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Measurement of the Infinite Dilute Activity Coefficients and Diffusion Coefficients
of Water and Straight Chain Alcohols in Cross-Linked Polyvinyl Alcohol by
Inverse Gas Chromatography

Ding Wang, Jiding Li,* Chuyi Zeng, Jian Chen, and Cuixian Chen

Membrane Technology & Engineering Research Center, Department of Chemical Engineering, Tsinghua University,
Beijing 100084, People’s Republic of China

The infinite dilute activity coefficients and diffusion coefficients of water, methanol, ethanol, 1-propanol, 1-butanol,
and 1-pentanol in cross-linked polyvinyl alcohol (PVA) were measured in the temperature range of (363.15 to
413.15) K by inverse gas chromatography. The cross-linked PVA was obtained by dissolving PVA, cross-linking
agent, and catalyst in water and characterized by FTIR spectra. The van Deemter equation was used to obtain
diffusion coefficients of solvents from the variation of chromatographic peak under the different flow rates of
carrier gas. The interdependence on the infinite dilute diffusion coefficient and temperature follows the Arrhenius
equation. Pre-exponential factor and activation energy are obtained from the Arrhenius equation.

Introduction Experimental Section

Molecular activity and diffusion coefficients of solvents are ~ Materials. PVA (average molecular weight 7% 10* and
important and find applications in the analysis in many problems Saponification 98.06 %) was purchased from Kuraray Co. Ltd.
involving polymers, such as polymerization, separation, devola- Maleic anhydride (99 % content, gas chromatography grade),
tilization, vacuum/gas stripping, and dryi#cf For a polymer ~ sodium bicarbonate (99 % content, gas chromatography grade),
+ solvent system in the presence of very small amounts of and concentrated sulfuric acid (98 % content, gas Chromatog-
solvent, it is difficult to measure the activity and diffusivity ~raphy grade, called $$0, hereafter) were purchased from
data by using conventional methods, such as bulk equilibration Beijing Second Chemistry Company of China. Methanol,
and gravimetric sorption/desorption experimeén®n the other ~ ethanol, 1-propanol, 1-butanol, and 1-pentanol (gas chroma-
hand, the inverse gas chromatography (IGC) technique has beeriography grade) were obtained as reagents from Beijing Beihua
developed as a fast and reliable technique to measure the activity-ine Chemicals Company of China. Ultrapure deionized water

and diffusion coefficients of polymersolvent system at infinite  (conductivity 1.20uS-cm™ to 1.254S-cm™) was also used.
dilution. All chemicals were used without any further purification.

Polyvinyl alcohol (PVA) is a hydrophilic polymer membrane Preparation of Packed Cquerhro_mosorb-G, 6680 mesh
material that has been used extensively in the pervaporationSiZ&; Was purchased from Shanghai No. 1 reagent manufactor

process for dehydratioch® Due to its strong hydrophilic of China. The PVA polymer was dissolved in water that

characteristic, it often swells when water is passed through thecontair_led ma_leic anhydride as a cross-li_nking agent and a
PVA membrane. In order to prolong the life of the PVA catalytic quantity of HHSO, to prepare the coating solution. Then

membrane and enhance the separation factor of the membranet,he coating solution with the; theoretical cross-linking degree
cross-linking of PVA is necessary. Infinite dilute activity of 4 % denoted as cross-linked PVA was coated onto the

coefficients and diffusion coefficients of solvents in PVA have Chromosorb-G supporter material by vibrating and slow evapo-

been reported previoush: 13 However, there are no data on ration of the solvent to get a uniform polymer coating.
the infinite dilute activity and diffusion coefficients of solvents 1 he quality of the maleic anhydride was calculated as follows:

in a cross-linked PVA polymer.

m,

A packed column IGC technique is used for determining the m, = gg X Teq x 98.06 @)
activity coefficients and diffusion coefficients of several solvents
in the polymer. The retention time and peak area of solvents Where my and meya are the mass of maleic acid and the
are determined over a variety of flow rates at a constant monomer of PVA, respectivelylcq is the theoretical cross-
temperature as well as over a variety of temperatures at a fixedlinking degree of cross-linked PVA.
flow rate. The infinite dilute activity and diffusion coefficients ~ The coated support particles were dried under vacuum to
of water, methanol, ethanol, 1-propanol, 1-butanol, and 1-pen- constant mass and were kept in a drying oven for the cross-
tanol in cross-linked PVA are reported. These data will be useful linking reaction. After the cross-linking reaction, the3®, and
in a study of the mechanism of small molecules transferring in Unreacted maleic acid were rinsed off with an aqueous solution
cross-linked PVA polymer and will assist in the prediction of With sodium bicarbonate of low concentration. The support
Separation results for various mixtures. material was then washed with water until the pH value of the

washing was close to 7. The support particles were dried under

* Corresponding author. Tel+86 10 62782432, Fax:-86 10 62770304,  Vacuum to constant mass and then placed in a solvent-washed
E-mail: lijiding@mail.tsinghua.edu.cn. 200 cm long, 3 mm i.d. stainless steel tube with the aid of a
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Figure 1. FTIR spectrum of the initial PVA.
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Figure 2. FTIR spectrum of the cross-linked PVA.

mechanical vibrator and a vacuum pump. The end of the tube

is loosely plugged with steel wool.
The T.q of cross-linked PVA was calculated as follows:

o= 2M;m, 5

cd” 0.9806n,'M, @)
whereM4 andM3 are the molecular weight of maleic acid and
the monomer of PVA, respectivelyns andmg are the mass of
maleic acid and PVA used, respectively. PVA reacted with
maleic acid under bSO, catalysis, as shown in eq 3, and the
hydroxy group could condense into an ester group with the
elimination of water:

HC—COOH  H,S0,
—ECHZ—?H:-}; + =%

OH HC—COOH
-ECH2—$H—CH2—$H—CH2—?HE|T11 ?3)
OH 0 OH
(|>: 0 + H,O
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OH OH

—+cH —CH—CHy—CH—CH cltH}
2 2 2 k

cm! and (1630 to 1640) cmt peak regions are weaker than
that of initial PVA, that is to say the cross-linked reaction has
happened.

Apparatus and Procedurelhe gas chromatograph SP-6800A
(Shandong Lunan’s Ruihong Chem. Co.) was equipped with a
thermal conductivity detector (TCD). The specific procedure
follows the methods used in the previous wotkst® Small
amounts of solvent (0,4L) were injected in the column through
a PVA septum using a &L syringe, while about 4@L of air
was injected as an inlet component along with the liquid samples
to determine the average velocity of carrier gas in the column.
From the difference between the retention time of the pulse and
the retention time of a non-interacting gas, the equilibrium
behavior could be determined. Measurements were preformed
over a wide range of flow rate at a constant temperature. In
addition, replicated experiments were done six times at each
flow rate to ensure that the results were reproducible at each
fixed set of conditions.

Theory

Activity Coefficient. The generalized equations relating the
measured data to activity coefficients of solvent in polymer are
given ag*

M2 2731R 1

Q7= — 4)
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’(Pi)z ]
3[\Po
3 (6)

where y1” is the infinite dilute activity coefficient by mole
fraction scaleQ:* is the infinite dilute activity coefficient by
mass fraction scal® is the gas constanit), is the molar mass
of solvent,w; is the mass of polymer on the support material
packed in the columrty is the retention time of the solverit,
is the dead time required for an inert gas to pass through the
column,F is the carrier gas volume flow measured by the soap
bubble flowmeter at the pressupg, and temperaturé&, Py°
is the saturated vapor pressure of watefgt P; andP, were
the column inlet and outlet pressure, respectively, Rfidvas
the saturated vapor pressure of the pure solvent. The saturated
vapor pressure$(®) of the solvents were calculated from the
Antoine constants taken from the Dortmund Data Bank (DDB).
The saturated fugacity coefficients of the solvegt§ were
calculated according to the Soave equation of SfafEhe
necessary critical properties and acentric factors were also taken
from DDB.

Diffusion Coefficient. According to Van Deemter’'s mod#,
infinite dilute diffusion coefficient could be obtained by the
following equation:

_ 8d22 k
7°C (1+Kk)?

0

12

7

where D1,” is the infinite dilute diffusion coefficientC is a

Figures 1 and 2 show the FTIR spectra of initial PVA and parameter related to column characteristitss the thickness
the cross-linked PVA. It can be seen from figures that the of the stationary phase arkds the so-called partition ratial,
character value cross-linked of hydroxy group in (3310 to 3300) andk were determined from the following equations:
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wherew; is the mass of the polymer coated on the support
material,ws is the mass of support materiak is the polymer
density,ps is the density of support materials is the average
diameter of support particle, amgdandt, are the retention times
of solvent and unadsorbed material, such as air.

From plate theory® C in eq 7 is related to column
characteristics by the equation:

H=A-+B/u+Cu (20)

whereH is the plate height equivalent to a theoretical plate
(HEPT); u is the mean flow rate of the carrier gas; aivds a
constant related to eddy diffusio® depends on the axial
diffusion in the gas phase and on the tortuosity or structural
factors in the column, an@ depends on, among other things,
the probe diffusion in the liquid phase. At sufficiently high flow
rates, the ternB/u is small in relation toA + Cu, and the plot
of H versus u should yield a straight line with a slope

H is calculated from the experimental eluted peak as follows:

t 2

R

5.54/\ t;

wherel is the column height;, is the full peak width at half-
maximum, and; is the retention time of solvent obtained at

the maximum of the peak. The linear velocity of the carrier
gas,u, was calculated from the expression:

17

(11)

(12)

whereTg, andTyon are the temperature of the column and flow
meter, respectivelyg is the volume of gas-phase per unit length
and determined by dividing the retention volume of air by the
column length; and/y is the corrected flow rate. In eq 1Ris
the compressibility factor determined in eq 6.

In general, the temperature dependence of the diffusion
coefficient was given by the Arrhenius equation:

— AEp/RT
Oe

D=D (13)
whereD;, is the pre-exponential factor of the diffusion process
independent from the temperature, afHp is the activation

energy for a diffusing compound in a given polymer matrix to

0.022
0.018

N

S
0.014 f M,x/——x
0.01 : :

0.11 0.23

u/mes™t
Figure 3. Relationship between the flow rate and the plate height of water

in cross-linked PVA:<, 363.15 K;O, 368.15 K;A, 373.15 K;x, 378.15K;
*, 383.15 K.

temperature. In dilute solutions, where the diffusing species does
not often encounter a polymer molecule, the diffusion rate is
limited by the energy required for the diffusing species to escape
its present surroundings and move into an adjacent environment.
Estimation of Uncertainties.In this work, infinite dilute
activity coefficients and infinite dilute diffusion coefficients are
calculated from these measured data bel®y:the estimated
uncertainty in this quantity, i 0.002MPa;P,, the estimated
uncertainty in this quantity, i+ 0.002KPa;F, which is taken
as the mean of 4 individual volume flows with an estimated
error taken as the standard deviation of this mean valye;
which is taken as the mean of 6 individual measures with an
estimated error taken as the standard deviation of this mean
value;t,, which is taken as the mean of six individual measures
with an estimated error taken as the standard deviation of this
mean valuefy,, which is taken as the mean of six individual
measures with an estimated error taken as the standard deviation
of this mean value. The contribution from all of the estimated
uncertainties as notes above are computed in the computer
program used to process the raw data using the formulas listed
in the previous section, and this total error is used to set
uncertainty estimates on the final infinite dilute activity coef-
ficients and infinite dilute diffusion coefficients.

Results and Discussion

The IGC was previously used to measure the infinite dilute
activity and diffusion coefficients of water, methanol, ethanol,
1-propanol, 1-butanol, and 1-pentanol in P¥At this time,
the activity and diffusion coefficients of these small molecule
solvents were measured in cross-linked PVA (4T%) at
different temperatures. Measurements for each sotyaoliyymer
pair were obtained at several carrier flow rates.

escape from its present surroundings and move into an adjacent Infinite Dilute Acti »ity Coefficient.Equations 4 and 5 were

different surroundingR is the gas constant, affds the absolute

used to estimate the activity coefficient in polymer ph&3es,

Table 1. Infinite Dilute Activity Coefficient €, of Solvents in Cross-Linked Polyvinyl Alcohol at Different Temperatures

T Q1

K water methanol ethanol 1-propanol 1-butanol 1-pentanol
363.15 353t 8 720+ 20 1240+ 50
368.15 344+ 8 680+ 20 1030+ 40
373.15 390t 10 670+ 20 960+ 40 2220+ 60 920+ 30 1040+ 40
378.15 380t 10 660+ 10 840+ 40
383.15 370+ 10 650+ 10 670+ 30 2250+ 60 900+ 30 950+ 40
393.15 1890+ 60 900+ 30 910+ 40
403.15 1430+ 50 860+ 30 890+ 30
408.15 1280+ 50 780+ 30 880+ 30
413.15 1120+ 40 720+ 20 740+ 30
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Table 2. Infinite Dilute Activity Coefficient €:* of Solvents in -21
Polyvinyl Alcohol at Different Temperatures?s
T Q
_22 .
K water methanol ethanol 1-propanol 1-butanol 1-pentanol
373.15 23.15 27.89 93.70 -
378.15 23.85 26.65 82.64 Ty 23
383.15 24.35 24.48 45.43 5
388.15 2491 23.32 38.61 N
393.15 23.06 22.56 37.92 ) o4 |
403.15 22.08 37.23 39.12 39.31 38.68 5
408.15 35.89 38.44 37.11 37.59
413.15 34.92 37.84 36.65 36.21
418.15 37.29 35.77 35.12 =25 r
423.15 36.43 35.26 34.32
428.15 36.18 34.81 33.58
26 : !
the values of the appropriate activity coefficients under the cross- 9.4 2.5 2.6 2.7 2.8
linked and uncross-linked conditions are presented in Tables 1 10° K/ 7

and 2, reSpeCtlve_Iy. . f the d listed i bl itis cl Figure 4. Arrhenius plots for the infinite dilute diffusion coefficients vs
From an examination of the data listed in Table 1, itis clear temperature in cross-linked PVA®, water;0, methanol;a, ethanol;x,

that in the cross-linked PVA the values of the infinite dilute 1-propanol;x, 1-butanol:0, 1-pentanol.

activity coefficients of water, methanol, ethanol, 1-propanol,

1-butanol, and 1-pentanol in the same temperature have the ordemethanol, and ethanol at the same temperature in the cross-
below: linked PVA have the order below:

1-propanol> 1-pentanobk 1-butanol> ethanol> water> methanol> ethanol

methanol> water o
This difference may be related to a number of factors such as

Compared with these alcohols, the values of the infinite dilute size and shape of the solvent molecule or the size of the hole
activity coefficients of water is smaller. It is indicated that, in required to accommodate the molecule. The effect of the size
cross-linked PVA, water is more easily dissolved than other of the molecules of these solvents may be investigated through
alcohols. knowledge of the molar volumes, which have the following

As shown in Tables 1 and 2, all of the infinite dilute activity —order:
coefficients of solvents increase after cross-linking. It is probably
due to the polarity of PVA decrease after cross-linking; the
dissolution ability of these small solvents that have polarity also
decrease. And in these solvents, the dissolution ability of the d
alcohols decreases more distinctly than that of the water. It is
indicated that in one hand after cross-linking, due to the distinct
difference between water and the alcohols, it is more easy to
separate the mixture of alcohols water. On the other hand,
cross-linking reduces the solubility of water in PVA, so it
reduces the degree of the swelling of the PVA membranes and
prolongs the using life of the PVA membranes.

Infinite Dilute Diffusion Coefficient. Figure 3 illustrates the 1-pentanob 1-butanol> 1-propanol
linear relationships of plate height with mean flow rate of
the carrier gas for water in cross-linked PVA in different  This difference may be due to the factors such as the polarities
temperatures. The valu€sin eq 10 were determined from the  of the solvent molecules and the size and shape of the molecules.
slope of the lines. These values were then used in eq 7 toBecause both of PVA and cross-linked PVA have hydrogen
estimate the diffusion coefficient in polymer phaBgy*. The bonds, so they both have polarities. When the small solvents
values of the appropriate diffusion coefficients under the cross- that possess polarities cross the polymers, the factors such as
linked and uncross-linked conditions are presented in Tables 3the acting force between them and the size and shape of the
and 4, respectively. solvents all could affect the diffusion coefficients.

From an examination of the data in Table 3, it is clear that ~As shown in Tables 3 and 4, the infinite dilute diffusion
the value of the infinite dilute diffusion coefficients of water, coefficients of the small solvents decrease after the cross-linking

ethanol> methanol> water

The length and the size of the path the molecule must follow
uring its diffusion, and the free volume is available to the
polymer segment to exchange positions with the solvent
molecules. The bigger solvent molecule is disadvantageous to
diffuse in polymer.

The values of the infinite dilute diffusion coefficients of
1-propanol, 1-butanol, and 1-pentanol at the same temperature
in the cross-linked PVA have this order:

Table 3. Infinite Dilute Diffusion Coefficient D1° of Solvents in Cross-Linked Polyvinyl Alcohol at Different Temperatures

T D12® x 1010/(m2-s*1)

K water methanol ethanol 1-propanol 1-butanol 1-pentanol
363.15 1.03t 0.07 0.27+ 0.02 0.22+ 0.01
368.15 1.40.1 0.31+ 0.02 0.27+ 0.02
373.15 2.0+01 0.35+ 0.02 0.32+ 0.02 0.15+ 0.01 0.32+0.01 0.41+0.01
378.15 3.2£0.2 0.44+0.03 0.37+ 0.02
383.15 4.5+-0.3 0.55+ 0.03 0.47+0.03 0.19+ 0.01 0.33+ 0.02 0.46+ 0.01
393.15 0.234+0.02 0.364+ 0.02 0.50+ 0.02
403.15 0.28+0.02 0.38+ 0.02 0.54+ 0.03
408.15 0.35+0.03 0.41+0.03 0.57+ 0.03

413.15 0.37+£0.03 0.43+0.03 0.61+ 0.03
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Table 4. Infinite Dilute Diffusion Coefficientlglz“ of Solvents in and 1-pentanol, the infinite dilute diffusion coefficients of
Polyvinyl Alcohol at Different Temperatures solvents decrease with the increasing polarities of the molecules
T D1z” x 101%(m*s™?) at the same temperature in cross-linked PVA; (3) the infinite
K water methanol ethanol 1-propanol 1-butanol 1-pentanol dilute diffusion coefficients of solvents increased with the rising
373.15 240 041 of temperature in cross-linked PVA; and (4) the infinite dilute
37815 476  0.50 diffusion coefficients of all these solvents decreased after cross-
383.15 8.68 0.69 linki
388.15 17.64 1.00  0.780 INKINg.
393.15 39.08 1.11 0.787 . .
403.15 205 0793 0584 0.600 0.562 Literature Cited
ﬂgig 828; 8ggg 8?82 8%3 (1) Caruthers, J. M.; Chao, K. C.; Venkatasubramanian, V.; Kioa, R. S.
' ' : : : S.; Novenario, C. R.; Sundaram, Adandbook of Diffusion and
418.15 0.668 0.765 0.771 Thermal Properties of Polymers and Polymer SolutjobsPPR/
423.15 1.058 0.873 0.901 AIChE: New York, 1998.
428.15 1.400 0.965 0.990 (2) Vrentas, J. S.; Duda, J. L. Molecular diffusion in polymer solutions.
. o o AIChE J.1979 25, 1-24.
Table 5. Activation Energy for Diffusion and Diffusion Constant of (3) Romdhane, I. H.; Danner, R. P. Polymaolvent diffusion and
Solvents in Cross-Linked Polyvinyl Alcohol equilibrium parameters by inverse gas-liquid chromatograph$hE
- , J. 1993 39, 625-635.
2.q—1 o 1 1
solvent Do/(m*s ) AEp/(kJmol™) (4) Davis, P. K.; Danner, R. P.; Duda, J. L.; Romdhane, I. H. Use of
water 1.98x 1% 85.49 inverse gas chromatography to study binary polynseivent systems
methanol 2.43 10°° 41.54 near the glass transition temperatiacromolecule2004 37, 9201~
ethanol 3.49¢ 10°° 43.13 9210. ) ) o
1-propanol 1.3% 10°7 28.31 (5) Zhao, C.; Li, J.; Jiang, Z.; Chen, C. Measurement of the infinite dilution
1-butanol 6.50¢ 10-10 9.42 coeffltr:]lents tof smarI]I)EmoIepculle so‘IJvzeg(t)?i |22$|I(|3(:1c$e6 Etibber by inverse
1- I 2.34¢ 10-9 12. gas chromatographyeur. Polym. J. , .
pentano 34 107 58 (6) Timinlioglu, F.; Surana, R. K.; Danner, R. P.; Duda, J. L. Finite

o concentration inverse gas chromatography: diffusion and partition
occurred. The reason may be that the cross-linking agent measurementsl. Polym. Sci. Part B. Polym. Phys997, 35, 1279~
concentration increase could result in the decrease of the free @ éﬁ%}a B.: Suhanya, D.; Sridhar, S.; Ramakrishna, M. Separation of

itha, B.; Suhanya, D.; Sridhar, S.; ishna, M. i
volume (_)f the PV_A n?twork‘ It_ ‘?a” also be seen from Table 3 organic-organic mixtures by pervaporation-a revielvMembr. Sci.
that the infinite diffusion coefficients of the solvents in cross- 2004 241, 1-21.
linked PVA increase with the rising of temperature, it is because (8) Rhim, J. W.; goon,lls. W.; Kim, S. W.;fLee, K. H. Pervaporation

H H R H separatlon ana swelling measurement of acetic-asigter mixtures
that the higher the temperature is, the faster the diffusion of Using crosslinked PVA membranes. Appl. Polym. Sci1997 63,
small molecules in cross-linked PVA. 521-527.
From Table 3, it can be seen that temperature plays a very (9) Shaban, H. I. Using pervaporation technique to separate water from

important role on the diffusion process. The relationship between ___ organics.Chem. Eng. Procesd996 35, 429-434.
P P P (10) Jiang, Z.; Li, J.; Zhao, Z.; Chen, C.; Yu, H.; Zhang, Z. Measurement

the temperature_and the ?nﬁn_ite dilute di_foSion _(:oefficient is of diffusion coefficients of non-polar alkane solvents at infinite di-
given by Arrhenius equation in eq 13. Figure 4 indicates that lution in polyethylene membran€hem. J. Chin. Uni. 2005 26, 273—
the plot of InD= versus 1T is linear, which confirmed that 276.

P ; (11) Jiang, Z.; Li, J.; Zhao, Z.; Chen, C.; Yu, H.; Zhang, Z. Measurement
AEp is independent of temperature in the covered range. The of diffusion coefficients of three solvents at infinite dilution in low

activation energies for all six solvents were calculated from the density polyethylene membrane mater@hem. J. Chin. Uni. 2005

fitted straight lines and are shown in Table 5. 26, 2069-2072.
(12) Jiang, Z.; Li, J.; Zeng, C.; Chen, J.; Chen, T.; Chen, C. Measurement
of diffusion coefficients of water, methanol and ethanol solvents at

Conclusion infinite dilution in the PVA membrane materi&Chem. J. Chin. Uni.
In the present investigation, the infinite dilute activity and 3) 22%%3 2(;, ?_92358\2”9 D Chen. T.: Zhao. C.: Chen. C. Infinite dilute
. . . ,C.;Li, J,; ,D,; , T, ,C,; , C. Infinite dilu
diffusion coefficients of W‘?ter’ met_hanol, ethanol, 1-propanol, activity and diffusion coefficients in polymers by inverse gas chro-
1-butanol, and 1-pentanol in cross-linked PVRof 4 %) were matographyJ. Chem. Eng. Dat2006 51, 93—98.

determined at several different temperatures by inverse gas(14) Zhdx'str(ljgf,f S, _Tsubc%i, AI.; Nakat, HI.; Ishiéa\{\é IIH Acti\éity _lqgtezf(f)igizgénts
H an iffusivities of solvents in polymerslul ase cquil

chromatography. The Van Deemter mpde! of chroma}tograp‘hm 104-197 1179-1189.

process was used to calculate the diffusion coefficient using (15) soave, G. Equilibrium constants from a modified Redtivong

the information from the chromatography peak and the retention equation of stateChem. Eng. Scil972 27, 1197-1203.

time. The experimental results showed that (1) the infinite dilute (16) Van Deemter, J. J.; Zuiderweg, F. J.; Klinkenberg, A. Longitudinal
diffusion and resistance to mass transfer as causes of nonideality in

activity coefficient values of water were much lower than those chromatographyChem. Eng. Scil956 5, 271-289.
of other solvents dealt with this work in cross-linked PVA, (2) (17) Conder, J. R.; Young, C. LPhysicochemical Applications of Gas
the infinite dilute activity coefficients of alcohols decreased with ChromatographyWiley: New York, 1979.

the increasing temperature in cross-linked PVA, and (3) the

infinite dilute activity coefficients of all these solvents increased Received for review June 22, 2006. Accepted November 12, 2006. The

distinctly after cross-linking. The experimental results also authors greatly appreciate the financial support of the Major State Basic

showed that (1) for water, methanol, and ethanol, the infinite geseafChF Pfogf?m of nglrr]l_a (l\(llgl- 2282;3(;30651957%%,7%?%”&;'"\\llgtglrzag
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