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ABSTRACT: The permeability of cross-linked poly(ethylene glycol diacrylate) (XLPEGDA) to HeChl N,

CO,, CHy, CGH4, CoHg, CsHg, and GHg was determined at temperatures ranging fre0 to +45 °C and at
fugacities up to approximately 15 atm for some gases. Diffusion coefficients gfa@@® hydrocarbons were
calculated as a function of temperature and local penetrant concentration. The effect of temperature and fugacity
on permeability and diffusivity is satisfactorily described using either an activated diffusion model or a free
volume-based model.

Introduction Background
The removal of acid gases (such asAfiom nonpolar gases The permeability of a polymer to a gas Ry, is?
such as Cll Hp, and N is important in existing industrial
applications and potential future application€H, is a basic P — Nyl 1)
chemical and energy source that is often contaminated with AT -1,

impurities such as C£which must be removed to meet natural

gas pipeline specificatiorisH; is a basic chemical that has  whereN, is the steady-state gas flux through the filnis the

been proposed as an energy carrier for fuel cells, and currentfilm thickness, and, andf; are the upstream (i.e., high) and

Hz production via hydrocarbon reforming vyields &8, downstream (i.e., low) fugacities of gas A, respectively. This

mixtures?3 definition of permeability uses fugacity instead of pressure to
Poly(ethylene oxide) (PEO) containing materials have at- account for nonideal behavior in the gas phase. Some of the

tracted significant attention for the separation of acid gases from more condensable penetrants considered in this study exhibit

mixtures with nonpolar gasés?!® Because pure PEO is semi- significant deviations from ideal gas behavior, particularly at

crystalline, and crystallinity should significantly decrease gas low temperature and high pressure, so the use of fugacity is

permeability, many strategies have been explored to preparewarrantect The fugacity was calculated from the virial equation

amorphous polymers containing PE®In the first paper of of state with parameters available in the literaftii@ermeability

this series, a family of cross-linked poly(ethylene glycol di- coefficients are commonly expressed in Barrers, where 1 Barrer

acrylate) (XLPEGDA) with systematically varying cross-linking = 107 cm®(STP) cm/(cm s cm Hg). If the diffusion process

density was prepared Cross-linking was shown to successfully —obeys Fick's law and the downstream fugacity is much less than

disrupt PEO crystallization with little effect on gas permeability the upstream fugacity, which are believed to be true in this study,

and diffusivity2° Furthermore, the effect of fugacity (from 0 to  the permeability is given b

10 atm) and temperature (from20 to 35°C) on gas solubility

in cross-linked poly(ethylene glycol diacrylate) (XLPEGDA) Pp=Dp xS 2)

was reported! The polar PEO units exhibit favorable inter-

actions with CQ, leading to high solubility selectivity for ~ where$, is the solubility coefficient, which is also based on

COy/nonpolar gas pairs. Such interactions become stronger atfugacity?! andDa is the average effective diffusivity through

lower temperatures, which contributes to higher selectivities at the film, which is defined by:

lower temperatures.

This paper reports permeability of XLPEGDA to a variety p — _ 1 c2_Dioc dc=_1 “p.dC (3)
of penetrants (e.g., He 2HN, Oz, CHy, CO;, CoHg, CoHa, CaHs, A C,—CJal-w, C,—C,Jc eff
and GHg) as a function of temperature and penetrant fugacity.
These permeability results are combined with gas solubility data where Dy, is the local concentration-dependent diffusion
to calculate diffusion coefficients as a function of temperature coefficient,C, andC; are the dissolved penetrant concentrations
and fugacity. The effect of temperature and fugacity on gas at the upstream and downstream faces of the polymer, respec-
permeability and diffusivity is interpreted using an activated tively, w, is the penetrant mass fraction in the polymer, and
diffusion model and a free volume model. Dert is the local effective diffusion coefficient that characterizes

the penetrant mobility in the polymer.
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wherefsy is the penetrant saturation fugacity at the tempera-
ture of interest, is the volume fraction of penetrant dis-
solved in the polymer, ang is the Flory-Huggins interac-
tion parameter, which is often empirically related ¢g as
follows:24

X1
X=Xo+?+lz(1_¢2) )]
whereg; is given by:
QY 6
2= 170y, ©)

and V- is the partial molar volume of the penetrant in the
polymer.
Conventionally, local effective diffusion coefficienBBes, can
be derived from eqs-3:2°
)
1 \dCy/ )

Gas permeability is often empirically related to fugacity as
follows:26

dP,
Der(C) = |Pa+ Frg

af ()

Pa = Pa, eXpMmAf) = P, , expmt)) (8)
where P, is the permeability coefficient wheaf = 0 (this
limit is often achieved by extrapolating to conditions where both
fy andf, are zero, sdPa, is often referred to as the infinite
dilution permeability),m is an adjustable constant at a given
temperature, andf is the difference between the upstream and
downstream fugacity Af = f, — f1. In this study, because the
downstream fugacityfy, is practically 0,Af is replaced byf,.
Substituting egs 4 and 8 into eq 7 yields the following result:

Dei(Cy) = Pao eXpmb)(1 +

f 2y
el — 0~ 200~ F ~ 31— 4| ©

This approach has been used to estimate diffusion coefficients

as a function of temperature and penetrant concentr&fion.
However, it requires values & , andm for each gas at each

temperature of interest. This approach leads to a large numbe

of empirical parameters to characterize permeability and dif-
fusivity in a material.

I
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E, = Ep + AHq (13)

However, this approach offers no specific prescription for
interpreting experimental results whAkls andEp are functions

of penetrant concentration. For these cases, which are often
encountered when considering strongly sorbing components in
the polymer, we use the recent activated-state diffusion model
developed by Prabhakar etZlto interpret the results. In this
model,Des, rather tharDa, is used in eq 12. The concentration
and temperature dependence of diffusivity could also be
described by a free volume model.

Experimental Section

Materials. Gas cylinders of methane, ethane, ethylene, propane,
and propylene of chemical purity (99%) were received from Air
Liquide American Corporation (Houston, TX), and 99.9% pure
helium, hydrogen, oxygen, nitrogen, and carbon dioxide were
purchased from Air Gas Southwest Inc. (Corpus Christi, TX). All
gases were used as received. Poly(ethylene glycol) diacrylate
(CH,=CHCOO(CHCH;0),0CCH=CH_, n = 14; MW = 743) and
1-hydroxylcyclohexyl phenyl ketone (HCPK) were purchased from
Aldrich Chemical Co. (Milwaukee, WI). All chemicals were used
as received unless otherwise noted. Ultrapure water was produced
by a Milli-Q water purification system (Millipore Corporation,
Bedford, MA).

Polymer Synthesis and Film Preparation.The polymer was
synthesized from a cross-linker, poly(ethylene glycol) diacrylate,
using UV photopolymerization in the presence of 20 wt % water,
which acts as an inert solvent. The details regarding the preparation
and physical characterization of these materials are discussed
elsewherg?21

Permeation MeasurementsThe pure gas permeation properties
were determined using a constant volume/variable pressure ap-
paratus, which is described elsewh&f&Polymer samples were
partially masked by using impermeable aluminum tape on the
upstream and downstream faéés Additionally, the leak rate in
the system was always measured before starting the permeation
experiments, and afterward, the pressure increase in the downstream
volume was recorded to determine permeability. Gas permeability
was calculated from the steady-state rate of pressure increase in a
fixed downstream volum@?2

v,

Pa= szmRT[(dd_ptl)ss_ (dd_F;l)leak]

whereVy is the downstream volumé|s the film thicknessAy, is

(14)

the film area available for gas transpdrtis the gas constant, and
(dp,/dt)ss and (gps/dt)eak are the steady-state rates of pressure rise
in the downstream volume at a fixed upstream pressure and under

In the absence of penetrant concentration effect, the effectvacuum, respectively. fd/dt)a was usually less than 10% of

of temperature on gas permeability, solubility, and diffusivity
is often described using the Van't HefArrhenius approacPg

_EP
PA = PAO exp(ﬁ) (10)
— AHg
SA = SAO EXF(T) (11)
_ ED
DA = DAO eX[{F) (12)

wherePao, Sao, andDag are preexponential factor® is the
ideal gas constant, is absolute temperature, akg, AHs, and

Ep are the activation energy of permeation, enthalpy of sorp-
tion, and activation energy of diffusion, respectively. From eqs
10—-12, the following expression can be obtained:

(dpy/dt)ss The downstream pressure was always less than 2 cm Hg,
which was very low compared with the lowest upstream pressure
considered (2 atm). Care was taken to ensure that gas permeation
had reached steady state, especially at lower temperatures. After
allowing the pressure to rise for alios h in the downstream
volume, the downstream volume was evacuated and the pressure
rise rate was remeasured. The flux was presumed to be at steady
state when the last measured flux value was the same as the previous
one. In all cases, the measurements were made well after the time
since the beginning of the experiment was greater B, which

is within the steady-state regime for gas diffusion according to
Fick’s law33 For example, gHs permeability at—10 °C was
calculated by using the flux measured after 7 days of applyitt; C

to the upstream face of the membrane.

The uncertainty in the experimental permeability coefficients was
estimated by using a standard propagation of error andyaisd
typically, the uncertainty was less than 10%. Gas permeability
coefficients were measured with different samples and diffe&eﬂb
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Figure 1. Effect of temperature and fugacity on permeability in XLPEGDA. The lines and curves represent model fits to the experimental data
using eq 20 and the adjustable constants in Table 4. The permeability coefficient values at infinite dilution are estimated by using eq 8.

permeation equipment, and the differences among the variousshown here for brevity. In contrast, the permeability coefficients
permeability coefficients were less than 10%. of highly sorbing penetrants, such as £@sHg, and GHs,
increase with increasing, especially at lower temperatures.
For example, at-20 °C, CQ, permeability increases by almost
Permeability. Parts a-f of Figure 1 present permeability ~ 400%, from 5.9 to 28 Barrers, dsincreases from 2.2 to 10.1
coefficients of various gases as a function of temperature andatm. This behavior is consistent with permeation properties of
upstream gas fugacity (i.efz) in XLPEGDA. In general, for rubbery polymerg? Polymers can sorb significant amounts of
low-sorbing penetrants, such as the permanent gases @le, H a diluent such as C{or CzHs, leading to a decrease in polymer
N,, O, and CH) over the entire temperature range considered glass transition temperature and, in turn, an increase in polymer
(i.e., —20 to 45°C) and GHg at temperatures higher than 10 chain flexibility and fractional free volume, thereby increasing
°C, permeability coefficients are essentially independeris.of  gas diffusion coefficients and permeability coefficiefft#\d-
The permeability coefficients of He, 4HN,, and Q are not ditionally, solubility typically increases with increasing fugac&\bv

Results and Discussion
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Figure 2. Effect of penetrant critical temperature on (a) infinite dilution permeability in XLPEGDA atG3%®) and natural rubber (NR) at 25
°C%7 (O); (b) permeability selectivity over Nat infinite dilution; (c) infinite dilution permeability in XLPEGDA and amorphous poly(ethylene
oxide) (Am-PEO) at 35C2 The line in Figure 2b connects the selectivity values of XLPEGDA.

in rubbers?! and this factor also acts to increase permeability and diffusivity. In rubbery polymers, solubility selectivity
coefficients at higher fugaci$f These effects will be quanti-  typically dominates permeability selectivity, and in some cases,
tatively discussed later in this paper. larger penetrants such agHg can exhibit higher permeability
Equation 8 was used to characterize the effect of fugacity on than smaller penetrants such as &d Q, as illustrated in
permeability coefficients and to estimate infinite dilution Figure 2a for gas transport in natural rubber (NR) at’e5”
permeability coefficients (i.eRa0). ThePa, values estimated  Such effects can become more significant if a penetrant has
by this approach are presented in the figures (except §blsC  favorable interactions with the polymer. For example, ,CO
and GHg at —10°C). For GHg and GHg at —10 °C, the small enjoys favorable interactions with XLPEGDA, and not
number of data points and the strong sensitivity of permeability surprisingly, CQ is the most permeable penetrant in this study.
to fugacity made extrapolation using such an empirical model In nonpolar NR, C@does not exhibit specific interactions with
risky. The fitting constants for this empirical model are not the polymer. As a result, Cpermeability in NR is consistent
shown here for brevity, and the lines in Figure 1 represent fits with its critical temperaturelg) rather than being much higher
of a model discussed later. To illustrate the relative magnitude than its T, value would suggest, which is the case for
of permeability coefficients among these penetrants, Figure 2aXLPEGDA. For He and B, which are the smallest gases
presentda o as a function of penetrant critical temperature at considered, diffusion coefficients are presumably high enough
308 K. The infinite dilution permeability coefficients are used that their permeability coefficients are larger than those of
for comparison to minimize the effect of penetrant concentration several more condensable penetrants such,as®N. Olefins
on permeability?’ In the temperature ranges studibd, values exhibit higher permeability than their corresponding paraffins

decrease in the following order: due to the favorable interactions between the double bonds in
the olefins and the polar ether oxygen in the polymer, leading

CO, > CHg > CH, > Hy~ He > CHg ~ to higher olefin solubility than paraffin solubili§2! Figure 2b
C,Hg > CH,~ O, > N, presents the effect of critical temperature on penetrant selectivity

over N, at infinite dilution in XLPEGDA at 35°C and NR at
This is the same order as that observed in semicrystalline®EO. 25 °C. The selectivity values in NR are near those of
Generally, penetrants with higher critical temperature are more XLPEGDA, except for C@N,. XLPEGDA exhibits much
condensable and, therefore, more soluble. However, morehigher CQ/N; selectivity than NR due to the specific interac-
condensable penetrants are often larger and, therefore, exhibitions between XLPEGDA and GO
lower diffusion coefficientg3 Permeability reflects the tradeoff Recently, gas permeability properties have been reported for
between these often conflicting contributions from solubility semicrystalline PE@BY using a simple two-phase model (i'%DV
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Table 1. Permeation, Diffusion, and Sorption Properties at Infinite Dilution in XLPEGDA?2

permeability diffusivity solubility
temperature temperature temperature

gas range Pao x 1078 Ep range Dpo x 1073 Ep range Sho x 10° AHs

He 25/45 0.043t 0.005 33t 2

H> —20/45 2.6+0.3 43+1

N2 —20/45 120+ 10 57+ 1

(073 —20/45 43+ 3 52+1

CHy —20/45 190+ 20 56+ 1 —20/35 1.5+ 0.3 57+ 2 —20/35 95+ 15 -1+1
CO; —20/45 4.6+ 0.5 39+ 1 —20/35 1.8+ 0.2 56+ 1 —20/35 1.9+0.1 -17+1
CoHa —20/45 310+ 40 54+ 1 —20/35 7+£1 61+ 2 —20/35 34+ 4 —-75+04
CoHs —20/45 620+ 60 57+ 1 —20/35 11.6+1.4 63+ 2 —20/35 41+ 3 —6.4+0.3
CsHe 0/45 580+ 60 54+ 2 0/35 32t 6 67+ 3 —10/35 14+ 2 —13+1
CsHg 0/45 440+ 60 56+ 2 0/35 12+ 2 65+ 3 —20/35 29+ 4 —9.4+0.3

2Ep is calculated a&, — AHs, andDao is calculated a®ao/Swo. The units for temperatur®ao, Dao, andSao are°C, Barrer, cri/s, and cri(STP)/(cn?
atm), respectively. The units f&p, Ep, and AHs are kJ/mol.

150 T T T similar in semicrystalline PEO and XLPEGDA, bk} values

I for smaller penetrants, like&and CH, in semicrystalline PEO
are much larger than those in XLPEGDA. The effect of crystal
morphology and crystalline constraints on the mobility of the
amorphous material might play a role in determiniggvalues
in S-C PEO; however, these effects are not well-understood at
S-C PEO a molecular levet?

Diffusivity. Parts a-f of Figure 4 present the calculated
results ofDes(Cy) as a function of penetrant concentration and
50 i XLPEGDA temperature f(_)r_ variou; gases _usi_ng eq 9, includdig the

diffusion coefficient at infinite dilution. Over the temperature
W co NR range considered in this studp.; decreases in the following

L 2 2 .
He O, N, o, CM. GH, GH, O, order:

50 100 150 200 250
3 C02 > CH4 > C2H4 > C2H6 > C3H6 > C3H8
V_[em*/mole]
Figure 3. Activation energy of permeation at infinite dilution as a  This is the same order as penetrant size characterized by critical
function of penetrant critical volume in XLPEGDA, natural rubber volume. The penetrant size dependence of gas diffusion coef-
o end semipsiine pobfethene o) (€ 7O ficients in polymers has been described by using the following
gmpirical equatior??28:3%-41

100 -

EP [kJ/mole]

0

assuming that the crystalline phase is not accessible to penetral
sorption or diffusion and only increase the penetrant diffusion
path without immobilizing the amorphous phase polymer Dgy = L
chaing37:33, permeability coefficients in wholly amorphous A
poly(ethylene oxide) (Am-PEO) can be estimate@hese
estimated values are reported in Figure 2c and compared withwhere T and » are adjustable constants. The paramefer
those in XLPEGDA. The estimated permeability coefficients characterizes the sensitivity of diffusivity to penetrant size.
in Am-PEO are quite close to those in XLPEGDA, which is Larger 5 values indicate stronger size-sieving ability. As
gratifying given the strong approximations in the two-phase indicated in Figure 5, the data are well described by eq 15, and
model used to make the extrapolation required for Am-PEO # values as a function of temperature are recorded in Table 2.
and the fact that XLPEGDA is only about 82 wt % PEO (the As temperature decreasgsyalues generally increase, indicating
remainder of the XLPEGDA structure is ethyl ester linkages). an increase in size-sieving ability with decreasing temperature.
The temperature dependence of infinite dilution permeability Typically, decreasing temperature increases polymer chain
coefficients in XLPEGDA can be modeled by using eq 10. The rigidity, resulting in an increase in size-sieving ability.
values ofPag andEp at infinite dilution are recorded in Table Figure 6 compares the dependenc®gf on critical volume
1 and are presented in Figure 3. With the exception 0§,@® in XLPEGDA at 35°C with that in NR at 25°C 3 poly-
penetrant size increasds; values increase and then level off, (dimethylsiloxane) (PDMS) at 38?7 and semicrystalline PEO
presumably reflecting the interplay betwegn(which increases  (S-C PEO) at 35°C.2 The detailed values of; (and = for
with increasing penetrant size) andis (which often decreases XLPEGDA) are recorded in Table 2. On the basis of the
with increasing penetrant size). Figure 3 compdiggalues in values at 35°C, XLPEGDA has a size-sieving ability similar
XLPEGDA with those in natural rubber (NR)and semicrys- to that in PDMS, even though XLPEGDA exhibits much lower
talline poly(ethylene oxide) (S-C PE®ONR is an amorphous  diffusion coefficients than PDMS. PDMS has the low&gbf
hydrocarbon polymer, and as such, it provides a useful point all known polymers, and it exhibits very weak size-sieving
of comparison for XLPEGDA. Because XLPEGDA contains ability. Interestingly, XLPEGDA also has a size-sieving ability
polar groups, it has lower free volume and higher cohesive similar to that of NR, although it has been conventionally
energy density than NR2! both of these factors can increase believed that, due to polapolar interactions, polar polymers
barriers to diffusiorf. ConsequentlyEp values in XLPEGDA would have higher cohesive energy density and thus stronger
are higher than those in NR despite the fact that the dependencesize-sieving ability than nonpolar rubbery polymers such as NR.
of E, on T¢ is very similar in these polymers. Interestinghy, Polar XLPEGDA and nonpolar NR may exhibit similar size-
values for larger penetrants, such a#iEand GHe, are quite sieving ability due to the flexible nature of the ether oxy%?BV

(15)
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Figure 4. Influence of temperature and concentration on local effective diffusion coefficients. @YIQAH,, (C) CHa, (d) GHs, (e) GHe, (f)
CsHs. The lines and curves are based on eq 18 and the parameters recorded in Table 4. The infinite dilution values were estimated by using eq 9.

linkages in XLPEGDA? We have reviewed the effect of polar  wholly amorphous PE2 so PEO chains are as flexible, if not
groups on gas solubility, diffusivity, permeability, and &8, slightly more flexible, than PE chains. Therefore, the polar ether
permeability selecitivity. Generally speaking, the addition of oxygens in XLPEGDA do not necessarily increase polymer
polar groups to a polymer increases polymer cohesive energychain rigidity and, in turn, size-sieving ability. Semicrystalline
density, leading to a decrease in £dffusion coefficients and PEO seems to have the strongest size-sieving ability among
COy/H; selectivity (i.e., an increase in the size-sieving ability). these polymers, probably due to its crystalline nature. To put
However, ether oxygens are an exception to this rule of thumb. these values in perspectivg,is 10.5 for poly(vinyl chloride)
When ether oxygens are inserted in polyethylene (PE) to form (a very strongly size-sieving glassy polyntérand 0.45 for

poly(ethylene oxide), C&permeability and C&H, selectivity organic liquids such as hexane and benzene (matrixes with very
increasé. The presence of ether oxygens in PEO seems to offer weak size-sieving abilityj’
little hindrance to chain mobility. For example, extrapolaigd Gas diffusion in nonporous polymers is often interpreted as

values are-89 °C for wholly amorphous PEO and80 °C for an activated process described using eqHBgvalues WereCDV
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Figure 5. Effect of temperature on the correlation between pene- infinite dilution in rubbery XLPEGDA with those in nonpolar rub-
trant critical volume and infinite dilution diffusion coefficients in  pery NR” and glassy AF2406% The best fit lines for XLPEGDA, NR,

XLPEGDA. and AF2400 arép = 45(+1) + 0.84&0.06) d 2, Ep = 21 + d .,
) ) Ep = — 23 + 3.0 d % respectively, wherp and d; have units of
Table 2. Adjustable Constants for the Correlation between kJ/mol and A, respectively. The valuesdyf are 3.75, 3.94, 4.16, 4.44,
Diffusivity and Penetrant Critical Volume @ 4.68, and 5.12 A for Cl{ CO, CHi CHs, CHs, and GHs,
temperature i T x 10° respectively”?
[K] S-CPEG NR¥ PDMS’ hexané XLPEGDA XLPEGDA ) ) o .
208 27 50 23 S E01 64506 mlcrov0|ds where the d|ﬁu5|qn of small gas molecules requires
298 045 22:01 58+07 little polyr_ner segmental motion to open a gap to accommodate
273 26+01 4.8+06 the diffusion step of a penetrant molecule. On the other hand,
263 3.0+£01 85+09 the slope of the best-fit line for AF2400 is much larger than
s 3400 13s 2 that for the rubbery polymers, indicating that diffusivity in glassy
2S-C PEO: semicrystalline poly(ethylene oxide); NR: natural rubber; AF2400 is much more sensitive to penetrant size than in the
PDMS: poly(dimethylsiloxane) has units of crficm®/(mole’ s). rubbery polymerd546A low free volume glassy polymer such
104 as polycarbonate would have an even larger slope than that of
: ' N ' ' E AF240044-46 |n addition to highEp values, the XLPEGDA and
; v o ] NR data points extrapolate to a positive activation energy at
T zero penetrant size. However, presumality, values could
10° | X E decrease faster at logwalues than expected based on the trend
- PDMS in Figure 7, so it is not possible to draw conclusions about the
e I ] behavior of this relationship for penetrants smaller than those
2 10° | . considered in this study.
8% : % ] In summary, the size-sieving ability of XLPEGDA is rather
[ NR weak (i.e., similar to that of PDMS and NR), but this is not
10" L scPeo L . i becausép values are low for all of the penetrants, which would
: XLPEGDA ] be consistent with a Meares-type view of the diffusion process
o COCH4 CHOH CH ol ] if the polymer cqhesive energy density were [¥wRather,
. it 2472 Tae Ty ] XLPEGDA has higher cohesive energy density (around 19.8
10 5)21 58 27
50 100 150 200 250 MP&-921 than NR (16.6 MP&)8 and PDMS (15.4 MP%).

V. [emPimole] It is weakly size-sieving becaug® values change little frpm
c penetrant to penetrant, but the absolute valueSpo@re quite
Figure 6. Correlation between penetrant critical volume and infinite hlg_h’ Slmlla_r to_ or higher than those in ”glq glassy polymérs. .
dilution diffusion coefficients in XLPEGDA at 35C, semicrystalline  1his result indicates that the energy required to open a gap in
PEO at 35°C2 PDMS at 35°C,2” and NR at 25°C 37 the polymer matrix large enough to permit a penetrant diffusion
step is large, but when these gaps are opened, they are
estimated by using eq 13, ardho values were obtained by  sufficiently large to accommodate, with little discrimination,

using an expression from eqs-102, i.e.,Dap = Pao/Sao. The any of the penetrant molecules considered in this study. The
results (at infinite dilution) are recorded in Table 1. Figure 7 molecular origin of this result is not clear.
presentsp values at infinite dilution as a function of Lennard Figure 8 present®o values as a function dp/R at infinite

Jones diameter squar€ih XLPEGDA, rubbery NRE” and the dilution, and a simple relationship is observéd:
glassy amorphous fluorinated polymer, poly(2,2-bis(trifluorom-

ethyl)-4,5-difluoro-1,3-dioxoleo-tetrafluoroethylene) (AF2406}. ND.. — Ep b 16
For all polymersEp values increase as penetrant size increases. N Dao = aﬁ (16)

Ep values in XLPEGDA are higher than those in NR, presum-

ably due to the polar nature of XLPEGDA, which leads to lower This linear free energy effect describes the so-called compensa-
free volume and higher cohesive energy derfsiBor small tion effect; that is, higheEp values are typically accompanied
penetrants, glassy polymers such as AF2400 exhibit I&ger by higherDpo values? This behavior has been observed for
values than rubbery polymers because glassy polymers contairother activated processes such as the kinetics of chelaiﬁe}
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Figure 8. Linear free energy relation between diffusion parameters in
XLPEGDA at infinite dilution.

reactions and the viscosity of organic liquids, molten salts, and
metals*>*8The a andb values obtained by fitting eq 16 to the
diffusion parameters in XLPEGDA are 0.0023 Kand 8.2,
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Table 3. Comparison of Linear Free Energy Correlation

Parameters
polymer a(K™h b
Van Kreveler rubbers 0.0023 9.2
Barrer & Skirrowt8 rubbers 0.0019 9.2
Van Amerogeft rubbers 0.0023 8.6/9.7
Prabhakar et &° PDMS 0.0020 8.3/10.2
This study XLPEGDA 0.002% 0.0001 8.2£ 0.2

a2 These values db presume that diffusion coefficients are expressed in
units of cn¥/s.

Table 4. Adjustable Parameters for Permeability

constants Cco CHg, CoHa C,Hg C3H5 C3H3
Ep° 54+ 1 59+1 60+1 61+1 54+1 48+ 1
k 29+04 13+9 6.9+03 16+11 5+1 17+1
b 8.2+0.1 8.1+0.1 84+0.1 86+0.1 9.5+0.1 10.8+0.1
X0 3.7 —3.8 —0.33 1.5 —0.86 —0.89
x1 —360 1590 485 750 490 980
x2 -16 0 0.24 -19 0.84 —0.13

aUnits for Ep® k, and y1 are kJ/mol, 10% cmf/cm3(STP), and K,
respectively. Values ofo, y1, andy are reported elsewheté.

=0,C; =0, and eq 19 reduces to

respectively. As shown in Table 3, these values are consistent

with the literature data.

In general, the above interpretation of gas permeability and
diffusivity relies on eq 8, which empirically relates permeability
to fugacity using two temperature-dependent paramelRars,
andm. Pa, at various temperatures can be modeled by using
eq 10 and two parameters (i.€250 and Ep). However, the
dependence ofn on temperature is unknown, and thus it is
impossible to predict permeability and diffusivity unleahas
been obtained at the temperature of interest. Additionally, the
values ofm might be significant, especially for highly condens-
able penetrants such as €é&nd GHg, as illustrated in Figure
la and f. From this perspective, it would be interesting to explore
models with fewer adjustable parameters to describe the
dependence of permeability on fugacity. Additionally, there is
no simple prescription, beginning from eqs-112, to include
concentration in the various activation energies in a self-
consistent fashion.

Prabhakar et al. Model. Prabhakar and co-workers have
described the concentration dependence of diffusivity by using
activated-state theory, so the concentration dependence o
diffusivity must arise from a concentration dependenc&mgf
which is described empirically as follov8:

Ep = Ex°(1 — kC) a7
where Ep° is the activation energy of diffusion at infinite
dilution, andk is an adjustable constant, which is independent
of temperature. From egs 2, 3, 12, 16, anc?¥fhe following
expressions are obtained:

Der(C,) = € " exploEp’ (1 — kGC))]

explaEp (1 — kG,)] — explaEp’(1 — kC))]

(18)

P — e
Aot (— 0Ex’K)
(19)
where
R T

Because the downstream fugacity is near zero in this sfudy,

P

_ & expleE (L — kG))] — expEy)
f2 (—aEpK)

Pa (20)

which directly describes the correlation betwddnandf,; eqs

4—6 relate C, to f,. This approach has been used to model
permeability in rubbery polymers such as PDMS and poly-
ethylene (PE) as a function of temperature and penetrant
pressure?

This model is applied to gas permeability data in XLPEGDA
at a variety of temperatures and fugacities by using nonlinear
least-squares fits. These model fits are presented in Figure
la—f, which, in most cases, describe the experimental data
reasonably. The best-fit values of adjustable constantsEp®.,

b, andk) are recorded in Table 4y, 1, andy, were determined

in independent gas solubility experiments; they characterize the
temperature and concentration dependence of the +lory
Huggins interaction parameter. These sorption parameters have
een reported elsewhéteand are recorded in this table for
completeness. The value afs set to 0.0023 K! as suggested

by Prabhakar et &P As illustrated in Table 4, the values bf

for all penetrants are in the range of the literature values in
Table 3. However, it was not possible to obtain good fits to the
data by using a single, universal valuetofor all penetrants.

It appears that the single value bfobtained from fitting the
infinite dilution results in Figure 8 to eq 16 does not remain
valid when all of the data, at various concentrations, are included
in the more general model (i.e., eq 20). This result may also
suggest the need for a more critical examination of eq 17 and
its ability to describe data over a wide range of conditions and
for a variety of penetrants. Except foghds and GHs, Ep° values

are close to the values of activation energy of diffusion at infinite
dilution, as recorded in Table 1.

De#(C,) can be also described by this model using eq 18 and
the constants in Table 4. As illustrated in Figure-4&he model
fits are generally good. This result is encouraging because the
increase in gas diffusivity with increasing concentration can be
substantial. For example, as concentration increases from 0 to
72 cn? (STP)/cnd polymer at—20 °C, CG, diffusivity increases
by more than 1 order of magnitude, from 4x1107°to 5.8 x

8

1078 cn¥/s. cDV
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This model relies on an empirical equation, eq 17. However,
the value ofk in eq 17 cannot be quantitatively predicted. In
addition to activated-state theory, free volume models are also
often used to interpret gas diffusion in polymers. In the next
section, a free volume model is used to describe the effect of
penetrant concentration and temperature on diffusivity. This
model circumvents the use of eq 17 and the linear free energy
relation (i.e., eq 16).

Free Volume Model. Free volume models have been used
to describe the influence of the free volume of a polymer/
penetrant mixture on penetrant self-diffusion coefficients in
polymers*®-51 The self-diffusion coefficients are related to
mutual diffusion coefficients (i.e.Pioc) as described in the
literature>%-52A convenient diffusion coefficient often considered
in gas separation membrane studies is the effective diffusion
coefficient,Desr; the relation betweeDes;, Dserr, and ultimately,
free volume, i0:5354

FEV) (21)

whereAp andB are adjustable constants typically taken to be
independent of temperature and diluent concentration, Q is a
thermodynamic factor, anBlFV is the fractional free volume,
which is defined as follow§?

Deﬁ Dself = 1 _QWZAD EXF(

=1—w2

\Y

V,
FFV = o

(22)

whereV is the specific volume of the polymer at the temperature
of interest, and/, is the specific occupied volume at 0 K is
estimated as 1.3 times the van der Waals volume of the polymer
repeat unit, which is estimated by using a group contribution
method?6

In the field of gas separation using polymers, penetrant
sorption levels are often low, so the value @1 — wy) is
typically near unity, and in these caseBef = Dselr, SO
correlations are often sought betweBgs and FFV.53:54 This
assumption is evaluated as followd.can be written a8?

_C, df

= E d_C2 (23)

Substituting eqs 21 and 23 into eq 7 yields the following result:

drP,
a- WZ)[PA + fﬁ]

self —

2_

D
12C,

f
1- WZ)PAEZ(l + mt)
)
As an example, Figure 9 presents the valueDgf/Dseir at

various temperatures and fugacities for L@ most cases,
Def/Dseif Values are between 0.85 and 1. MoreoRgg/Dseie

values for other penetrants at the temperatures and fugacities

studied are also in this range. They are not shown here for
brevity. Therefore, the difference betwdag: andDsgrris within

the uncertainty oDt (Which is, on averaget15%), and the
assumption thaDest = Dselr iS @ reasonable approximation for
this study. As such, eq 21 becomes

Do = Ap exg— %) (25)

Equation 25 has been used to correlate the gas diffusion
coefficient with fractional free volume in about 40 poly-
meric materials containing ethylene oxide units (including
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Figure 9. The values ofDes/Dserr for CO, at various fugacities and
temperatures.

XLPEGDA)° The fractional free volume is related to the glass
transition temperaturdy, of the ethylene oxide components in
these polymers b¥:
—4

FFV =0.055+8.4x 10 (T — T) (26)
where 0.055 is the apparent fractional free volum&gatand
8.4 x 10 K71 is the apparent expansion coefficient of the
fractional free volume, which is similar to the thermal expansion
coefficient of low-molar-mass, liquid poly(ethylene oxide)
oligomers?®55Equations 25 and 26 can be combined to provide
the following model of diffusivity on temperature and diluent
concentration, if the effect of diluent concentration Byis
known:

-B
0.055+ 8.4 x 10 /(T — T,

Deff = AD eX;{ (27)

whereAp andB are adjustable constants for each penetrant that
are independent of temperature and concentration, at least to a
first approximation.

The presence of a strongly sorbing penetrant in a polymer
can swell the polymer matrix, resulting in enhanced segmental
mobility and a depression iffg,% which has been widely
investigated by experimental measurem&nt§ and theoretical
modeling®%%64 because of the significant effect of diluents on
material properties in polymer processifigand membrane
separation8® Chow developed the following expression to
predict the decrease Ty with increasing diluent concentration
in polymer-diluent system§?

T
|nT—g = A1 — 6) In(1—0) + 6 1n 6] (28)
g0
where
M, w C,M
o=—L_2_ w=—T0  andg= ZR
My 1 — w, C,My+ p, M,AC,,

Here, Tgo andTy are the glass transition temperatures of pure
polymer (i.e., 231 K for XLPEGDA) and the polymediluent
mixture, respectively, when the diluent weight fractionnis
Mp and My are the molecular weights of the polymer repeat
unit (which is taken as 44 g/mol in this study because this is
the molecular weight of an ethylene oxide moiety) and diluent,
respectively p, is the polymer densityACy, is the change irbDV
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Figure 10. Calculated influence of penetrant concentration on the glass
transition temperature of the polymer/gas mixturg).(The T, of pure
XLPEGDA, Ty, is 231 K2° The calculations correspond to sorption at

273 K, unless otherwise mentioned. Chow’s model is used to estimate

the influence of gas concentration dgs!

heat capacity of the pure polymer at its glass transition, 0.99

J/(g °C), which was obtained from differential scanning calo-
rimetry (DSC) experiments on XLPEGDA. This value is
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estimate of theTy change when &g or CzHg sorbs into
XLPEGDA. The sorption of hydrocarbons such agHgand
CsHs in polymers has not been modeled previously by using
Chow’s model. Potentially more importantly, the sizes of
CsHe and GHg (i.e., 73 and 80 ciimole, respectively) are
almost 100% larger than that of an ethylene oxide unit (i.e., 37
cm®/mole), which violates one of the assumptions of Chow’s
model5?

Light gases, such as HepH\,, and Q, typically have low
solubility in polymers, and therefore, the changeTindue to
penetrant sorption can be neglected. This is a reasonable
approximation because the sorption of £Z8lmore condensable
(and, therefore, more soluble) penetrant than the light gases,
does not affect th&; of the system based on calculations using
Chow’s model. By assuming solubility is constant for light gases
within the temperature range studied, eq 27 can be used to obtain
the following expression for permeabili®y:

—B
PA = SADA = SAAD eXx ﬁ/) =
A, ex B -
0.055+ 8.4x 10 %T—T,)

whereAp is an adjustable constant. Figure 12 presents the fit of

(29)

consistent with the value reported in the literature for amorphous this equation to the experimental permeability coefficients of

poly(ethylene oxide) (0.948 J/(§C)).*¢ Thus, all of the
parameters in eq 28 can be measured or calculated excapt

the light gases. The results are generally reasonable. The
constant®Ar andB, obtained by nonlinear least-squares fits of

coordination number. Chow evaluated 13 diluents in polystyrene the data to eq 29, are recorded in TableBSvalues are also

and found that a value of 2 for gave satisfactory fitting
results®? This finding has been confirmed by other researchers
for other polymet-diluent systems, such as ¢Gn PVC,
polystyrene, polycarbonate, and PETand CQ in substituted
polycarbonate& even though in some systens= 1 might

be more appropriat€. In this study, the calculate®, values

do not depend appreciably ariif it is 1 or 2, so in what follows,
zis set to 2, consistent with Chow’s original recommendation.

presented in Figure 13 for all penetrants as a function of
Lennard-Jones diameter squared. In geneBalalues increase
as penetrant size increases, which is qualitatively consistent with
the original CohenTurnbull theory, which suggests th&
should depend on the penetrant gi¥€he scaling with penetrant
size squared is also reflected in the activated-state model (cf.
Figure 7), and we return to this point later.

To summarize, the free volume model requires two param-

In this sense, there are no adjustable parameters in eq 28. Theters, Ap (or Ap) and B, to describe the effect of tempera-

following assumptions in Chow's model are of interest: (1) ture and concentration on gas diffusivity or permeability. These
penetrant concentration must be low in the polymer and (2) the two parameters can be evaluated by using gas diffusivity or
molar volume of the polymer repeat units should be comparable permeability at two temperatures if the physical properties
to that of the penetrant in the polym@rThe first assumption of the polymer, such aAC,, and Ty, and gas sorption data

is valid in most cases of this study. The second assumption is(in cases where solubility depends significantly on tempera-

valid for all penetrants exceptsHs and GHg, which will be
discussed later.
To provide an example of the magnitude of thechanges

ture and/or pressure), are known. More elaborate free volume
models are availab®;%” but these are not widely used in
modeling diffusion in gas separation membranes because of

envisioned by the Chow model, Figure 10 presents the effectthe large number of adjustable parameters required for their

of penetrant concentration on the calculatég difference

between the polymer/gas mixtures and the pure polymer for

CoHs and GHg at 273 K and for CQat 273 and 253 K. The
largest value of Tgo — Tg), about 20 K, is observed for G@t
a concentration of about 70 & TP)/cn? polymer. Parts ad

use.
Correspondence between the Activated Diffusion and Free
Volume Models. The application of both activated diffusi#h
and free volume models to describe diffusion of small penetrants
in rubbery XLPEGDA gives reasonable results, even though

of Figure 11 present the correlation between diffusion coef- the physical basis of these two models are somewhat different.
ficients and fractional free volume. The lines are drawn based The activated diffusion model assumes that diffusion occurs only
on eq 27, withAp andB treated as adjustable constants for each when a molecule has an energy that is higher than a threshold
penetrant. In general, this model describes the data for, CO value (i.e., the activation energy of diffusidif)The free volume
CHg, C;Hg, and GH,4 adequately by using the values/As and model views gas diffusion as the reorganization of free volume
B recorded in Table 5. This model requires two adjustable elements in the polymer near a molecule, with the diffusion
parametersAp andB) per penetrant to describe the temperature step occurring when the free volume element is large enough
and pressure dependence of diffusivity, which represents ato accommodate the penetrant molecule. There have been some
significant improvement over earlier approacké%?® The efforts in the literature trying to correlate these two models
results are satisfactory, considering that the diffusion coefficients quantitativelyé®70 In this work, the correspondence between
for some of the gases vary by nearly 3 orders of magnitude. these approaches is further explored.

The model does not work as well forlds and GHg as it does Combining egs 12, 16, and 25 gives the following expres-
for the smaller gases. One possible reason could be an inaccuratesion for the free volume model estimate of the effectgsv



3578 Lin and Freeman Macromolecules, Vol. 39, No. 10, 2006

® — T T T b 1g°
o — 7
10° b ( )_: E ®) ]
co,
CH,
107 £ E
Z 107 | e = E 3
o
E, CH4 3 E csz
- S,
o 5
N a 10° | E
10° | e E 3
*
4
-9
10-9 . L 1 . " 1 . " 10 E . ) , . ) , ) ) E
6 9 12 15 6 o 12 15
1/FFV 1EEV
© 10° ¢ T T —— @ 10° —————F———————
(¢ 3 (d) 3
. caHe : C3|‘|a
107 | ' E 107 | %\ﬂ E
Q 1 = | ’ :
3 1 5 ]
ot 1 of L 1
10° £ E 10° £ E
: ] : . ]
B 3 &l -
10-9 N N 1 N L 1 " L 10-9 s s 1 L L 1 . N
6 9 12 15 6 9 12 15
1/FFV 1/FFV

Figure 11. Correlation between fractional free volume of the polymer/penetrant mixtures and diffusion coefficients in XLPEGDA at various
penetrant concentrations and temperatures: 30&)KZ98 K (v), 273 K (@), 263 K @), and 253 K ¢). (a) CQ and CH, (b) GHe and GHy,,
(c) GeHe, (d) CeHe.

Table 5. Model Parameters for Diffusion Coefficients of CH, CyHa, ) 318 298 273 253 TIK]
CO,, and C;Hg, and for Permeability Coefficients of He, H, N, and 107 T T T T 3
02 ; H ]
penetrants  Ap (x 10° Barrers) B Ap (x 1073 cn¥/s) e ’ 1
He 4.0+04 0.7140.01 10' | :\ 3
H, 6.0+ 0.6 0.72+0.01 E E
N, 7.3+0.7 0.97+0.02 5 N ]
O, 9.0+ 0.9 0.89+ 0.02 E o
CGo; 0.95+ 0.02 1.8+ 04 m 10" E 3
CHa 0.99+ 0.01 1.5+0.3 2 3 E
CoHy 1.03+ 0.02 1.7+ 0.3 o [ ]
CoHe 1.084+ 0.02 1.8+ 04 p
10 F E
activation energy of gas diffusion: ; ]
—B/FFV + (In Ay + b) 102 N TR TR = It
Epr= YR—1RT (30) 6 9 12 15
) _ ) ) 1/FFV
This equation suggests a linear correlation betwiggand B. Figure 12. Correlation between fractional free volume of pure
BecauseEp increases linearly with increasing) 2, as illu- XLPEGDA and infinite dilution permeability coefficients of light gases

strated in Figure 7B values should also be linearly related to in XLPEGDA at various temperatures.

dLJZ:
values by combining eqs 12 and 16 as follows:

B=H+Ld,’ 31
- 1) InDyy + b
whereH andL are adjustable constants. Figure 13 presents a Eoa= a/R— 1RT (32)
linear correlation betwee values andl, %, which is consistent
with eq 31. Epa and Epr can be calculated as a function of temperature

On the basis of the activated-state model, the effective and penetrant concentration, and the results for various pen-
activation energy of diffusiorEp ) can be calculated fromes etrants are presented in Figure 14. All of the data pointsczir)%
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Two models (one based on activated diffusion and the other
based on free volume) have been used to describe the temper-
ature and concentration dependence of local effective diffusion
coefficients. Both models describe the data reasonably well in
most cases.
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