMP aortaining nanoscale fumed silica
[ T5-530 from Cabot). Induded for comparison
are the data of Barrer et al. for propane
permeation at 40°C in natural rubber containing
Zno filler (solid cincles).

REPORTS

port as filler concentration increases.

Wa have mixed PMF with TS-530 fumed
silica particles (Cabot Corporation, Tuscala,
IL) possessing hydrophobic  rimethylsilyl
surface groups. The estimated primary parti-
cle dismeter of these small particles is 13 nm.
In contrast to the role of zealites in filled
‘membranes, nonporous fumed silica particles
dionot permeats or sieve gas molecules them-
selves. Rather, the small size of the fumed
silica particles is used to alter polymer chain
packing and. in tum, permeation and sepam-
tion properties without introducing gross ss-
lectivity-destroying defacts at loadings of up
to S0 weight % (wito). Ina robust fabrication
process, mechanically tough nanocomposite
films are prepared by solution casting after
physical mixing of fumed silica powder with
polymer and cyclohexane. Good dispersion
of fumed silica particles in PMP is obtained
by matching the polarity of the polymer me-
dium and particle surface groups. as well as
by controlling film drying conditions.

The conventional transport behavior es-
tablished by Eq. 3 and the surprising depar-
ture of our filled system from it are demon-
strated in Fig. 1. The parmeability of PMF to
methane, and all other gases tested, system-
atically increases with increasing fumed sili-
ca leading. At 50 wis fumed silica, the
highest filler concentration examined, the
PMP/fumed silica nanocompogite parmeahil-
ity is more than 24004 greater than that of
pure FMP. In sharp contrast, Maxowell's
equation predicts a 334 reduction in parme-
ahility at the same filler loading. The validity
of Maxwell's model for comventional filled
systemns is highlighted by the data of Barrer e
al. (22), which are inelded in Fig 1 far
comparison. In tmditional filled systems,
flexible mbbery polymer chains mix with
naneecale particles without increasing free

/T

r-Butane | methans selectivity

] i 20 30
neBiutane permeabil ity (10% Barrer)

Fig. 2. The effect of fumed silica {T5-530)
content on n-butane permeability and n-bu-
tane'methane selectivity of gassy PMP. These
data were acquired af 25°C from mixtures
composed of 98 mole % methane and 2 mole
% m-butane at a feed pressure of 11.2 atm and
a permeate pressure of 1 atm.

volume in the polymer phase, resulting in a
mom torous diffision path, smaller cross-
sectional amea available for mransport, and
consequently reduced permeability. Clearly.
thisis not the dominant effect in fgid glassy
FMF, in which the addition of fumed silica
increasss penatmnt transport rates.

In tare cases where filler addition has
been shown to incremse gas flux through a
rmaterial, such as in some zeolite-filled poly-
mers, this result has been aseribed to the
creation of micron-scale defects at the paly-
‘merfiller interface that permit fast but rela-
tively nonszlectve Knudsen diffusion (731
Evidence that this mechani=m i= not operative
in our nanocom posites is presented in Fig 2.
As the fumed silica concentration in PMP
increases, a-butane permeation and the selec-
tivity of the membrane for a-butane over
‘methane increase simultanaously and signif-
icantly (23). Knudsen flow, and the mlatively
large pathways associated with this diffusive
‘mechanism, fawor methane ransport and, if
presemt, would reduce s-butane/methane se-
lectivity. Our mesults are consistent with true
‘molecular mixing of fumed silica and PMP
and eonfimm that the transport properties of a
manocomposite can be tuned while maintain-
ing the defect-free, mechanically strong films
mecessary for pactical implementation (247
By disrupting the packing of rigid bulky PMP
chains, fumed silica apparently increasas ac-
cessible free volume in the polymer mamrix
without introducing cavities large enough to
promot: weakly selective or nonsslactive
free-phase flow mechanisms (such as Knud-
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Fig. 3. The concentration dependence of aver-
age free-volume element size fr; and r,) in
PHP, as ascertained by PALS. Values of ryandry
are caloulated from o-Ps lifetimes (=, and =,
respectively) according to 1, = 2[1- [rir,) +
(Vawisini2nrjrg], which assumes that the
o-Ps probe is at the core of a spherical void.
Here, i, denotes the electron layer thickness,
estimated to be 0.1656 nm (78). The PALS
spectra were acquired at ambient temperature
in anitrogen emvironment and were modeled as
the sum of four decaying exponentiad s with the
computer algorithm PFPOSFT (78]
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