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Sulfonated poly(phenylene sulfide) (SPPS) polymers were prepared by sulfonation of poly[methyl[4-(phe-
nylthio)phenyl]sulfonium trifluoromethanesulfonate] (PPST) with fumic sulfonic acid (10%4H280y) and
demethylation with aqueous NaOH solution. The equilibrium constants of ion exchange reactions between al-
kali metal cations (Li Na', and K) and SPPS ion exchanger in organic solvents such as tetrahydrofuran (THF)
and dioxane were measured. The equilibrium constants of ion exchange reactions increased as the polarity of
the solvent increased, and the reaction temperature decreased. The equilibrium constants of the ion exchange
reaction (K also increased in the order of LINa", and K. To elucidate the spontaneity of the exchange re-

action in organic solvents, the enthalpy, entropy, and Gibbs free energy were calculated. The enthalpy of reac-
tion ranged from -0.88 to -1.33 kcal/mol, entropy ranged from 1.42 to 4.41 cal/Kmol, and Gibbs free energy
ranged from -1.03 to -2.55 kcal/mol. Therefore, the exchange reactions were spontaneous because the Gibbs
free energies were negative. The SPPS ion exchanger and alkali metal ion bounding each other produced good
ion exchange capability in organic solvents.

Keywords Sulfonated poly(phenylene sulfide), Thermostable ion exchanger, Equilibrium constants of ion ex-
change in organic solvents.

Introduction size a more thermally stable cation exchange polymer con-
taining a phenylene unit in the main chain. The route widely
Recent rapid developments in industry have brought atteremployed in the synthesis of sulfonated aromatic polymers
tion to the removal of toxic heavy metal ion from sewage,is represented by the polymer reaction with fumic sulfonic
industrial, and mining wastewater. The removal of toxic heawvyacid, chlorosulfonic acid or sulfur trioxide-triethylphosphate
metal ions requires materials for the treatment of wastecomplex’*° Sulfonated poly(2,6-dimethylphenylene oxide)
water, such as ion exchanger. was categorized as available for use as an ion exchange
In earlier experiments, the polymers for the cation exchangeesin***> Noshay and Robenson prepared sulfonated poly-
were prepared by the condensation of phenol-formaldehydsulfone and investigated its structure, thermal behavior, and
followed by the introduction of acidic groups such as sul-mechanical properties in det#ilAlso sulfonated poly(aryl-
fonic and carboxylic acidl These polymers were less stable ene ether sulfone) membranes have been useful in desalina-
chemically and physically and relatively less moldable intotion applicatior’.*° Nolte and co-workers reported the evalu-
shape of regular spheres. ation of poly(arylene ether ether sulfone)-based solid poly-
At present, most strong acid cation exchange resins amer electrolytes prepared by sulfonation of commercially
based on sulfonated crosslinked polystyrene. The wellavailable poly(arylene ether ether sulfoHeJulfonated poly-
defined geometric shape of bead polymers can be obtainezhrbonates, polyesters, and polyimides are also mentioned in
by the technique known as “suspension” or “bead” polymerthe literature:®-2°
ization of styrene in the presence of a small amount of a Poly(aryl sulfone) resins are important engineering thermo-
crosslinking agent such as divinylbenz&Aélhe resulting  plastics that exhibit the concurrent properties of excellent
polymers are chemically stable, but they have limited use aesistance to hydrolysis and oxidation, excellent mechanical
temperatures below 15C. properties, good thermal stability, and toughness. Poly(pheny-
Many homopolymers, random copolymers, and block andene sulfide) (PPS) has been known to have excellent ther-
graft copolymers containing aromatic rings or double bondsnal and chemical propertiés?* Therefore, PPS could be
can be sulfonated. To qualify as appropriate materials for ionsed as the polymer material of an ion exchanger.
exchange resins, polymer materials must possess a humbein our laboratory, we prepared and studied many kinds of
of properties such as excellent chemical and environmentaitrong acid cation exchange resins containing the sulfonic
resistance and especially high thermal and dimensional stacid group. We reported the ion exchange resins based on
bility. Several attempts have been made in order to synthexromatic polymers such as poly(p-phenylene sufficed
poly(ether ether sulfonéj.The sulfonated poly(phenylene
"Corresponding Author: e-mail : wkson@cuvic.cnu.ac.kr sulfide) (SPPS) used in the present study was prepared by
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oxidative polymerizatiowia poly(sulfonium cation) obtain- tion was stopped by cooling the solution to room tempera-
ed from phenyl sulfoxide. We determined the spontaneity ofure. The solution was then poured into 10% HCI methanol
the ion exchange reaction of sulfonated PPS from the equsolution (600 mL). The precipitate was washed with metha-
librium constants of ion exchange reaction for the alkalinol and chloroform. The precipitate was purified by continu-

metal cations (Li, Na, and K) in THF and dioxane by usingous extraction using a Soxhlet apparatus with ethanol for 24

an UV-spectrophotometer. h and dried in a vacuum oven at®®Dfor 48 h.
2) Sulfonated Poly(phenylene sulfide) A three-neck
Experimental Section flask (100 mL) equipped with a Teflon-covered magnetic

stirring bar, reflux condenser, thermometer and)as inlet

Materials. Thioanisole, bromine, trifluoromethanesulfonic was charged with PPST (3 g, 7.8 mmol) and fumic sulfonic
acid, and methanesulfonic acid were purchased from Aldriclacid (30 mL 10% S©H,SQy). The reaction proceeded for
Co. and used without further purification. Potassium hydro-12 h at 80C, then it was stopped by cooling the solution to
gen carbonate (Kanto Co.) and methylene chloride (Junsebom temperature, and the solution was poured into ethanol
Chemical Co.) were used as received. Reagent-grad®d,.i (300 mL). After the precipitate was washed with distilled
NaCO; and KCO; were purchased from Jusnei Chemical water, it was redissolved in an aqueous NaCl/NaOH (0.5 M/
Co. and were used as received. Picric acid was purchas@dlL M) solution (500 mL), which was refluxed for 10 h. The
from BDH Ltd. Tetrachloroethane, THF, dioxane, ethanol,solution was poured into ethanol, and the obtained precipi-
and other chemicals were reagent grade and used without fuate was washed with distilled water and ethanol. The poly-
ther purification. mer was purified by continuous extraction in a Soxhlet

Synthesis of Poly(phenylene sulfide) and Sulfonated apparatus with ethanol for 24 h and dried in a vacuum oven
Poly(phenylene sulfide) The soluble poly[methyl[4-(phenyl- at 40°C for 24 h.
thio)phenyl]sulfonium trifluoromethanesulfonate] (PPST) in  lon Exchange Capacity in Non-Agueous Solution
organic solvents was synthesized by self-condensatioBPPS (1 g) was placed in an Erlenmeyer flask (250 mL) con-
polymerization of methyl(phenylthio) phenyl sulfoxide taining exactly 200 mL of 0.1 N Na-picrate solution in water
(MPPSOY" 28 Poly(phenylene sulfide) (PPS) and sulfonatedand organic solvents (dioxane and THF), and it was allowed
poly(phenylene sulfide) (SPPS) were prepared from PPSTo stand for 24 h. The quantitative analysis of each metal ele-
as shown in Scheme 1. ment in the solution was conducted using Smith Hieftje for

1) Poly(phenylene sulfide)A three-neck flask (250 mL) atom adsorption analyzer (Thermo Jarrau Ash Co., U.S.A).
equipped with a Teflon-covered magnetic stirring bar, refluxThe ion exchange capacity was obtained by the following
condenser, thermometer, and gdis inlet was charged with equation.

PPST (3 g, 7.8 mmol) and pyridine (30 mL). The reaction (Cy=C.p) X V.
mixture was stirred at room temperature, becoming slightly Capacity (meg/g) = Sztz gggx v =CU
pale yellow. After a few minutes, the color of the mixture ' p

turned into white. The reaction was continued for 1 h awhereCs andCeqare the concentration of metal ions in stan-
room temperature, and the temperature of the mixture indard solution and equilibrium, respectivéiy, is the weight
creased slowly to reflux. After refluxing for 20 h, the reac-of the ion exchange resin, aMn is the volume of the
whole solution.
CH, Selective Adsorption Ability. To determine the selective

mppso —ao0sH [ 5@3@ adsorption ability of metal ions, 0.1 g of SPPS was added to

I—CFSSOS' 100 mL of a mixed metal aqueous solution and allowed to
stand for 24 h. Then the SPPS was filtered, washed three
times with distilled water, and dried in a vacuum oven at 60

pyridine / \\sos/stm °C.
The analyses of the relative adsorption amounts of metal

CH, ions were carried out in an EDAX (Energy Dispersive
J&s@ -T}s* S Analytical X-Ray).
n CF;S0, n Preparation of Alkali Picrate. The ethanol solutions of
PPS (SO4Hm (SO,H)m alkali metal salts (LCOs, N&COs, and KCOs) were poured
into the ethanol solution of picric acid. The crude picrate
NaCIaqlNaOH salts were filtered, recrystallized, filtered, and dried in a va-
cuum oven for 24 h and placed in a refrigerator’@.4
%s Equilibrium Constant of lon Exchange Reaction A 10
mg sample of SPPS was placed in 20 mL stock solutions of
Li, Na, and K picrates, respectively, and the solutions were
agitated for 48 h. The concentrations of picrate salts were
SPPS measured with an UV-spectrophotometer. hg's of Li,
Scheme 1Synthesis of sulfonated poly(phenylene sulfide).  Na, and K picrates were 333 nm, 351 nm, and 357 nm in

n

(SO3Na)m
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Table L Na lon Exchange Capacity of SPPS in aqueous and
(a) organic solvent at room temperature

Solutions Dioxane THF Water
Capacity (meg/g) 3.60 3.72 4.07

\ Table 2 Relative Adsorption of Metal lons for SPPS ion exchanger
(b) > ~ N in aqueous at room temperature

Elements Total Na(l) K(1) Mg(ll)  Ba(ll)
meq/g 4.01 0.47 0.54 1.27 1.74

Transimattance

(c) cessfully performeé It was found that the ion exchange
capacity of SPPS was 4.11 meqg/g, and the degree of sulfona-
tion per repeating unit was 0.78 by a base line method of IR
absorbancé&
~ lon Exchange Capacity in a Non-Aqueous System
Generally, ion exchange ability of an ion exchanger can also
A be observed in a non-aqueous system, but the exchange rate
is much slower than that in an agueous solution, and the
exchange capacities are dependent on the solvent. The ion
_ exchange capacities of SPPS in organic solvents are listed in
Figure 1. FT-IR specira of (a) PPST, (b) PPS and (c) SPPS. Table 1. As shown in Table 1, the ion exchange capacities in
an organic solvent system are lower than those in an aqueous
THF, and 335 nm, 347 nm, and 349 nm in dioxane, respecystem, and they are related to dielectric constant of the
tively. For 30, 40, 50, 60, 70, 80, and 90 mL stock solutionsprganic solvent. The dielectric constants of dioxane, THF,

' T B I * ¥
2000 1500 1000 500
Wavenumber (cm-1)

the same procedure was followed by dilution. and water are 2.2, 7.4, and 77.4, respectively, and the ion
exchange capacity values in each organic solvent system are
Results and Discussion 3.60, 3.72, and 4.07 meg/g. As shown in Table 1, ion

exchange capacity increases with increasing solvent polarity.

The Fourier transform infrared spectra of PPST, PPS and Selectivity of Metallic lons. The ion exchange capacity
SPPS are shown in Figure 1. The spectrum of PPST displayscreased with increasing the charge and atomic number of
the characteristic absorption bands of PPS at 1565, 1471 atite ion in the same charge because of the electric attraction
1379 cm?, which are attributed to the ring stretching vibra- between exchange groups and ions. They followed the gen-
tions. The typical absorption band attributed to a C-H out-oferal order of exchange for dilute metal solutions but changed
plane vibration of the 1,4-phenylene structure is observed aightly at higher concentrations and higher temperatures of
810 cm®. The appearance of the C-F absorption bands anetal solution and by the pH of metal solution. Table 2
1254, 1027 and 637 ¢fnand S=0 absorption bands at 1155 shows the relative amount of adsorbed metal ions in mixed
and 1067 critindicate that the resulting polymer contained metal solution analyzed by EDAX. The amount of adsorp-
CRSOs. These spectroscopic data reveal the formatiortion ions increased with increasing atomic number. From
of poly[methyl[4-(phenylthio)phenyl]sulfonium trifluoro- these results, it was found that ions with two positive charges
methanesulfonate] (PPST) (Figure 1%). were adsorbed much more rapidly than ions with one posi-

To convert from PPST to PPS, the demethylation was cative charge, and the ions with the same valence ions were
ried out using pyridine as a nucleophile. The IR spectrum oadsorbed easily as the atomic number increased.
the resulting polymer is shown in Figure 1b. The absorption Equilibrium Constant of lon Exchange Reaction (Keg).
bands attributed to the €$0;™ disappeared in PPST. The The equilibrium constants of ion exchange reactiog) (K
resulting polymer also shows a band attributed to a C-H outsetween metal ions and the SPPS ion exchanger were
of-plane vibration of the 1,4-phenylene structure at 810.cm obtained with the following procedure. It was supposed that
This indicates the linear polymer with para substituted phethe SPPS ion exchanger and metal picrate reacted as in the
nyl ring.2® following equatior?®

SPPS was prepared by demethylation of sulfonated PPST. N N orant . .
The IR spectrum of SPPS is shown in Figure 1c. The absorp- P=SOH + MTnPi"= (P=SCy).M™ +n- Picric ACI?_'
tion bands attributed to the €305~ disappeared in SPPS. @
The sulfonic acid groups were confirmed by the presence ofhere P- SO;H and (P- SGs7)M™, respectively, represent
the high absorption band of the $Ogroup at 1200 ci the free SPPS ion exchanger and SPPS ion exchanger
and the S-O bond at 650 cinFrom these results we con- bonded with metal picrate. MhPi is unbinding picrate in
cluded that the sulfonation in poly(ethylene sulfide) was sucthe solution, the concentration of which was measured by
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UV spectrophotometer. The concentrations of all these SPF ~ 20
ion exchangers in Eq. (1) were equal to-[BOsH]tota, and J ta ] $ i
the number of SPPS ion exchangers attached to metal ioi 18 [~ il 18 - o
was proportional to. Substituting these conditions into eqn i [ A 18 [«
(1) produced Eq. (2). The concentration of the resin bouni | |- W
by metal ions can be calculated from Eq. (3). 14 U4
[P = SOsH]iota = [P~ SOsH]ree + [(P = SQ—)an] n (2) 12 _ 1|I. 12 - :1-
[(P - SO)M™] = [M™PPiiota = [M™NPi Jree  (3) AT A il e
The equilibrium constants of the ion exchange reaction fo''™ | ¢/ # 4 )
picrate salt of SPPS ion exchanger were calculated by fo & |- = . g -I:':
lowing the Klotz equation obtained from Egs. (1), (2), and [ R ) . '_|l
(3), where[(P— ch)an] represents the concentration N "f: |
of SPPS ion exchanger bonded with metal picrate. a L 4
1 _ [P-SOHluy _[P-SOHI+n((P-SO)M™] 2 [l 2 |
r[(P-SGCy),M™] [(P=SG),M™] LA 0 T ) TS R L R sl
_ 0 2 4 6 8 11214 0 2 4 & 8101214
= [P— SOH] e %) [P-50,L1] / [LiPi, [F-S5i0, L] ¥ [LIFIL,
N n+
[(P-SG)M ] Figure 2. Binding of Li-picrate to SPPS in (a) THF and (b)
dioxane.
_[(P=S0,),M™] [TPicric Acid]" ©)
' [P=SOH],. OM"nPi] 20 20
i it
1 [P-SQMH],.. IPicric Acid]" © 8 |- e e i
= = +n 3
" KeqIP— SOH] e TM " Pi e 16 |- Ll
If nwas equal to unity, the concentration of picric acid was 12 - i 14 il
equal to the concentration of binding alkali metal ion from i " ! i
12 = 12 =
Eq. (2). i !
_ - n+ 1/ 1 = — 10
1_LP-So)M™] @ B et 65
r Kqu[M Pi ]free 8 - &
where 1f was [P- SOH]ww/ [ (P - SG;),M"]. § i
From the plot of ¥/versug (P— SO;),M""] [M"Pi Jiree , 4 4
KeqWas obtained from the slope and the bonding number ¢
binding SPPS ion exchanger {# 1/1) was determined 2 2
from the intercept, Whel’w+Pi_]free represented unbind- o Lleeransnzisnl ||y TN T
ing picrate. Figyres 2+ 3, and 4 show the plots of/&fsus b2 4 6 B 1012 14 Oz 4 & 8 1012 14
[(P—SG),M"1/[M Pi ]ee of alkali metal ions for [P-50,Na] / [Ma'Fi],_ [P-50,Ma] / [Ma’Pi],

SPPS ion exchanger within the range fronf@Qo 40°C in
THF and dioxane.

As the dielectric constang)(and the polarity of a solvent
increased, the reaction constant of ion exchange increasddoff method. Gibbs free energd@) was equal to theRT
As shown in Figures 2, 3, and 4, the equilibrium constant oinKeq in reactive solutionAG was dependent on the temper-
ion exchange reaction (§ in THF (= 7.4) was larger than ature.
that in dioxane£= 2.2). With decreasing reaction tempera-

Figure 3. Binding of Na-picrate to SPPS in (a) THF and (b)
dioxane.

ture, the Kqvalue for alkali metal ions increased. The calcu- QK-A—d@ -_4H (8)

lated Keq values were presented in Table 3. The equilibrium RT

constants of ion exchange reactiongKwere calculated dinK,, AH

from the slopes of the lines in Figures 2, 3, and 4. The equi- TaTt Ez 9)

librium constants of ion exchange reactiongkncreased in

the order of Li, Na', and K. nk_=_A8H  « (10)
The Keqvalues were plotted in Figure 5 by means of Van't €q RT
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Figure 5. In Keqvs T2 plots for reaction of SPPS with alkali metal
picrate in (a) THF and (b) dioxane.

[P-S0,K] { [K7FiT,,,, [P-S0.K] { [K'Pi],

Figure 4. Binding of K-picrate to SPPS in (a) THF and (b)
dioxane.

Table 3 Keq of Alkali Metal Picrates for SPPS lon Exchanger in

THF and Dioxane was concluded that the stability of system increased when
Keq SPPS ion exchanger and alkali metal ions bound each other.
Temp. - Therefore, the newly manufactured SPPS ion exchanger
o Li Na K . o . . ?
(°C) showed good ion exchange capability for alkali metal ions in

10 7.05 2.78 12.53 5.45 15.44 7.01

20 503 235 8.36  4.02 937 535 Conclusion
30 376 176 6.09 327 8.02 387
40 3.03 1.59 519 266 6.50 3.42 Sulfonated poly(phenylene sulfide) (SPPS) was prepared

from poly[methyl[4-(phenylthio)phenyl]sulfonium trifluoro-

methanesulfonate] (PPST). The reaction constants of ion
Enthalpy AH) was calculated from the slopes of the plotsexchange between SPPS as an ion exchange resin and alkali

in Figure 5, where the enthalpy of exchange reaction showehetal cation (Li, Na, K) dissolved in THF and dioxane were

a negative value. Entropy was obtained fld@=AH/T + R determined. The sulfonation of PPS was confirmed by the

InKeq, Which showed a positive value (Table AH value  presence of the high absorption band of theHs@roup at

was in the range from -0.88 to -1.33 kcal/mol, which implied1200 cm* and the S-O bond at 650 ¢mAs the polarity of

that the exchange reaction between the SPPS ion exchandgke solvent increased and the reaction temperature decreas-

and alkali picrate was exothermic. Similarly, it was founded, the equilibrium constant of ion exchange reaction be-

that theAS value was in the range from 1.42 to 4.41 cal/came larger. The equilibrium constants of ion exchange

Kmol. From AH and AS, Gibbs free energyAG) values reaction increased in the order of,lNa’, and K.

were obtained, ranging from -1.03 to -2.55 kcal/mol. It was AH values ranged from -0.88 to -1.33 kcal/mol, a®l

found that the ion exchange reaction of SPPS for alkali metvalues ranged from 1.42 to 4.41 cal/K-mol. FromAHeand

als in organic solvent was spontaneous reaction due to th&S, Gibbs free energied@) were obtained and ranged from

negative value of Gibbs free energy. From these results, #1.03 to -2.55 kcal/mol. It was found that the ion exchange

Table 4. In Keg Enthalpy, Entropy, and Gibbs Free Energy Changes on the binding of SPPS lon Exchanger with Alkali Metals in THF and
Dioxane

Alkali In Keg (at 25°C) -AH (kcal/mol) AS (cal/K - mol at 25C) -AG (kcal/mol at 25C)
Metals THF Dioxane THF Dioxane THF Dioxane THF Dioxane
Li 1.49 0.78 1.26 0.88 2.95 1.42 2.14 1.30
Na 2.01 1.30 1.33 1.06 4.00 2.58 2.52 1.83

K 2.22 154 1.23 111 4.41 3.06 2.55 2.02
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reactions of SPPS for alkali metal ions in organic solventLl.
were spontaneous reactions, as indicated by negative GibBg.

Bull. Korean Chem. So2001, Vol. 22, No. 1

free energies. When SPPS ion exchanger and alkali metal

ions bound each other, it had good ion exchange capabiliﬂﬁ-

in organic solvent.

Acknowledgment This work was supported by the Korea
Science and Engineering Foundation through the Advance

Materials Research Center for Better Environment at TaejoRg Noshay, A.; Robenson, L. M. Appl. Polym. Scil976

National University of Technology.

10.

References

Nagasawa, F.; Sato, T.; MasuharaJ®.Patent, 186179
186180.

D'Alelio, G. FU.S. Patent, 236600

Hochenstein, W. P.; Mark, B. Polym. Sci1946 1, 126.
Hale, D. K.; Reichenberg, Miscussions Farady Soc
19497, 79.

Boyer, R. FU.S. Patent, 2500149

Moody, H. R.; Valley, H.; Edwards, R. W.S. Patent,
3218301

Sivanshinsky, N.; Tanny, G. B. Appl. Polym. Scil983
28, 3235.

Johnson, B. C,; Yilgor, I.; Tran, C.; Igbal, M.; Wightman,
J. P; Lloyd, D. R.; McGrath, J. B. Polym. Sci. Polym.
Chem. Ed1984 22, 721.

Higuchi, A.; lwata, N.; Nakagawa, J. Appl. Polym. Sci.
1988 36, 1753.

Drzewinski, M.; Macknight, W. 3. Appl. Polym. Sci
1985 30, 4753.

Won-Keun Son et al.

Fox, D. W.; Popkin, 8J.S. Patent, 3259592

Kimura, S. GInd. Eng. Chem. Prod. Res. Develtp71,
10(3), 335.

Chludzinski, P. J.; Fickett, A. P.; Lacanti, A. Bmer.
Chem. Soc., Div. Poym. Chem., Polym. Pré@v1, 12(2),
276.

4. Ward, W. J.; Salemme, R. M.S. Patent, 3780496

17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

Lee, Y. K. Lee, C. HPolymer (Koreall996 20(2), 191.

20, 1885.

Nolte, R.; Ledjeff, K.; Bauer, M.; Mulhaupt, R. of
Memb. Sci1993 83, 211.

Ueno, J.; Watanabe, M.; TanakaJR.Patent, 24998
Kibler, C. J.; Lappin, G. RJ.S. Patent, 3734874

Salle, R.; Sillion, BFR Patent, 2212356

Short, J. N.; Hill, H. WJ. Chem. Technol972 2, 481.
Hawkins, R. TMacromoleculed4976 9, 189.

Brady, D. GJ. Appl. Polym. Scil981, 36, 231.

Lopez, L. C.; Wilkes, G. L1. Macromol. Sci. Chem. Phys.
1989 C291), 83.

Kim, N. J.; Son, W. K.; Kim, D. C.; Park, J. G.; Song, H.
Y. Polymer(Korea)1996 20(2), 201.

Son, W. K.; Park, S. @. of Korean Ind. & Eng. Chem.
1998 9(2), 249.

Tsuchida, E.; Shouji, E.; Yamamoto, Macromolecules
1993 26, 7144.

Miyatake, K.; lyotani, H.; Yamamoto, K.; Tsuchida, E.
Macromolecule4996 29, 6969.

Dimov, D. K.; Petrova, E. B.; Panayotov, |. M.; Tsvetanov,
Ch. B.Macromolecule499Q 21, 2733.




