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Abstract—For most polymeric membranes, the gas permeability coefficient (P) is often interpreted as the product
of diffusivity (D) and solubility (S) of a penetrant gas in the polymer (P=D S). The basic assumption is that molecular
diffusion is primarily responsible for mass transport in the membrane permeation process. However, for some open
structure membranes, such as poly(1-trimethylsilyl-1-propyne) [PTMSP] or poly(dimethylsiloxane) [PDMS], the high
permeabilities of some gases yield much higher diffusivities when calculated from the above relationship (P=D S) than
when calculated by using the direct kinetic measurement of diffusivity. It is hypothesized that this discrepancy is due
to the convective transport of gas molecules through such open structured polymers. In most cases, the convective
contribution to mass transport through membranes is negligible. However, for polymer membranes with high free
volume, such as PTMSP, whose free volume fraction is 20 to 25%, the convective term may dominate the permeation
flux. In this study, a non-equilibrium thermodynamic formalism is employed to properly treat the diffusion term and
convective term that constitute the Nernst-Planck equation. The current analysis indicates that the total permeation
flux, which consists of a diffusion term and a convective term, agrees well with the experimental data for several
permeation systems: pure components propane and n-butane/PTMSP, pure gas hydrogen/PTMSP, and mixed gas
hydrogen/PTMSP. Also, the permeation systems of a nonporous rubbery membrane, PDMS, and eight organophospho-
rus compounds were included in the study. It is recommended that the proposed model be validated by using other
polymers with high free volumes and high permeabilities of gases and vapors, such as poly(1-trimethylgermyl-1-
propyne) [PTMGeP] and poly(4-methyl-2-pentyne) [PMP].

Key words: Permeation Flux, Diffusion Flux, Convective (Bulk) Flux, Large Permeability, Poly(1-trimethylsilyl-1-propyne),
Poly(dimethylsiloxane)

INTRODUCTION [1980] and Bae et al. [1993, 1994a, b, 1998]. In the general litera-
ture for example, Stern [1994], the most frequently used equation
1. Literature Survey that correlates these three characteristic parameters for permeation
The permeation of small molecules through membranes was firssystems is:
observed over a century ago. During the last two decades, the rapid
development of membrane technology has brought with it a wide
variety of applications in the industrial and medical fields: the sepa£qg. (1) is an analytical statement of the solution-diffusion model of
ration of gases, seawater, and azeotropic mixtures; the separation ménetrant transport in polymers, which is the most widely accepted
ions, macromolecules, colloids, and cells; and the control of drugexplanation of the mechanism of gas permeation in nonporous poly-
delivery. Due to its unique separation capabilities and low energymers. The permeation flux across the membrane is often assumed
consumption, diffusion through membranes is of great technologito be equal to the diffusional flux and therefore the influence of the
cal importance, and there has been a growing interest in elucidabulk motion of the penetrants is ignored. Among the three trans-
ing the permeation mechanisms. Thus, the evaluation of parametepert parameters P, D, and S, the diffusion coefficient D is rarely mea-
such as the permeability coefficient P, the diffusion coefficient D, sured directly. It is often calculated from experimental data as shown
and the solubility coefficient S appears to be very important for asby Crank and Park [1968], Crank [1975], Koros et al. [1976], Zim-
sessing the feasibility of application of permeation systems to indusmerman et al. [1998], Balik [1996], and Felder [1978], from steady-
trial and medical applications. state permeability and solubility measurements; from a time-lag
There are several methods used to experimentally measure solassessment from initial permeation data; the kinetic measurement
bility, permeability, and diffusivity as discussed by Felder and Huvardand the differential permeation measurement, etc. For many dense
and nonporous membranes, the diffusion coefficient of the pene-
trant, as determined from Eq. (1), using D=P/S, is consistent with
E-mail: shwang@alpha.che.uc.edu other diffusivity measurements. However, for polymers with high
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free volume (20 to 25%). The diffusion coefficients were deter- —plP 5 P2 ~Pu0
mined from two different sets of data: 1) kinetic sorption data, and

2) steady-state permeability and solubility data. However, there was i e Pis the permeability coefficient of species,i,and p are

more than one order of magnitude difference between the diffusioqhe upstream and downstream partial pressures of Species i. respec-
coefficients calculated from the two sets of data, where the diffu- P P P P ' TO5P

. ; " X tively, andA is the membrane thickness. The permeability coeffi-
Sivity fjetermmed from the .steady-state pe rmeablllty expenmentsciem P, calculated by using Eqg. (4), is usually recognized as the
was higher than that determined from the kinetic sorption data. Alm-0 bserved permeability, which is calculated based on the total flux
quist [1995] determined the diffusion coefficients of eight organo- |

phosphorus chemicals in poly(dimethyisiloxane) [PDMS], a homo- (ilfoSlon and bulk qux? of the penetrant. Substituting Egs. (3) and
. . . ) into Eq. (2), we get:

geneous nonporous membrane, using the kinetic sorption measurg-

ment and the time-lag measurement. Large discrepancies were also P Piulet 4o N _- _ d

found between the diffusion coefficients calculated from the two V'~ "'0J ZAP%_J' Tov =) e =) +°'q__D'd_i *ca ©)

sets of data, where the diffusivity determined from the time-lag mea- ) o

surement was higher than that determined from the kinetic Sorp\_/vhere q represents the total volumetric flux. The last expression is

ion measurement by factors ranging from 1.5 to 8.1. The lack ofnown as the Nemst-Planck equation. Itis obvious that the perme-

agreement between different experimental measurements of difftion flux N is different in principle from the diffusion flux How-

sivity suggests either huge experimental errors or an inadequacy &€, they can be assumed to be approximately equal woeq v

the diffusion model on which the data analysis was based. is very small:

Because of such significant discrepancies in the apparent diffu-
sivities, it is hypothesized that with high permeation flux through
membranes, the bulk motion of the penetrants (convection) may
contribute significantly to the overall mass flux. This paper proposesEq. (6) is commonly used to describe membrane permeation. The
a model for penetrant transport through membranes utilizing termsliffusion flux is often a very good approximation for the perme-
for both the diffusional and convective transport. This model is thenation flux. However, Eq. (6) is not valid for all membrane systems.
used to simulate the permeability coefficients for several permeThe magnitude of error involved in using Eq. (6) depends on the
ation systems with PTMSP and PDMS membranes described bgelative contribution of the convective term in Eq. (8}, to the
Anuraag [1997], Almquist [1995], Merkel et al. [2000], and Pin- permeation flux. When the permeation flux is very large, as in the
nau et al. [1996]. examples discussed in the present paper, the convective term may
2. Background be significant. Permeation flux that takes into consideration of both

Permeation is a phenomenological definition that refers to masghe diffusion flux and the bulk flux of penetrants has been discussed
transfer through a medium, not only by diffusion but also by a varietyin detail by Hwang and Kammermeyer [1975], Frisch [1956], and
of transport mechanisms under various driving forces. Accordingkamaruddin and Koros [1997].
to the definition, the molar flux of species i passing through a unit The permeability coefficient; Pecalculated by using Eq. (6), is
area per unit time, ;Ncan be expressed using the same notation asisually recognized as the diffusion-based permeability that is a func-

= EP—' —Pufl | =— d_c‘
NI PlD ZA 1D~J| Dldz (6)

Bird et al. [2002]: tion of diffusivity and solubility of the penetrant in the membrane
. . material. If the observed permeability, rather than the diffusion-based
N, =cvi=c(v, ~v) *cv (@) permeability, is used to calculate the average diffusion coefficient,

the result will overestimate the actual value. The extent of the error

where gis the molar concentration of species swhe velocity of depends on the relative contribution of the convective flux.

species i with respect to stationary coordinate axes, “aisdthe
local molar average velocity. From Eqg. (2), we can see that the molar
flux N, relative to the stationary coordinate, is the sum of two terms:

1) the molar flux of i resulting from the convective motion of the 1. PTMSP Membrane

fluid, g v" and 2) the molar flux of i resulting from the diffusion su- . .

. R Polyacetylene-based polymers were extensively studied for gas
perimposed on the bulk flow, @ -V). ! - . . .

e . separation applications during the 1990s. In particular, poly(1-trime-
Diffusion is a universal phenomenon caused by random molec;, ", . o . . .
. . ) ; . thylsilyl-1-propyne) [PTMSP), a silica-containing di-substituted acet-

ular motion under a concentration gradient that is responsible fog/ lene polymer with a glass transition temperature greater tha@, 250
material transfer from one point to another. The diffusion flux can X

also be seen as the relative motion of molecules with respect to thhas attracted the most attention within the group of polyacetylenes

average velocity. Considering the permeation flux in the z direc—éﬂue oits un|que.propert|e§. the lowest density of any known poly
. A S . i mer (~0.75 g/cri); a very high excess free volume of 20 to 25%
tion, the “diffusional” flux for species i is defined as: . .

(For comparison, the excess free volume of conventional glassy

o w__dc polymers ranges between 2-6%); the highest gas permeability of
J=c(vi~v) -‘D.d—z ©) all known synthetic polymers; high permeability to large, condens-
able gases than to small, permanent gases, etc. as reported by Pinnau
where ¢is the concentration of species i inside the membrane.  and Toy [1996]. In view of PTMSP’s unique properties, conven-
The permeation flux Nunlike the diffusion flux, can be experi- tional theories governing gas and vapor transport in dense polymer
mentally measured and is defined by: flms may not adequately describe their transport in PTMSP. There-

EXPERIMENTAL DATA
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70000 brane at 38C. The sorption data, presented in Fig. 2, are described
60000 | by the dual-mode sorption model as reported by Felder and Huvard
_ = APermeability of propane (Exp.) [1980]. These data were subsequently used to calculate the solubil-
g soo00 + o mPermeability of n-butane (Exp.) ity coefficients for propane and n-butane in PTMSP.
g 40000 4 Thfe diffusion goeﬁicients were determined in two ways: 1) from
= the kinetic sorption data, and 2) from the steady-state permeability
% w0 { A n and solubility data. The experimental data acquired in the kinetic
g . L . sorption experiments were fit to a Fickian sorption model as shown
g 200004 L aa . " s =gk by Crank [1975]:
10000 At aa A w 2 2
A % -1-5 — 220 : expgﬁ”th%
0 : : . ; ; ; ; - BB Tar *a) A
0 10 20 30 40 50 60 70 80 wheref, andg are defined by the expression below:
Pressure (cmHg)
Fig. 1. Permeability of pure components propane and n-butane azﬁntanﬁnz:zcé

in PTMSP @ 35°C (Anuraag and Freeman’s data).

In the above equations, id the mass uptake at time t,, M the

fore, the PTMSP membrane system was used to test the effect aptake at equilibrium, D is the diffusion coefficient f@nA is the
the convective term in a transport model that consisted of both difmembrane thickness (cm),i& a convective mass transfer coeffi-
fusive and convective transport terms. cient (cm/s), and K is the solubility constant. Here, equilibrium be-
1-1. Pure Components Propane and n-Butane/PTMSP Systems tween the penetrant gas at the surface of the membrane and the pen-

The experimental details for pure propane and n-butane/PTMSIetrant gas in the gas phase was assumed to occur instantaneously;
systems are given in Anuraag's thesis [1997]. Briefly, a constanthusf was set equal to infinity, and the corresponding valugs of
volume/variable pressure method was used by Felder and Huvar@dbulated by Crank [1975], were used accordingly. The value of
[1980] to determine the steady-state propane and n-butane permeiffusivity was determined to be the value that resulted in the best
abilities at 35C and pressures up to 700 torr. As shown in Fig. 1, fit of the model to the experimental data, as determined by a least-
the permeability coefficients for propane and n-butane in PTMSPsquares method. The model was found to provide a good represen-
decrease with increasing upstream pressure up to 30 cm Hg, abotation of the experimental data, except near the end of the kinetic
which the permeability coefficients are relatively independent of sorption process (i.e., 0.99M.,<0.98). The deviations of the mod-
pressure. This phenomenon may be caused by the penetrant mokd-from the experimental data toward the end of the sorption pro-
cules that “fill up” the free volume in the membrane with increas- cess are attributed to the polymer relaxation-controlled absorption of
ing pressure and thus retard the diffusion process. As the free vothe penetrant and can be described by a non-Fickian sorption model
ume is filled, the permeation becomes less dependent on the upstreatemonstrated by Berens and Hopfenberg [1978]:
pressure of the penetrant gas. M 8e 1 D(2n+ 1)t

The interval kinetic sorption methods were used to monitor the M—‘ =1-(1-ar) 5y zexpg . %
absorption of propane and n-butane vapor by the PTMSP mem- ° mti(2n+1) A

- t0
aRexpg?D @)

70 ’ T ) L T T " whereas is the fraction of the total mass uptake due to protracted
= | ;’srnl\gsx’ - 1 non-Fickian drift (i. relaxation), and is the first-order relaxation
2 60 - ] constant which characterizes the time scale of the protracted drift.
. < ] When appropriate, the values of diffusivity and the paramegters
E 0 /o/ N——n-Butane ]| andt were determined to be those values that resulted in the best
% i _// R 1 fit of the model in Eq. (7) to the experimental sorption data, as de-
g 90 /,-/ - - termined by a least-squares method. The results of this analysis are
2 1 o ; 1 shown in Table 1. For those cases with no reported valuesndf
g 30 < 7] a,, the Fickian model could adequately describe the experimental
= / " “— Propane ]
o P data.
- ; e
e 20, 7 . The diffusion coefficients were also calculated from the steady-
g S 1 state permeability and solubility data as determined by Koros et al.
o 10 7 o B [1976]. The results from these calculations are compared to those

;/ 1 from the kinetic sorption data in Fig. 3, which exhibits significant
0 + + y : : : discrepancies between them. The diffusion coefficients calculated
0 200 400 600 800

from the steady-state permeability and solubility are consistently
higher one order of magnitude than those calculated from the kinet-

Fig. 2. Propane and n-butane sorption isotherms in PTMSP @  ic sorption data.
35°C (Anuraag and Freeman'’s data). 1-2. Pure Gas Hydrogen/PTMSP System

Pressure (mmHg)
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Table 1. Diffusion coefficients and parameters and a, for pro- 15000 —g
pane and n-butane at 38C (Anuraag and Freeman’s data) *
Pressure range Dx10' T a __ 14000 1 .
(mmHg)  (cmi/sec)  (sec) R 5 *
Propane 0-54 2.4+0.2 240+130 0.07+0.04 @ 130001 M
54-103 2.2+0.06 1,200+7C00.056£0.01 %
103204 1.76+0.04 6,600+1200 0.067+0.004 § ™
204-302 1.5£0.03 3,800£5C00.128+0.005 8
302-400  1.47+0.02 110001
400-503 1.42+0.02
10000 t+ t+ + + t t t t
503-602 1261002 0 2 4 6 8 10 12 14 16 18
602-700  0.94+0.01 AP (atm)

n-Butane 0-51 1.46+0.04 2,200+1900 0.020+0.006
51-100 1.19+0.03 7,100+£1200 0.074+0.005
100-200  1.32+0.04 5,900+7000.114+0.005
200-301  1.13+0.03 5,300+51(0.178+0.005
301-400  1.27+0.03 6,200+4000.180+0.005
400-506  0.90%0.03 3,000+21:00.251+0.008
506-602  0.98+0.04 8,500+3 (00.384+0.005
602-700  0.78+0.04 5,700+1400.473+0.007

Fig. 4. Pure gas hydrogen permeability in PTMSP @ 3% (Mer-
kel, Bondar, Nagai, and Freeman’s data).
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Fig. 3. Diffusion coefficients of pure propane and n-butane in
PTMSP @ 35C estimated from steady-state and transient 0.001
experiments (Anuraag and Freeman’s data). e 0.2 04 06 08 1
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The permeability coefficient of pure gas hydrogen through PTMSPFig- 6. Hydrogen-blocking ratio in the mixture with propane in
membrane was determined af@5y using the constant pressure/ glg)sp @ 24C (Pinnau, Casillas, Morisato, and Freeman's
variable volume method. The permeability coefficient data for hy- '
drogen is presented in Fig. 4. The sorption was measured with the
kinetic sorption method as described by Merkel et al. [2000]. Theod from Pinnau et al. [1996]. The hydrogen-blocking ratio, which
dual-mode sorption model accurately describes the sorption of punis defined as the ratio of mixed gas hydrogen permeability to the
gas hydrogen into PTMSP membrane. The isothermal sorption dataure gas hydrogen permeability, is illustrated in Fig. 6 as a function
are summarized in Fig. 5. of propane activity. For the pure gas hydrogen, the permeability
1-3. Hydrogen and Propane Mixture/PTMSP System coefficients were measured at’@5 However, in this study it was

The permeability coefficient for hydrogen in PTMSP membrane assumed that the hydrogen permeation properties are not sensitive
upon exposure to a mixture of hydrogen and propane was detete temperature in the range of°@4to 35°C. Therefore, the pure
mined at 24C by using the constant pressure/variable volume meth-gas data for hydrogen at ® were assumed to be good estimates

Korean J. Chem. Eng.(Vol. 21, No. 2)
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Table 2. Solubility, diffusivity, and permeability coefficients of organophosphorus chemicals in PDMS at 26 (Almquist and Hwang's

data)*
Solubility Diffusivity Permeability
Chemical name (cm?® (STP)/cnipolymer) (10° cn/sec) (10’ cm?® (STP) cm/cripolymer cmHg)
S S, SIS, D, D, D.JD, P, P, P, /P,
Dimethyl methylphosphonate 81.5 106 1.3 441 675 15 35,900 71,400 2.0
(DMMP)
Diethyl methylphosphonate 358 303 0.85 120 713 5.9 43,000 216,000 5.0
(DEMP)
Dimethyl hydrogenphosphonate 40.3 41 1.0 780 1,528 2.0 31,400 62,700 2.0
(DMHP)
Diethyl hydrogenphosphonate 182 199 1.1 265 1,014 3.8 48,200 202,000 4.2
(DEHP)
Trimethylphosphate (TMP) 159 117 0.74 271 704 2.6 43,100 82,400 21
Triethylphosphate (TEP) 965 787 0.82 59 476 8.1 56,900 375,000 6.6
Trimethylphosphite (TMPhite) 27 455 1.7 346 2,754 8.0 9,340 125,000 13
Triethylphosphite (TEPhite) 152 794 5.2 194 1270 6.5 29,500 579,000 20

*subscript 1: adsorption experiments; subscript 2: permeation experiments

Adsorption Data:

o Solubility is calculated from weight gain of membrane sample at equilibrium.

o Diffusivity is calculated by modeling the experimental data, varying diffusivity value.

o The value of D giving the best “least-squares” fit of the model to the experimental data is reported.

o Permeability is calculated by multiplying solubility and diffusivity.

Permeation Data:

o Solubility is calculated from steady-state permeability and time-lag diffusivity.

o Diffusivity is calculated by time-lag. Experimental data is extrapolated down to the time axis to obtain the time-lag vakiditind
sivity is calculated by using that value of the time lag.

o Permeability is calculated from the steady-state permeation measurement.

of those at 24C. their saturation concentration by two different experimental meth-

The sorption of mixed gas hydrogen into PTMSP membrane wa®ds: 1) permeation experiments, and 2) absorption experiments, as
calculated by using an extension of the dual-mode model, whichreported by Almquist [1995] and Almquist and Hwang [1999]. The
permits the description of sorption of binary, non-interacting pene+esulting data are presented in Table 2. All tests were carried out at
trant mixtures as described by Koros [1980]: 25°C (£3°C).

Absorption experiments were conducted using a quartz spring
balance to measure the solubility of test chemicals in PDMS mem-
brane. In the organophosphorus chemicals/PDMS system, the ab-
where p and p are the partial pressures of the two components,sorption isotherms for all the test chemicals, except TMPhite and
respectively, and the pure component affinity constants and Henry’SEPhite, were either linear or slightly convex to the partial pressure
law parameters are assumed to be unaffected by the presence ofuds, with the Flory-Huggins parametexsvlues) being greater
second component. In actuality, however, the behavior of the hydrathan ~1.6. The absorption isotherms for TMPhite and TEPhite were
gen and propane mixture may not be correlated so simply with thoskighly convex to the partial pressure axis witralues of approxi-

bAp.

Ca KaaPa * Ciia T70,p, +bupe ®

of pure components due to the interactions between them. mately 0.9 as reported by Almquist [1995].
2. Permeation Systems with PDMS Membrane: Organophos- The diffusion coefficients of eight organophosphorus chemicals
phorus Chemicals/PDMS in silicon rubber were calculated in two ways: 1) time-lag measure-

Poly(dimethylsiloxane) [PDMS], a nonporous silicon rubber, is ments, and 2) the kinetic sorption measurements. For the kinetic
the most permeable rubbery polymer. Due to its very flexible poly-sorption measurements, the value of the diffusion coefficient was
mer backbone with long-range segmental motion that is active evedetermined by a nonlinear least-squares fit of a Fickian model to
at very low temperatures, PDMS has the lowest diffusivity-selectiv-the experimental data. In all cases, the diffusion coefficient obtained
ity of all rubbery polymers. Unlike conventional glassy polymers usedfrom the kinetic sorption data was significantly less than the diffu-
for permanent gas separations, PDMS is more permeable to marsjon coefficient calculated from the time lag.
organic vapors than to simple gases due to their high solubilities, a
property of silicon rubber that can be utilized in many applications. THEORY

The permealbility, solubility, and diffusivity for each of eight orga-
nophosphorus chemicals in PDMS membrane were measured &t Background

March, 2004
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those variables outside the membrane. On the other hand, the changes
I 1| within the membrane take place continuously perpendicular to the
Uiz Uil membrane surface (z direction). Instead of Eq. (9), therefore, the
N. > following differential equation can be used for a differential segment
PH ' 2 dz:

Di2 Di1 ] ]
do__ ¢\ 9k
L ZN,dZ (10)

i=1

Membrane In the above equation, the chemical potential change occurs within
the membrane phase. For an isothermal system, the Gibbs-Duhem

Fig. 7. Steady state membrane transport. N
equation is expressed as:

Membrane transport models have been derived from two inde- ix dis =V, dp 1)
pendent general approaches: 1) theory based upon irreversible ther-<~ "

modynamics, and 2) theory based upon assumptions of transport s th o mol | f the mi Th bsti
mechanisms. Since the phenomena of mass transport across meWhere Vs Is the total molar volume of the mixture. The substitu-

branes are irreversible processes, the phenomenological theories %" of Egs. (5) and (11) into Eq. (10), yields the following equation:

nonequilibrium thermodynamics were used to describe the mem- 45« gy dp__ & .dy _ dp

brane permeation process. We know from the theory of irreversible Td_z - 213 dz NdeZ - 213 dz Y4z 12
thermodynamics that the transport phenomena can be described by

means of linear equations relating cause (driving force) with effectvhere ¢ is the total volumetric flow rate within the membrane phase.
(flux) as described by De Groot [1952] and Katchalsky and Currarit is reasonable to assume that g stays constant within the mem-
[1967]. In an irreversible process (and thus in membrane transportrane phase from one end to the other at steady state. The chemi-
free energy is dissipated continuously (if a constant driving force iscal potential change of component i can be replaced with the fugac-
maintained) due to the entropy production. Near the equilibrium,ity change that can be replaced by activity or mole fraction as shown
the flux of each flow bears a linear relationship not only to the con-below:

jugated driving force, but also to all the other forces to which the dy, =RTdInf =RTdIn(f°

(X 13
system is subjected. yx.) 13

2. Proposed Model With the substitution of Eq. (13) into Eq. (12), the rate of lost work
2-1. Entropy Production in the Discontinuous System can be written as:

Consider an irreversible process that occurs in an experimental do do & . _din(yx)
test system consisting of two large fluid reservoirs connected by a Td_z =—qag —;J, RTT" (14)

membrane as shown in Fig. 7. Each reservoir consists of a homo-

geneous mixture of n substances (non-electrolytes) that do not cherfirom the above equation, it is clear that the entropy production term
ically react. The total system is closed so that no mass can be ek written as the sum of the products of the fluxes g andd forces
changed with the surroundings. The sub-systems | and Il, or resetip/dz and RTdlInx)/dz.

voirs, however, are open systems, and mass can be transferred fromaccording to the theory of irreversible thermodynamics, there
one sub-system () to the other (ll), through the membrane onlyexists a linear relationship between fluxes and forces, and each flux
Each reservoir is homogeneous. However, the thermodynamic propis proportional to all the driving forces in the system. Within the
erties between the two reservoirs change discontinuously across thigembrane phase these linear relations can be written as:
membrane as shown by De Groot [1952], while they vary continu-

ously within the membrane. % - dp +i|_ rrdIn(¥x)
When conservation of mass and energy and the Gibbs equation Dq “dz &7 dz
are applied to reservoirs | and Il, the expression for the internal pro- % [ =L dp, i'— Rlen(V.X.)
duction of entropy for the overall isothermal system is obtained as O~ dz & " dz (15)
shown below: % :
) g._ dp,& din(yx;)
T To= G = e ©  577ta AN

where T is the temperature of the syste®/ddis the internal en-  where L. is a generalized phenomenological coefficient. The above
tropy production rate due to irreversibility that is expressed,by equations can be combined with Eq. (5) to obtain the expression
N is the permeation flux of specied( is total Gibbs free energy  for species mass flux with respect to a stationary observer, which is
change, andy is the chemical potential change of i between two measurable in the laboratory.
reservoirs. 2-3. Conjugated Fluxes and Force for a Single Component Perme-
2-2. Conjugated Fluxes and Forces within the Membrane Phase ation System (Binary System)

Taking the discontinuity of the system into consideration, we treat  When a single component permeates through a membrane, the
the changes in both entropy and chemical potential as changes sfstem can be viewed as a binary system, where the membrane is

Korean J. Chem. Eng.(Vol. 21, No. 2)
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considered as the second species. This is a very peculiar case, sisa@lways controlled near 0 atm for the permeation measurement,
the membrane does not move with respect to the observer, whicthat is, p=0, the following equation is obtained:
yields N=0. Furthermore,;3J=0 for a binary system when Eq.

(5) is summed up for all species, and thus the diffusion flux for the QB%PH +C;E_9*%
second component (membrane) is not needed. The second term in - 1*bps @1)
Eq. (14) becomes: e AD
g. (14) 1-expg 50
codin(yixy) |+ odIn(yxy) _ o dIn(yiXy YeXo)
JRT dz TERT dz ~IRT dz (16) For most rubbery membranes such as PDMS, the sorption is well

described by Henry’s law for low concentrations of gases and va-
Substitution of Eq. (16) into Eq. (14) yields: pors. With the assumption that sorption equilibrium exists between
_p din(yix/Vsxs) the membrane surface and the adjacent fluid both in the upstream
dz Oy, “ART—— =% an and downstream, the Nernst-Planck equation is integrated by using
the following boundary conditions:
Therefore the linear expressions for fluxes may be written as:

Uz=0 c,-,=Sxp,
O 22
q——LwaE’ Lo RTd—In(yl;/szZ) A2=A c.=sxp @
(18)
J=-L dp_ -L, RTM When the downstream pressure is negligible, the following equa-

10
dz dz tion is obtained:

When Egs. (18) and (5) are combined, the flux expression for the

permeating species is obtained. However, a simplified equation may N - asth, (23)
be more practical after several assumptions are introduced as shown 1—exp%- QDA%

below. The first assumption is that the coupling terms are negligi-

bly small compared with the principal conjugated terms. The seCyyhen the permeation flux of penetrants reaches a steady state, the

ond assumption involves the second term in the diffusion equationts|lowing equations are derived by using Eq. (19); b(dp/dz):
Among the four variables inside the parentheses, only the mole frac-

tion of the diffusing species will significantly change as a function JJ qdz=- _r’ Loodp (24a)
of position within the membrane phase. Therefore Eq. (18) can be
reduced to: q EOOZE :Loo¥ (24b)
%q= —LOO%E where 1, is averaged through the membrane and can be defined
H. dinx, __. dc, 19  as
DJ1 -L,,RT 4z = D1dZ
_ [ Lodp

L L 24c
Thus, for the penetrant component 1, the last expression in Eq. (5) o ~P. (249

may be used for the total flux through the membrane. It is clear that ) . .
the total permeation flux is the sum of the diffusional f®,(dc/ L can be viewed as the reciprocal of the resistance of the mem-

dz), and the convective (bulk) flux,gc which is proportional to brane to the convective transport of the penet'rants. L
the pressure gradient in the membrane. For glassy polymer membranes, the following expression is ob-

For the permeation of a binary mixture through membrane (terta'neoI by substituting Egs. (4) and (24b) into Eq. (21):
nary systems including membrane phase), similar expressions of

T _bp, O
the permeation flux for each of the components can be obtained. Loo%de +C, 1+bp, U
2-4. General Model for the Simulation of the Permeability Coefficient P~ T (25)
For most glassy polymer membranes such as PTMSP, the sorp- 1- expD- °°p“%

tion is well described by the dual mode sorption model. With the

assumption that sorption equilibrium exists between the membran&he corresponding expression for rubbery membranes is obtained
surface and the adjacent fluid both in the upstream and downstrearhy substituting Egs. (4) and (22) into Eq. (23):

the Nernst-Planck equation, Eqg. (5), is integrated by using the fol-

lowing boundary conditions: P= — LoofSth (26)
LoopHD
l-e
%Z =0; G- =kqpy +Crl-|l?_24p X%
g " (20) 2-5. Assumptions and Interpretations gf L

bp. =
1+bp, The physical meaning of the parameteg,li4 the mass transfer

resistance to convective flow as seen in Eq. (19). For the perme-
where membrane thicknesslisnd p and p are upstream and  ation systems with PTMSP membrane, the parametgy, i&/as-
downstream pressure, respectively. Since the downstream pressigemed to have an exponential relationship with the upstream sorp-

%Z =1; G- =kep. +C,
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tion of the penetrants,.c vective (bulk) motion of the penetrants, and the denominator ac-
counts for the possible swelling effects. Fitting the model in Eq.

L =aléxp(blt,) (@>0, b>0) 27) (28) to the experimental data by using a least-squares method, we

Loo found the value of b' to be negligibly small compared with the other
where a and b are constants with positive values that are charactgrarameters. Thus, ignoring the swelling effects from the penetrants
istic of the resistance of the membrane to the convective (bulk) mosorption should not introduce significant error in the systems that
tion of the penetrants. Constant represents the intrinsic resistance wire considered in this study. Since the solubility coefficients and
the convective flow when there is no sorption. Thus, for the samehe permeability coefficients of the organophosphorus chemicals in
membrane material, the value of a should not change with differPDMS were measured at only one concentration, a relationship be-
ent penetrants. However, constant b represents an intrinsic propertween the membrane resistance,khd the upstream sorptian ¢
of the penetrants. Therefore, the value of b will change with dif-for the eight organophosphorus chemicals could not be derived.
ferent penetrants in the membrane.

The kinetic diffusion coefficients of propane and n-butane in
PTMSP decrease with increasing penetrant concentration in the poly-
mer as shown by Anuraag [1997]. Similar results are obtained byt. Simulation of the Permeability Coefficients for the Pure
Merkel et al. [2000] for both the average diffusion coefficient and Components Propane and n-Butane/PTMSP System
the effective diffusion coefficient of pure gas hydrogen in PTMSP.  For the pure components propane and n-butane/PTMSP system,
Usually, diffusion coefficients can be viewed as the product of athe parameter . was calculated by using Eq. (25). Whenlis-
mobility term and a thermodynamic term. The mobility term, which plotted as a function of the amount of upstream sorptitr both
is directly related to the resistance to the motion that a penetrariropane and n-butane, and the data are correlated with Eq. (27),
encounters while diffusing through a polymer matrix, monotoni- two sets of parameters with the same a value and different b values
cally decreases with increasing concentration for the permeation sysvere obtained, which are presented in Table 3. When Eq. (27) was
tems with PTMSP membrane as demonstrated by Anuraag [1994ubstituted into Eq. (25), the permeability coefficients of propane
and Merkel et al. [2000]. This suggests that the net free volume clnd n-butane, respectively, were theoretically calculated as a func-
the polymer-penetrant mixture decreases as additional penetrant is
added to PTMSP, resulting in antiplasticization or penetrant clus-
tering in polymer as accounted by Dixon-Garrett et al. [2000]. Table 3. a and b coefficients for the membrane resistance of dif-

For the permeation systems with PTMSP membrane, the possi- ferent permeation systems with PTMSP membrane
bility of swelling effects due to the sorption of the penetrants inside b

RESULTS AND DISCUSSION

the membrane was considered. An attempt was made to correlatePermeation systems . cm’(polymer)/
the membrane resistance with the following equation: cmHg*sec/crf cn(STP)
1 _aléxp(b o Propane/PTMSP 1,662,340 0.0791
T =$ptf) (220,00, >0, b>0) @8 n-Butane/PTMSP 1,662,340 0.0476
. . .. Hydrogen/PTMSP 1,662,340 0.328256
The parameters on the right-hand side of Eg. (28) are all positive |
valueps that characterize tr?e resistance of theqm(em)brane torihe coanxed gas hydrogen/PTMSP 399,386 0.0588425
Table 4. Simulation results for propane in PTMSP at 35C (Anuraag and Freeman’s data)

Ap P (Exp.) Cy Dx10 Loox 107 P(Cal) P(Cal) c,-qx10(Cal)
(cmHg) (Barrers) (cn? (STP)/cmpolymer)  (cnf/sec) (cnf/cmHg sec) (Barrers) P (Exp.) (cm®/cn? sec)
5.05 27,900 7.48 2.40 3.66 24,929 0.89 1.23
5.95 30,580 8.61 2.36 3.60 26,224 0.86 1.53

9.85 26,976 12.94 2.18 2.01 27971 1.04 2.70
14.70 22,067 17.35 2.00 1.24 26,458 1.20 3.81
19.85 20,497 21.18 1.84 0.93 23,858 1.16 4.64
25.45 17,618 24.62 1.70 0.74 21,125 1.20 5.27
29.35 17,603 26.68 1.62 0.69 19,448 1.10 5.60
35.25 14,206 29.40 151 0.43 17,281 1.22 5.97
39.65 16,614 31.18 1.44 0.52 15,921 0.96 6.19
44.05 11,889 32.79 1.37 0.35 14,742 1.24 6.37
49.35 13,191 34.54 1.30 0.38 13,521 1.02 6.54
55.55 11,161 36.38 1.22 0.31 12,314 1.10 6.71
60.05 11,615 37.60 1.17 0.33 11,559 1.00 6.81
69.45 10,712 39.88 1.08 0.26 10,234 0.96 6.97

73.55 9,483 40.79 1.04 0.24 9,742 1.03 7.02
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Table 5. Simulation results for n-butane in PTMSP at 35C (Anuraag and Freeman'’s data)

Ap P (Exp.) Cy Dx10 Loox 10 P(Cal) P(Cal) c,-gx10(Cal)
(cmHg) (Barrers) (cm?® (STP)/cmipolymer)  (cnmf/sec) (cnf/cmHg sec) (Barrers) P (Exp.) (cmP/cn? sec)
4.85 57,525 22.85 1.46 251 46,379 0.81 2.20
6.95 47,790 27.51 1.40 1.68 44,692 0.94 3.04
9.42 47,464 31.54 1.35 1.43 42,281 0.89 3.90
19.35 30,897 41.39 1.22 0.79 34,715 1.12 6.59
25.15 25,422 45.26 1.17 0.58 31,580 1.24 7.79
29.35 23,764 47.68 1.13 0.48 29,641 1.25 8.53
39.25 21,324 52.74 1.07 0.39 25,774 1.21 9.92
44.85 22,031 55.34 1.03 0.38 23,894 1.08 10.51
49.75 18,693 57.53 1.00 0.34 22,385 1.20 10.92
60.15 19,326 61.96 0.95 0.31 19,522 1.01 11.51
63.55 18,292 63.37 0.93 0.29 18,671 1.02 11.63
69.25 20,890 65.69 0.90 0.32 17,328 0.83 11.76
69.35 19,157 65.73 0.90 0.32 17,306 0.90 11.77

tion of upstream pressure. The results are shown in Tables 4 and éulated diffusion coefficients were relatively constant as described
There are good agreements between the experimental data and thye Merkel et al. [2000]. In the present work, the average diffusion
simulated results. The convective (bulk) fluxes for propane and ncoefficient was used such that the calculategl bAd the same ex-
butane were calculated by usingae The results show that the con- ponential relationship with the upstream sorptignas shown in
vective flux increases with increasing upstream pressure and levelsg. (27). Since in Eq. (27) the parameter a is an intrinsic property
off while under high upstream pressure. This is consistent with theof the membrane material, the value of a should be the same as that
assumptions made about J/lthe resistance of the membrane to of the pure components propane and n-butane/PTMSP system. For
the penetrants with convective motion. Since the sorption of the perdlifferent diffusion coefficients, we attempted to get different a val-
etrants inside the membrane increases as the upstream pressuretias by plotting 1/} versus ¢ and least-square fitting. We finally
creases, this leads to an exponential increase in membrane resgot the average diffusion coefficient for the hydrogen/PTMSP sys-
tance with upstream pressure. The driving force for the convectivaem by interpolating the a values; we then used this average diffu-
flux also increases with increasing upstream pressure. However, &ion coefficient to calculate A value of b was obtained by plotting

is the combined effect of the driving force and the membrane resist/L, as a function of,cand forcing into Eq. (27). The results are
tance that determines the magnitude of the convective flux, and giresented in Table 3. When Eq. (27) was substituted into Eq. (25),
high upstream pressure, the increase of the membrane resistarite permeability coefficients of pure gas hydrogen were theoreti-
dominates over the increase of the driving force. These results alstally calculated as a function of pressure difference across the mem-
demonstrate that the convective (bulk) flux plays a very importantbrane. The results are shown in Table 6. There is good agreement
role at high upstream pressure and cannot be ignored in open-struoetween the experimental and simulated data. The convective (bulk)

tured materials such as PTMSP. flux for pure gas hydrogen was also calculated by usittg The
2. Simulation of the Permeability Coefficients for the Pure Gas  results show a tendency similar to that for pure components pro-
Hydrogen/PTMSP System pane and n-butane/PTMSP system.

For the pure gas hydrogen/PTMSP system, the paramgeted. 3. Simulation of the Permeability Coefficients for the Hydro-
calculated by using Eq. (25). Since the sorption of pure gas hydrogen in the Mixture with Propane/PTMSP System
gen in PTMSP is very small compared to the sorption of hydrocar- For hydrogen in a mixture with propane/PTMSP system, the block-
bons, the effects of the downstream pressure, which was kept @tg ratio of hydrogen, which is defined as the ratio of the mixed
1 atm, were ignored. In the range of pressure gradients between ugas hydrogen permeability to the pure gas hydrogen permeability,
stream and downstream with the hydrogen/PTMSP system, the calvas calculated with the following equation:

Table 6. Simulation results for pure gas hydrogen in PTMSP at 3% (Merkel, Bondar, Nagai and Freeman’s data)

Ap P (Exp.) Cy Loox 10 P (Cal) P (Cal.)/ c.-qx10 (Cal.)
(cmHg) (Barrers) (cm?® (STP)/cnipolymer) (cmf/cmHg sec)  (Barrers) P (Exp.) (cmP/cn? sec)
69.30 14,872 0.92 4.78 14,706 0.99 8.32
312.36 14,675 2.18 2.93 14,686 1.00 58.90
620.06 14,039 3.78 1.57 14,429 1.03 119.90
919.52 13,547 534 0.99 13,697 1.01 150.58
1238.57 13,064 7.00 0.66 12,852 0.98 154.22
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p BPumng _p  dCumia 4 c dPota tems. Since the ternary system is more complicated than the binary
R oatmig Cimi ~ 1 29) system, thereby necessitating many assumptions to calculgig,1/L
Ap, p.9% . dp, it is not an unexpected result that the consistency of the a value is
Pl Dl L00C1
A dz dz

lost between the binary and ternary systems for the same mem-

Eq. (19) was used to express the observed permeation flux of h}prane material. However, the results show the same exponential

drogen through PTMSP for both binary and temary systems. Whe rr]elat|onsh|p between the membrane resistance and the total upstream

calculating the parametels,, we made several assumptions: 1) sorption, and there is good agreement between the experimental

. . ata of the blocking ratio of hydrogen and the simulated results.
Since propane condenses more readily than hydrogen, and due . .

. . . e convective (bulk) flux for mixed gas hydrogen was also cal-
the blocking effect of propane, the diffusional term of mixed gas

hydrogen was assumed to be negligible: 2) for the pure gas hydr culated by using.eg. The results show that the convective flux ini-

gen, the diffusion coefficient was assumed to be insensitive to tem(E-Ially increases with increasing propane adiivity and then decreases

perature in the range of % to 35°C, and therefore the average at very high propane activity. This is consistent with the fact that

diffusion coefiicient for pure hydrogen in PTMSP calculated 2E35 the membrane resistance to the convective motion of mixed gas

was used for the analysis of the hydrogen and propane mixture da‘ydrogen tends to increase with the total upstream sorption of the

conducted at 26C; and 3) the effect of the downstream pressure mixture, and the blocking effect of propane becomes more signifi-

on the experimental measurement is negligible, and so the variablé: gnt as Its activity Increases.

¢, and ¢, could be substituted with the upstream sorption, an df Simulation of the Permeability Coefficients for the Organo-

. . phosphorus Chemicals/PDMS System
the pressure difference across the membrane was approximated asF .
the upstream pressure. or the organophosphorus chemicals/PDMS system, the param-

The following equation was obtained when Eq. (29) was inte-eter Ly Was calcu!ated by using E 4 (26.)'. For these eight organo
o phosphorus chemicals, the solubility coefficients and the permeability
grated across the membrane and simplified: T .
coefficients were measured at only one concentration. Therefore,

Pl mix) — LOO mix) ClH mix thuta\
P D.Cyy +|—00C1Hp1H

(30)

the permeability coefficients and calculated diffusion coefficients
were reported as effective, or average, values over the concentra-

tion range of chemical in the polymer. A relationship between the
Loomy Was solved using Eg. (30), and the results are presented imembrane resistance, J/land the upstream sorption, could
Table 7. When Lk, Was plotted as a function of the total up- not be derived for the eight organophosphorus chemicals. A plot of
stream sorption of the mixturey&,, and a least-squares analysis 1/L,, as a function of the boiling points of the eight organophos-
was used to fit the data into Eq. (27), the values of a and b werphorus chemicals shows with only one exception (TMPhite), that
obtained, which are presented in Table 3. The results show that théae change in membrane resistance with boiling point is relatively
a value is different from that for the pure penetrant/PTMSP syssmall. Therefore, the average value of the membrane resistance was

Table 7. Simulation results for hydrogen in the mixture with propane in PTMSP at 24C (Pinnau, Casillas, Morisato and Freeman's

data)
pchg Rk Cootal E00(mi><) x 107 R (Cal ) RHZ Gy gx 16 (Cal-)
(cmHg) Hz (cm?® (STP)/cm polymer) (cnP/cmHg sec) Hz ' (Cal)/R,, (cn/en? sec)
46.208 0.127480 27.42 4.29 0.148316 1.16 3.23
92.72 0.095150 41.05 2.25 0.094550 0.99 4.56
161.12 0.067436 53.50 1.27 0.057054 0.85 5.26
237.88 0.042587 63.43 0.68 0.037369 0.88 5.42
489.44 0.011732 87.31 0.13 0.013669 1.17 4.26

*Hydrogen blocking ratio.

Table 8. Simulation results for organophosphorus chemicals in PDMS at 2& (Almquist and Hwang's data)

Chemical Boiling A Py P (Exp.) S Dx10 Loox 10 P (Cal) P (Cal) c,-gqx10(Cal)
name point °C) (cm) (cmHg) (Barrers) (cm*/cn?) (cnf/sec) (cnf/cmHg sec) (Barrers) P (Exp.) (cn?/cnt sec)
DMMP 182 0.033 0.100 714,000 81.5 441 6,948.22 1,076,808 151 3.07
DEMP 194 0.038 0.039 2,160,000 358.0 120 15,365.66 1,765,564 0.82 1.78
DMHP 171 0.025 0.140 627,000 40.3 780 8,838.74 785,346 1.25 3.92
DEHP 189 0.031 0.065 2,020,000 182.0 265 16,797.94 1,542,853 0.76 3.08
TMP 197 0.023 0.033 824,000 159.0 271 12,110.25 835,983 1.01 0.94
TEP 215 0.036 0.012 3,750,000 965.0 59 32,338.29 1,563,481 0.42 0.48
TMPhite 111 0.056 2.100 1,250,000 27.0 346 2,204.58 7,043,478 5.63 264.13
TEPhite 156 0.057 0.260 5,790,000 152.0 194 14,650.88 4,909,317 0.85 22.39
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numerically calculated from seven of the eight organophosphoru,, b;: Langmuir affinities of components A and B [1/cmH(]

compounds. This average value was substituted into Eq. (26) to the-
oretically calculate the permeability coefficient for each of the eightC,,,
organophosphorus chemicals. The results are shown in Table 8. There
is good agreement between the experimental data and the simD
lated data. Two exceptions, however, are TEPhite and TMPhiteG
which have the highest and lowest boiling points, respectively, inJ
this study. The convective (bulk) flux for each of the eight organo-k,
phosphorus chemicals was calculated by usigg ¢
L;
CONCLUSION EQO
A
The contribution of convective (bulk) flux to the overall perme- N
ation flux in membrane permeation systems cannot always be igP
nored, especially when open-structured polymeric membranes ane
used. Based upon the theory of irreversible thermodynamics, a trang-
port model is proposed that considers both the diffusion and conS
vective (bulk) fluxes. This model was used to simulate the permeT
ability coefficients for several permeation systems with PTMSP mem+
brane, which is an extremely open-structured material with a highv/,
excess free volume (20 to 25%). Good correlation with the experiv
mental data reveals that the permeability coefficient can be predicted
by knowing the equilibrium sorption of the penetrants in the feedx
and permeate sides of membrane and the kinetic diffusion coeffiz
cient. From the Nernst-Planck equation, the convective flux wasay
also calculated by using the proposed model. It is noted that for bi-
nary systems with PTMSP membrane, the convective flux increaseg
with increasing upstream pressure or pressure difference across the
membrane, but levels off at very high pressures. For the mixed gag
hydrogen/PTMSP system, the convective flux first increases and
then decreases at a very high upstream pressure. This is consistent

: equilibrium concentration [ch{STP)/cmipolymer]
: Langmuir capacity parameter of component AX(3TP)/

cm’]

: diffusion coefficient [cri'sec]

: Gibbs free energy [kJ]

: diffusional flux [mol/cnisec]

: Henry’s law parameter of component A [B(BTP)/cm

cmHg]

: generalized phenomenological coefficient

: average coefficient defined in Eq. (24¢) [cmHg sed/cm

: membrane thickness [cm]

: molar flux [mol/cnt sec]

: permeability coefficient [Barrer]

: pressure [cmHg]

: total volume flux [crifcnsec]

: solubility coefficient [crh(STP)/cnipolymer cmHg]

: temperature [K]

: time [sec]

: molar volume [criimol]

: velocity with respect to stationary coordinate axis [cm/sec]
: local molar average velocity [cm/sec]

: mole fraction

: direction perpendicular to the membrane surface [cm]

: fraction of the total mass uptake due to protracted non-Fick-

ian drift

: activity coefficient

: chemical potential [kJ/mol]

: rate of entropy production due to irreversibility [J/sec K]
. first order relaxation constant [sec]

with the assumptions made regarding the exponential relationshisuperscript

between the membrane resistance and the upstream equilibrium-
sorption, and the obvious blocking effect of the more condensable

: over-bar refers to the average value

hydrocarbon at very high activity. For the organophosphorus chemSubscripts

icals/PDMS system, good correlations show that the proposed modH
el also can be applied to permeation systems with nonporous rub-
bery membranes. L
It is recommended that the current proposed model be appliedhix

to other open-structured membrane materials, such as poly(1-trinm-
ethylgermyl-1-propyne) [PTMGeP] as detailed by Langsam andeo
Savoca [1988] and poly(4-methyl-2-pentyne) [PMP] as discussed

by Morisato and Pinnau [1996], since they exhibit high permeabil-

ity coefficients toward gases and vapors. They also possess large

: feed side of membrane

. species i

: permeate side of membrane

: mixture

s time

: equilibrium attained at infinite time
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