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ABSTRACT 

The swelling and exclusion behavior of crosslinked hydrogels W('1'(' d('ll'rlllll\('d III .Iqlll'

ous solutions of electrolytes and in aqueous solutions of proteills and ('nZYIlH";, TI\(' 

gels were ionic copolymers of acrylamide, ionie copolymers of N-isoprop.\ I.\( 1 Il.lll1idl' 

(NIPA) and homopolymers of NIPA. Both anionic (weak acid dnd ~tl'Ollg .llld) ,,1)(1 

cationic (strong base) mono mers were used. The following ne,," g('h, W('II' ",vllt h, ...... zl,d: 

(a) - copolyrner of acrylarnide and 2-acrylamido-2-rnethyl-l-plO(JrllIl'"nllullil 

acid (R-SOj' H+). 

(b) - copolyrner of NIPA and R-SOj' H+. 

(e) - copolyrner of NIPA and sodium vinylsulfonat,('. 

The gel structure was varied by changing the following variable!'> .ll g('1 pll'pdl a

tion: total rnonomer concentration. fraction of ionizable mononl<'r .111" (>1 O(JOI 1 iOIl 01 

crosslinker. 

The swelling behavior of the gels at cquilibriulII \Va!:> illtl'ljJlI'fI''' tiIIUIIl!,11 d 

thermodynamic mo(lel deve10ped t'rom Flory':; theory and clll cldditl\'lt~ 11111' lot 1 Ill' 

osmotic pressure of polyelectrolytp-salt solutions. The kinl'tic.., (JI J!,I'I "'\VI'lIttl,!!, ~\ l'le' 

Fickian for NIPA-based gels, but non-Fickian for acrylamide-bd!>C'd J!,l'k 'Ill!' 1 dk (JI 

one-dimensional 5welling or collapse was described by a matlH'llIilliud lI\od(' 1 \Vhil Il 

used a material coordinate and a c~i:mical potential chi\'ing for('(' \)t'fol'lll<'d (o(JIII)'

mer gels of acrylamide and sodium acrylate exhibitcd il \01111111' ol·(·I..,h()ul tlnl ill,!!, 

swelling. 

Extensive exclusion measllrt'ments were made for NIP:\ -hd!'>l'd !.!}·I" Il..,III,!!, 1111-

charged solutes (polyethylene glycol and dextréln), IOnie sollllc'''' ("Ut!llIllI pol", ill)'l

sulfonate and dextran sulfate): protclIls (o\'alhlllJ1in. bovill!' albllllllll . IclCtO.!!,llJllldlll 

and cytochrome C) and enzymes (lipase, a-amylase and ,.3-galal t()~ld.l~(,)_ 1,,\( III..,ioll 

is primarily by size and net charge althollgh somc protein::. adsor!wc! Ollt() t II<' ..,lllld( ('" 

of hydrogels having the same charge . 
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RESUME 

Le gonflement et le comportement d'exclusion des hydrogels réticulés ont été déterminés 

dans des solutions aqueuses d'électrolytes et dans des solutions aqueuses de protéines 

et d'enzymes. Les gels sont constitués de copolymères ioniques d'acrylamide, de 

copolymères ioniques de N-isopropylacrylamide (NIPA) et d 'homopolymères de NIPA. 

Des monomères an ioniques (acide faible, acide fort) et cationiques (base forte) ont 

(~té utilisés. La synthèse des nouveaux gels suivants a été réalisée: 

(a) - copolymère d' acrylamide et d'acide 2-acrylamido-2-methyl-l-propane

sulfonique (R-SO; H+)_ 

(b) - copolymère de NIPA et de R-SO; H+. 

(c) - copolymère de NIPA et de vinylsulfonate de sodium. 

La structure de gel varIe avec les variables suivantes durant la préparation du gel: 

concentration totale en monomères, la fraction de monomère ionisable et la proportion 

cl' agent réticulant. 

Un modèle thermodynamique basé sur la théorie de Flory et la règle d'additivité 

de la pression osmotique des solutions de sels contenant plusieurs electrolytes a per

nus cl 'int.erpréter le phénomène de gonflement des gels à l'équilibre. Les cinétiques 

Je gonflement des gels à base de NIPA suivent la loi de Fick, contrairement aux gels à 

ba~e cl 'acrylamide. Un modèle mathématique qui utilise une coordonnée du matériau 

pt 1(' pot('!ltiel chimique comme force motrice décrit le taux de gonflement unidimen

sionel 011 le taux de contraction Lors du gonflement des copolymères déformés de 

g('ts d' acrylamidc et d' acrylate de sodium, une augmentation temporaire du volume 

a. (,t é mise en évidence. 

Oc nombreuses mesures de l'exclusion ont été effectuées sur des gels de NIPA 

à l'aide de solutés non chargés (polyéthylène glycol et dextrane), de solutés ioniques 

(polyvinylsulfonatc de sodium et sulfate de dextrane), de protéines (ovalbumine, al

bumine dt' bovin, lactoglobuline, et cytochrome C) et d'enzymes (lipase. a-amylase, 

pt d-gdlactosidas('). Le phénoll1<-ne d'exclusion est dù à la taille et la charge nette 

quoique certaines protéines se soien t adsorbées sur les surfaces (les hydrogels ayant 

la Illl'Ill(l charge. 
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Chapter 1 

INTRODUCTION 

Separation processes are a key aspect of the chemical industry. The common separa

tion processes, however, are rarely suitable for the separation of biological products 

from dilute aqueous solutions. The separation and purification of protein products of 

genetically engineered microorganisms such as enzymes and vaccines require gentle 

separation processes which will not &I~ '!r biological activity. 

One promising technique involves the use of hydrophilic polymer gels as ex

traction solvents. The process consists of an equilibrium step followed by a regen

eration step. A simplified diagram is shown in Fig. 1.1. Gel particles of low water 

content are added to the dilute aqueous solution of biological molecules. The gel swells 

by absorbing water and Molecules of low molecular weight while large molecules and 

ionic solutes (if gel is polyelectrolyte) are excluded. The swollen gel is regenerated 

by exposing it to different pH, temperature and salt concentration which collapses 

the gel. The collapsed gel is separated from the released solution, the extract, and 

reused. The first step of this process, i.e. concentrating dilute aqueous solutions of 

macromoleculcs, was first reported by Flodin et al. (1960), but its application was 

limited due to the lack of a simple, low cost method for regeneration of the gel. 

The second step of this process was developed by Cussler et al. (1984) after 

the discovery of phase transitions in polymerie gels by Dusek and Patterson (1968), 

Tanaka (1978, 1981) and llavsky (1981). Stokar (1983) was the first to use crosslinked 

polymcr gels whose swelling is a dramatic function of pH as extraction solvents. 

1 
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Figure 1.1: Proposed Gel Extraction Process. 
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The candidate gels for the process under consideration should have the following 

properties: 

(a) - swelling by an order of magnitude in dilute aqueous solutions containing 

salts round in fermentation broths. 

(b) - complete exclusion of large molecules. 

(c) - no effect on the activity of biological molecules. 

(d) - complete collapse upon exposure to mild conditions during regeneration. 

(e)- stability over repeated cycles of swelling and collapse. 

To meet these criteria, synthetic gels must be hydrophilic and they must be crosslinked 

sufficiently to maintain integrity but still allow considerable volume change. Cross

Iinked gels of acrylamide and its derivatives exhibit most of the desirable properties. 

1.1 Potential Application of Hydrogels 

Synthetic hydrogels are versatile materials which are of value in biomedical (Law et 

aL, 1986; Lyndon, 1986; Tighe, 1986; Peppas, 1987; HeDer et al., 1988; Sefton, 1989), 

biotechnological (Gharapetian et aL, 1986; Afrassiabi et aL, 1987) and industrial 

applications. Gel·based systems have been proposed for applications ranging from 

hazardous waste treatment (Huang et aL, 1988) and food processing (Trank et aL, 

1989) to the removal of water from transformer oil (Staniewski et aL, 1988) and agri

cultural use (Andreopoulos, 1989). Current application of highly swollen hydrogels 

(super absorbent polymers) include dewatering coal fines, agriculture in dry areas 

where the polymer can bind moisture to plant roots, and improving the efficiency 

of phase-change heat storage systems which use ionie salts as the working material 

(Anon, 1989). 

The most promising hydrogels are those which respond to changes in the sur

rounding medium. Physiologically sensitive hydrogels have been used as controDed

release devices for drug delivery (Good and Mueller, 1981; Graham and McNeill, 

1984; Hoffman, 1987; Lee and Good, 1987) and biosensors which are devices that 

translate a biological phenomenon into a measurable form such as an electrical signal 

which can then he monitored (Guilbeau et aL, 1987; Regnault and Picciolo, 198ï; 

Varanasi et aL, 1987). 

Recently, a novel electrochemical transducing system was demonstrated using 

3 
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synthetic polyelectrolyte gels, in which the conversion of e1ectrochemical energy into 

mechanical energy was stimulated byan electric field (Osada, 1987; Kishi and Osada, 

1989). Polymer gel fingers driven by an electric field were constructed to catch or 

release an object inside an aqueous solution (Shiga et al., 1989). 

pH-sensitive hydrogels (Gehrke, 1986) and temperature sensitive hydrogels 

(Freitas, 1986) were used to concentrate dilute aqueous solution of macromolecules 

including proteins. Trank et al. (1989) demonstrated the superiority of a gel ex

traction process, using temperature sensitive hydrogels, to conventional methods for 

separation of edible proteins from soybeans. 

1.2 Objectives 

The objectives of the present work were: 

(i) - To develop hydrophiIic gels which are suitable for concentrating dilute 

aqueous solutions of biological products. 

(ii) - To investigate the swelling, collapse and exclusion behavior of I.l)('s(' 

hydrogels. 

(iii) - To develop a thermodynamic model which describes equilibrium swdling. 

(iv) - To develop a mathematical model which describes the kim'tics of g<,l 

swelling. 

1.3 Organization of the Thesis 

The thesis is organized in the following manner. Chapter 2 describes the eXlwri

mental procedure which includes gel preparation, swelling cxperiments, selectivlty 

experiments and reproducibility of experimental results. The principle> of the ther

modynamic formulations describing the equilibrium swelling of polyel('Ctrolyte g<,ls 

are presented in Chapter 3. Chapter 4 opens with a review of the literature perti

nent to the kinetics of gel volume change. A general mathematical mode! desc:ribing 

the kinetics of gel swelling for different geometries is derived, tlsing polymer mat('rial 

coordinates. The swelling behavior of hydrogels which include equilibriurn swelling 

results, comparison of the thermodynamic model and experimeflt, collapse of hydro

gels and pattern formation are presented in Chapter 5. This chapter also analyzes 

the dynamic swelling results in light of the background given in Chapter 4. The 
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mathematical model of kinetics of gel swelling is compared to experimental results. 

Chapter 6 describes the exclusion behavior of hydrogels. The interactions of ionic and 

nonionic hydrogels with different solutes are examined. The conclusions are presented 

in Chapter 7. 

5 
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Chapter 2 

GEL PREPARATION AND 
EXPERIMENTAL PROCEDURES 

For convenience the experimental work is considered in three parts. The first part is 

the synthesis of the polymerie gels. The second part is the swelling behavior of thesc 

gels in response to changes in the surrounding medium. The third part involves the 

use of the gels for concentrating dilute aqueous solutions of macromolecules. 

2.1 Gel Preparation 

Copolymers of acrylamide and sodium acrylate, 3-(methacrylamido)propyltrimethyl

ammonium chloride or 2-acrylamido-2-methyl-l-propanesulfonic acid (R-SO; 11+) 

were prepared. Gels were also prepared as homopolymers of N-isopropylacr~'larnidl' 

(NIPA), copolymers of NIPA and sodium acrylate or R-SOi H+, sodium yinylslll· 

fonate and copolymers of N,N-diethylacrylamide and sodium methacrylatc. TIl(' 

hydrogels were prepared by free radical solution polymerization in distilled watl'r 

(pH- 5.7), under a nitrogen atmosphere. The procedure is shown in Fig. 2.1. 

Monomers and crosslinking agent were added to sufficient nitrogen-'iparged dilo,ttlh'd 

water in a 250 mL Erlenmeyer flask to make ,50 mL of solution after dll materials 

were added. This solution was flushed with nitrogen until the materials dissolYf'rl corn

pletely (step 2). The initiator and accelerator were addcd (step 3) and the solutioll 

was transferred to a large test tube (22 mm i.d.) which containf'd a number of glass 

tubes of 2.4 mm i.d. The solution was flushed with nitrogen for ,5 to 10 minl\t(~s and 

then sealed (step 4). The polymerization time was 24 hr (step 5). The polynwrizatioll 

temperature was 23°C (±2°C) except for copolymers of N,N-diethylacrylamidl' and 

sodium methacrylate where it was 6°C (±lOC). 
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Step 1: Add monomer(s) and crossllnklng agent 

to N 2-sparged dlstilled water ln a 125 mL 

Erlenmayer to maka 50 mL of solution 

(aftar Stap 3). 

Step 2: Flush solution wlth nltrogen untll mono

merls) and erossllnklng agent dissolve. 

Step 3: Add Initlator and aeeelerator. 

Step 4: Transfer solution to a large test tube 

eontalnlng a number of smaller glass tubes 

and flush wlth N2 for tlve to ten minutes. 

Step 5: Clamp plastic tubes and allow polymer

lzallon to proeeed for 24 hr at a specifie tem

perature. 

Figure 2.1: Procedure for gel preparation. 
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After polymerization, the gels were forced from the tubes and ('ut illto c\'lilldl'['" 

having lengths roughly equal to their diameters, In SOll1t' t'xtr<lCt iOIl l':-"pl'rill\t'IlI ... gl'I 

particles of different length-to-diameter ratios ,ven' lIh('d, 

Acrylamide (A & C ChenIicals), N-isopropylacrylamidt' (Pol~..,1 11'11"('), ~. '\ 

diethylacrylamide (Polyscience), sodium acrylate (Poly:-cil'II(,(,). "'Odllllll Ilwt Il.11 [~ 1.\ 1 t' 

(Polyscience), 3-(methacrylamido)propyltrimethylammonlllm (1IlorJdl' ( \I<lnch) .. ) 

acrylamido-2-methyl-l-propanesulfonic acid (Aldrich), sodi li III vi nyblllfun.III' 

(Aldrich), ammonium persulfate (Aldrich), sodillm metabisulfitl' (.\Idrich) <llIti 

N,N,N',N'-tetramethylethylenediamine (Aldrich) were rpagenl grade .lIld \\1'[(' Il:'1''' 

as received, The N,N'-methylenebisacrylamide (Aldrich) and III«' ('ll1ylt'III' d[dl [.\'1.111' 

(Aldrich) were electrophoresis grade, The structure:, dlld mole( Il l,li \\"'Ip,hh 1)1 1 h,'"", 

materials are shown in Table 2.1. The gel composition i.., :'()('( itil'd III tt'rIll ... ut 1'1'1('('111 

Table 2,1: GcI Matcrials, 

Material Function Formula ~I \\' 

Acrylamlde Monorner II~C=( 'II< 'O'JII~ Î 1 1),,, 

N-isopropylacrylamide Monorner 11 2 C'=CIICUNIJ<'1I('1I d~ Il:l Il; 
( NIPA ) 

N ,N-dlethylacrylarnlde MOllorner 11 2C=CIICO:"J( '! Il",)! I:!Î I!I 
( NDEA) 

Sodium acrylate ~lonomer 1f2C=CII( '00- ",,1+ '1·1 (JI' 
(Ionlzable) 

Sodium methacrylate Monomer Il:!C=C(CII.dCOO- ~.l+ 1 ilS !lX 

(Ionlzable) 
2-acrylamido-2-methyl- !\Ionomer 11 2C=CIICONIIC('1I d2( 'II !SO.dl :!OÎ '2:, 

I-propanesulfolllc aCid (Ionlzable) 
( R-S03" 11+) 

SodIUm vlllylsulfonate :'vlollomer Il;!('=( 'IISOi \.1 ~ 1 W 1 

(1OIlIzable) 
3-lllethacrylamldoprop)' 1- ~Iollomer 11 2 C=C(CIl.!lCO:\ 11( '1I~) 1\( 'll.d.l( '1 Ut) ï 1 

tnlllethylanunoillum (Ioillzablr) 
chlomle ( MAPTAC ) 

N ,N'-Illethylenebisacrylarlllde Cro'Ssltnker (1I 2C=('IICO;-';1I l:!( 'II:! 1 ",·1 1 Î 

Ethylene dlacrylate Crosslinker [Ihe=( 'IlCO:!( 'l!~ h 1 ÎO ifj 
N ,N ,N' ,N'-tetramethyl- Accelerator {Clbb~H'Il:!( 'II~~( 'II lb 1 IIi '.! 1 

ethylened lamllle 
SodIUm metablsulfite Accelerator ;-.ia2 S20 ., I!I(J lU 

Amlllomulll persulfate Illitiator (:\11 1 bS;!O" '2'2," '.!(J 
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(w/v) of total monomers at preparation (%T), percent (w/w) of crosslinker (%C) and 

mole percent ionizable monomer (%1). These quantities are defined by (Chrambach 

and Rodbard, 1971; Ilavsky, 1982): 

%T = mass of ail monomers(g) x 100 
volume of solution(cm3 ) 

%C = mass of crosslinking agent x 100 
mass of ail monomers 

%1 = moles of ionizable monomer x 100 
moles of aIl monomers 

(2.1) 

(2.2) 

(2.3) 

For example, steps 1 and 2 in the formation of a copolymer gel of acrylamide and 

sodium acrylate (5.3%T, 2.5%C, 10.0%1) were the dissolution of 2.2460 g of acry

lamide, 0.3348 g of sodium acrylate and 0.0665 g of N,N'-methylenebisacrylamide in 

distilled water to make 49 mL solution. Step 3 involved the addition of 0.5 mL of 

., w /v% of ammonium persulfate and 0.5 mL of 4 w /v% of sodium metabisulfite to 

make 50 mL of solution. Ail gels were prepared using N ,N'-methylenebisacrylamide 

as crosslinking agent except for an anionic gel which was prepared using ethylene di

acrylate (0.0734 g in 50 mL solution). Sodium metabisulfite was used as accelerator 

except for the cationic gel which was prepared by addition of 140 JlL N,N,N',N'

tetramethylethylenediamine to the solution as an accelerator. Table 2.2 shows the 

Table 2.2: Classification of Hydrogels and Monomers. 

Type of Monomers 
Gel nonionic 10DlC 

Nonionic NIPA -
Anionic NIPA sodium acrylate 
Anionic NIPA R-SO; H+ 
Anionic NIPA sodium vinylsulfonate 
Anionic NDEA sodium methacrylate 
AnioDlc Acrylamide sodlUm aerylate 
Amonie Acrylamide R-SO; H+ 
Cationic Acrylamide MAPTAC 
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types of gels used in this work and the monomers required to prepare them. 

To prepare the cationic gel, whose composition is given in Table 2.3, the small 

glass tubes were first immersed in nitrogen-sparged paraffin oil and thf'n transferred 

to the test tube, where polymerization took place. If this were not donc, il was 

diflicult to remove the gel from these tubes aCter polymerization. 

Table 2.3: Composition oC the cationic copolymer gel of acrylamide and 
3-(methacrylamido)propyltrimethylammonium chloride (MAPTAC). 

Gel Identification Acrylamide MAPTAC Crosslinker 
(g) (g) (g) 

6.2%T, 2.2%C, 10.0%1 2.2460 0.7855 0.0665 

Different copolymer gels of acrylamide and sodium acrylate were prcparcd. The 

compositions of these anionic gels are given in Table 2.4. 

Table 2.4: Composition of the anionic copolymer gel of acrylarnide and sodium acry
late. 

Gel Identification Acrylarnide Na-acrylate Crosslinkcr 
(~) (g) (g) 

2.7%T, 2.5%C, 10.0%1 1.1230 0.1674 0.03:33 
3.7%T, 2.5%C, 10.0%1 1..1720 0.2344 O.O·tG!> 
5.3%T, 2.5%C, 10.0%1 2.2460 0.3348 0.066.1 
5.3%T, 2.8%C, 10.0%1 2.2460 0.3348 0.073·'-
10.6%T, 2.5%C, 10.0%1 4.4920 0.6696 O.I:J:JO 
21.2%T, 2.5%C, 10.0%1 8.9840 1.3392 0.2660 
5.2%T, 2.6%C, 5.0%1 2.3730 0.1674 0.066.5 

·Crosslinker: Ethylene diacrylate 

The compositions of the anionic copolymer gels of acrylamide and 2-acrylamido--2-

methyl-l-propanesulfonic acid (R-SO; H+) are given in Table 2.5. 
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Table 2.5: Composition of copolymer gels of acrylamide and R-SOi H+. 

Gel Identification Acrylamide R-SO; H+ Crosslinker 
(g) (g) (g) 

6.1%T, 2.2%C, 10.0%1 2.2460 0.7377 0.0665 
6.2%T, 3.2%C, 10.0%1 2.2460 0.7377 0.1000 

An anionic gel was prepared which contained equal mole percent of sodium acrylate 

and highly acidic monomer, R-SOi H+. The composition is given in Table 2.6. 

Table 2.6: Composition of anionic copolymer gel of acrylamide which contained both 
weakly and highly acidic monomers. 

Gel Identification Acrylamide R-SOi H+ Na-acrylate 
(g) (g) (g) 

5.6%T, 2.4%C, 5.0%ISO;' 2.2460 0.3689 0.1674 

5.0%ICOO-

Table 2.7 shows the composition of an anionic copolymer gel of N ,N'-diethylacrylamide 

(NDEA) and sodium methacrylate which was prepared at 6°C (±1 OC). 

Table 2.7: Composition of anionic copolymer gel of NDEA and sodium methacrylate. 

Gel Identification NDEA N a-methaerylate Crosslinker 
(g) (g) (g) 

9.0%T, 5.6%C, 6.7%1 4.0000 0.2379 0.2500 

Nonionic and ionie gels of N-isopropylacrylamide (NIPA) were prepared by the same 

general method except that sm aller amounts of initiator and aecelerator (0.0025 g 

of each) were used for preparation of the nonionic gel. This was done to allow the 
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reaction to proceed slowly, otherwise the increased rate of heat release affects the 

solubility of the temperature sensitive monomer resulting in a heterogereous network . 

The compositions of nonionic NIPA gels as weil as their ionic counterparts are given 

in Tables 2.8 and 2.9. 

Table 2.8: Composition of nonionic and ionie gels of NIPA. 

Gel Identification NIPA Na-acrylate Cr088linker 
(g) Jg) (g) 

8.1%T, 1.6%C 3.9800 - 00665 
10.0%T, 1.6%C 4.9200 - 0.0822 
12.0%T, 1.6%C 5.9000 - 0.0986 
14.0%T, 1.6%C 6.8900 - 0.1151 
20.0%T, 1.6%C 9.8400 - 0.1644 

8.1%T, 1.7%C, 5.0%1 3.7920 0.1674 0.0665 
8.0%T, 1.7%C, 10.0%1 3.5760 0.3348 00665 
8.9%T, 1.7%C, 15.0%1 3.3760 0.5022 0.0665 

Table 2.9: Composition of copolymer gels of NIPA and R-SOi H+. 

Gel Identification NIPA R-SO; H+ Crosslinker 
(g) (g) (g) 

8.2%T, 1.6%C, 1.0%1 3.9460 00738 00665 
8.3%T, 1.6%C, 2.5%1 38790 0.1845 0.0665 
8.4%T, 1.6%C, 5.0%1 3.7780 03689 00665 
8.5%T, 2.4%C, 50%1 3.7540 0.3689 01000 
8.6%T, 1.3%C, 7.5%1 3.6780 0.5534 0.0665 
8.8%T, 2.3%C, 10.0%1 3.5520 0.7378 o 1000 
8.3%T, 3.2%C, 2 5%1 3.8310 0.1845 0.1330 
8.3%T, 50%C, 2.5%1 3.7740 0.1845 02080 
8.4%T, 7.0%C, 2.5%1 3.7130 0.1845 0.2930 
1O.0%T, 1.6%C, 2.5%1 4.6940 02232 00~5 

12.5%T, 1.6%C, 2 5%1 5.8680 02790 0.1006 
16.0%T, 1.6%C, 2 5%1 7.5100 0.3571 o 1288 
20.0%T, 1.6%C, 2.5%1 9.3880 0.4405 0.1610 

A second strong acid gel was a copolymer of NIPA (3.7780 g) and sodium vinyl

sulfonate (0.2316 g). In contrast to 2-acrylamido-2-methyl-l-propanesulfonic a('id 

(R-SO; H+), which may cause cancer, sodium vinylsulfonate is not toxic. 
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2.2 Swelling Experiments 

The second part of the experimental work was aimed at obtaining information about 

the swelling behavior of the hydrogels. The experiments were divided into equilibrium 

sweUing experiments and dynamic swelling experiments. 

In the Plluilibrium swelling experiments, the original mass of each gel piece 

at preparation, Mo, was determined and then each piece was dialyzed for 48 hr 

against a large amount of distilled water to remove minute quantities of impurities and 

um'~acted monomers or oligomers trapped in the network. The degree of swelling was 

measu .. ~d by immersing a piece of dialyzed gel (original mass, Mo, of approximatcly 

0.01 g) in 2 L of a solution of known composition, pH and temperature. The solution 

pH was varied by addition of either NaOH or HNOa. In experiments which involved 

the effcd of both pH and salt, the solution was replaced with fresh solution every 6 

hours. ACter equilibration for at least 48 hr, the pH was measured and the swollen 

gel was removed from the solution and weighed after blotting with tissue paper. The 

swelling ratio was defined as the ratio of swollen mass, M, to the original mass, Mo. 

A Metrohm pH-meter (Brinkmann, Mode1632) was used to measure the pH. 

The salts studied include: sodium nitrate (Fisher), sodium chloride (Anachemia), 

sodium phosphate (Anachemia), sodium sulfate (Fisber), silver nitrate (Fisher), potas

sium permanganate (Fisher), calcium nitrate (Anachemia), calcium chloride (BDB 

chemicals), cobaltous chloride (Anachemia), cupric nitrate (Fisher) and lanthanum 

nitrate (Ana :hemia). Ali salts were reagent grade and were used as received. The 

concentrations of tbe solutions ranged from 0 to 0.1 M except for cupric nitrate and 

lanthanuffi nitrate (maximum 10-3 M), silver nitrate and cobaltous chloride (maxi

mum 10-2 M) duc to the precipitation at higber concentrations at pH 7. 

Swollen hydrogels were collapsed by exposure to different pH, temperature 

and/or salt concentration. The collapse experiments were undertaken to explore the 

conditions required to regellerate the gels by expelling solvent so that they might be 

reused. 

The dynamic swelling experiments involved determination of transient di

mensional changes of hydrogels at 23°C (±2°C) in solutions of known pH and salt 

concentration. The swelling as a function of time was determined by removing the 

gel from the solution, weighing it aCter blotting with tissue paper and returning it to 
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the solution. The equilibrium time depended upon the size, prehistory and structure 

of the gel, solution pH and ionic strength, and the rate of stirring of the solution. 

2.3 Extraction Experiments 

To investigate gel selectivity, ionized copolymer gels of acrylamide and ionic and 

nonionic N-isopropylacrylamide (NIPA) gels were used. The effects of monomer 

concentration, crosslinking ratio, network and solute charge, pH and ionic strength 

of the solution on the exclusion efficiency of hydrogels were studied. 

These experiments were similar to the equilibrium swelling experiments. Col

lapsed gel particles of known weight (0.2 - 2 g) were brought into contact with a 

solution of known volume, pH and concentration. The initial volume of the solution 

was approximately twice the volume of the swollen gel at eqnilibrium. The swollcn 

gel was separated from the retentate or raffinate and weighed. The volume and 

concentration of retentate were also determined. 

The solutes used for this study included: polyethylene glycols of diffcrent 

molecular weights (Aldrich and Polyscience), sodium polyvinylsnlfonate (Aldrich), 

,8-galactosidase (Aldrich), dextran, dextran sulfate, ovalburnin, bovine albumin, (3-

lacto- globulin, cytochrome C, a-amylase and lipase, which were bought from Sigma 

Chernical Company. 

Polyethylene glycol (PEG), with a stoichiometricformulaof H( OCHi~1I2-)nOIl, 

is available commercially in a range of molecular weights. The concentration of 

polyethylene glycol solutions was determined by refractometry. 

Sodium polyvinylsulfonate, the sodium saI t of poly( vinylsulfonic acid), is an 

anionic linear polymer with an él pproximate molecular weight of 3400 (ba..,ed on 

persona! communication with the supplier). Its concentration was determined by 

refractometry. 

Dextran is a polysaccharide produced by the bacterium Leuconos/oc mesen/c

riods, strain no. B-512, growing on a suc rose substrate. An industrial grade dextran 

(MW = 19500) and a laboratory grade (MW = 9400) as well as d<,xtran sulfate 

(sodium salt) with an average molecular weight of approximatcly 8000 were uscd 

The concentration of dextran and dextran sulfate was measured using a Polax-D po

larimeter manufactured by Atago. The optical rotation of a solution (\fi) is a funelion 
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of its concentration in weight/volume, C, its specifie optical activity, [oUt, and the 

length of the polarimeter tube (L). The specific optical activity of dextran is 1990 

(Albertsson, 1986). The dextran concentration, C (%w/v), was calculated from 

c = ~/1.99L (2.4) 

Ovalbumin, the major protein of egg white, has a molecular weight of approximately 

45000 and an isoelectric pH of 4.7. The ovalbumin used here was Grade V. 

Bovine albumin, a widely used protein as nutrient, has a molecular weight of 

approximately 66000 with an isoelectric point of 4.8. Sigma Fraction V powder with 

96-99% protein was used. 

J3-Lactoglobulin (from Bovine milk) was a 3 x crystallized and lyophilized 

protein with a molecular weight of approximately 37000. This protein con tains sub

units A and B with a molecular weight of 18400. 

Cytochrome C (Sigma Type V-A) from bovine heart had a molecular weight 

of 12330. Its concentration was determined by spectrophotometry at 550 nm. 

a-Amylase occurs in nearly ail plants, animais and microorganisms. It hy

drolyzes starch to oligosaccharides and in turn slowly to maltose and glucose. The 

enzyme used here was a 4 x crystallized and Iyophilized powder from Bacillus species 

(Sigma Type II-A), with an approximate molecular weight of 50000-55000. Its iso

electric point is about 5.3 (Bernfeld, 1955). The enzyme activity of a-amylase was 

measured using the Somogyi (1960) method with a Sigma Diagnostic Kit (Procedure 

No. 700). The assay measures the time required to hydrolyze starch in a standard 

substrate. The procedure takes advantage of the interaction of starch with iodine 

to yield a blue col or whereas the oligosaccharides produced by the hydrolysis yield a 

red color in the presence of iodine. The color change from blue to reddish-brown is 

sufficiently pronounced to permit visual detection. The endpoint was determined by 

removing portions of amylase-starch reaction mixture at timed interva.ls and adding 

them to iodine solution. As long as starch is present, purplish coIor develops. As 

the incubation proceeds, the color changes from blue to blue-purple, to red purple 

and finally to reddish-brown at the endpoint. The amylase activity was calculated 
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as follows: 

A 1 .. [5 . U . /dL] Factor my ase actlVlty omogyl mts = E d . . (') n pomt ttme mm. 
(2.5) 

where Factor at 37°C = 1800; at 40°C = 1600. 

The lipases used in this study were from Wheat Germ (Sigma Type 1) and 

Candida cylindracea (Sigma Type VII). Lipase from wheat germ was a lyophilized 

powder containing 95% protein. It contained acid phosphates and its moll!cular 

weight is not available. 

Candida cylindracea is available as an impure preparation. Tomizuka et al. 

(1966) determined the amino acid composition of the purified enzyme and a molee

ular weight of 100000-120000 was estimated from physical constants. HoweV<'r, two 

calculated values of molecular weight were not in agreement with each other and 

larger than that conjectured from gel filtration on a Sephadex G-100 colurnn. The 

value obtained by Sephadex gel was not reported. The enzyme has a large" numb(~r of 

hydrophilic residues and considerable leucine. The lipase used in this study contained 

sorne material insoluble in distilled water which was removed by filtration through 

Whatman filter paper (No. 4). The enzymatic activity of the lipase from Candida 

cylindracea was measured using a Sigma procedure (Sigma Diagnostic Kit, No. 800) 

which is based on the method of Tietz and Fiereck (1966). The rnethod involv('s 

hydrolysis of triglycerides in olive oil into fatty acids, diglycerides and to sorne slIlall 

extent into monoglycerides and glyccrol. The amount of fatty aeids forrned uncler the 

specifie conditions of the test is a measure of lipase activity in the samplc. The fatty 

acids were determined by titration with sodium hydroxide. The r('quir('d lHeUIMtioll 

time at 37°C was 3 hours using 10 mL substrate or 6 hours using :3 mL sub~t.ratt'. 

Sigma-Tietz Units/mL of lipase activity was calculat('d by subtracting the volulJI(' of 

0.05 N NaOH used for the titration of blank substrate (no lipase) from the volume 

of 0.05 N NaOH used for the titration of the test ~ubstrate eontaining lipase. 

,8-Galactosidase con!3ists of four subunits forming an active tetramer. Gold

berg (1969) reported a molecular weight of 595000 for this enzyme. Erickson (1970) 

demonstrated discrepancies in former studies eoncerning the moleeular weight and 

suggested a subunit weight of 91000. Kalnins et al. (1983), using DN A sC'qU<'llC

ing techniques, predicted that ,B-galactosidase consists of 1023 arnino acid resichws, 
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resulting in a prot.ein with a molecular weight of 116353 per subunit. 

,B-galactosidase activity was assayed as described by Miller (1972). An appro

priate volume (5-10 mL) of 0.25-0.5 mg/L enzyme solution was diluted 5 times in BB 

buffer: 0.2 M Tris-HCI, 0.2 M NaCI, 0.01 M MgAc, 0.01 M 2-mercaptoethanol, 5% 

glycerol. 5 mL of diluted sample was added to 1 mL of Z buffer: 0.06 M Na2HPO .. , 

0.04 M NaH2PO .. , 0.01 M KCI, 0.001 M MgSO .. , 0.05 M 2-mercaptoethanol at pH 

7, and equilibrated at 28°C. To one test tube 1 mL of Z buffer and 5 mL of BB 

buffer al one were added. This was a control for the spontaneous hydrolysis of 0-

nitrophenyl-,B-D-galactopyranoside (ONPG). The reaction began by adding to each 

tube 0.2 mL of ONPG at 4 mg/mL, which had also been equilibrated to 28°C. The 

samples were incubated at 28°C for at least 5 minutes until a faint yellow color de

veloped. The reaction was stopped by adding 0.5 mL of 1 M Na2C03, and the length 

of time of incubation for each was recorded. The absorbance of the sample at 420 

nm was read against the control containing buffer alone. The total amount of en

zyme in the reaction mixture was calculated from the original sample concentration 

in mg/mL. The specifie activity of the ,B-galactosidase was calculated in Units/mg 

as: 

A .. 20 x 380 
Units/mg =. 280 .. mm. at x mg enzyme ID reactlon 

(2.6) 

The method used for the analysis of the proteins (enzymes) was spectrophotometry. 

This method is accurate for concentrations of proteins up to 1 g/L. The absorbance 

of a dilute solution at a specifie wavelength is a linear function of its concentration. 

The accuracy of this method depends on the selection of appropriate wavelength, À, 

such that the change of absorbance with wavelength is small-see Day and Underwood 

(1980). 

The absorption maximum of proteins at 280 nm is due to the presence of the 

aromatic amino acids: tyrosine and tryptophan. This two amino acids are present in 

nearly a11 proteins, and their proportions relative to other amino acids usually vary 

over a narrow range. The absorption of ultraviolet light is suitable for estimating 

protein concentrations if the solution does not contain more than 20% by weight of 

other ultraviolet light-absorbing compounds, such as nucleic acids or phenols and if 

the solution is not turbid. 
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2.4 Reproducibility of the Experimental Results 

Tables 2.10-2.12 show the extent to which the experimental results for swelling of 

an anionic copolymer gel of acrylamide and sodium acrylate (5.3%T, 2.5%C, 10.0%1) 

were reproducible. The swelling ratio was defined as the ratio of swollen mass al 

equilibrium, M, to the original mass of gel at preparation, Mo. The 95% confidence 

intervals for the effect of pH on swelling equilibrium are given in Table 2.10. The 

intervals range from 5.2 to 9.4% of the mean values. The 95% confidence intcrval for 

Table 2.10: Reproducibility of the swelling ratio at different pHs. 

pH number of mean swelling sample standard 95% confidence 
replicates ratio deviation interval 

4.0 4 2.5 0.081 2.5 ± 0.13 
5.7 4 6.1 0.28 6.1 ± 0.45 
7.0 4 26 1.1 26 ± 1.8 
8.7 4 31 1.8 31 ± 2.9 

the swelling ratio of a copolymer gel of acrylamide and sodium acrylate, computed 

from data for three different bat.ches of gel at pH 7, is given in Table 2.11. Tht> 

confidence interval is ±15.4% of sample mean. The confidence intcrval is wider hen' 

Table 2.11: Reproducibility of the swelling ratio of three batches of copolyrncr gel of 
acrylamide and sodium acrylate at pH 7. 

number of mean swelling sam pie standard 95% confidence 
replicates ratio deviation interval 

3 26 1.6 26 ± 4.0 

than in Table 2.10 (± 4.0 vs ± 1.8) because the value in Table 2.11 includcs hatch

to-batch variations. Nevertheless, the data exhibit good reproducibility. Table 2.12 

shows the 95% confidence intervals for the mean swelling ratio of copolym('f gels of 
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acrylamide and sodium acrylate at pH 7 in 10-3 M salt solutions of different cations. 

the intervals are within ±7.7-14% of the sample means. 

Table 2.12: Reproducihility of the swelling ratio of copolymer gels of acrylarnide and 
sodium acrylate at pH 7 in presence of different cations at 10-3 M. 

cation number of mean swelling sam pIe standard 95% confidence 
replicates ratio deviation interval 

Na+ 3 18 0.68 18 ± 1.7 
Ca+2 3 5.2 0.16 5.2 ± 0.40 
La+3 3 0.30 0.017 0.30 ± 0.042 

The 95% confidence intervals, computed for the mean swelling ratio of a copolymer 

gel of N-isopropylacrylamide (NIPA) and sodium acrylate (10%1) at different tem

peratures, are given in Table 2.13. The intervals are within ±8.4-14.1% of the sample 

means. 

Table 2.13: Reproducibility of the swelling ratio of copolymer gel of NIPA and sodium 
acrylate for different temper,atures at pH 7. 

temperature number of mean swelling sam pie standard 95% confidence 
oC replicates ratio deviation interval 

23 3 10 0.35 10 ± 0.87 
35 3 9.2 0.52 9.2 ± 1.3 
40 3 8.7 0.48 8.7 ± 1.2 
50 3 7.7 0.26 7.7 ± 0.65 
58 3 1.0 0.035 1.0 ± 0.087 

Table 2.14 shows the 95% confidence interval computed for cyelie swellingjcollapse of 

ionic copolymer gels of NIPA. The gels were swollen for 1 hr at 23°C (±2°C) in 10-3 

M Ca(N03 h at pH 7 and then collapsed for 1 hr at 35°C in 1 M NaCI solution. The 

sam pIe mean is the ratio of swollen mass, M, to the collapsed mass, Mr' of the gel. 

The confidence intervals were within ±19.3-34.7% of the sample means. The larger 
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Table 2.14: Reproducibility of the swelling ratio, M,/Mr , of copolymer gels of NIPA 
in swellingl collapse cycles. 

ionizable number mean sample 95% 
monomer of swelllng standard confidence 
(5.0%1) replicates ratio deviation interval 

Na-acrylate 3 14 1.1 14 ± 2.7 
R-SOi H+ 3 15 2.1 15 ± 5.2 

confidence intervals here reflect the nonhomogeneous shrinking of the gel particlcs in 

the collapsing step. 

The 95% confidence intervals for the swelling ratio in dynamic swelling of a 

copolymer gel of acrylamide and sodium acrylate (5.3%T, 2.5%C, 10.0%1) swollen at 

23°C (±2°C) in distilled water at pH 7 are given Table 2.15. The swclling ratio is 

defined as the swollen mass at time t, Mt to the original mass of the gel at preparatIon. 

Nf." at t=O. The confidence intervals were within ±8.8-44.6% of the sample mcan. 

Table 2.15: Reproducibility of dynamic swelling of copolymer gel of acrylamide and 
sodium acrylate in distilled water at pH 7. 

time number of me an swelling sam pIe standard 95% confidence 
(minute) replicates ratio deviation interval 

7.5 3 5.6 1.0 5.6 ± 2.5 
15 3 8.9 0.80 8.9 ± 2.0 
30 3 13 0.80 13 ± 2.0 
60 3 17 0.71 17 ± 1.8 
120 3 22 0.90 22 ± 2.2 
180 3 24 0.83 24 ± 2.1 
240 3 25 0.95 25 ± 2.4 

The least reproducible result was at t=7.5 minutes where t.he swelling ratio was the 

smallest. This may be due to the difficulty of blotting the small gel particles of 

irregular shape, in the early stages of swelling. 

Table 2.16 shows the 95% confidence intervals for the distribution coefficient, 
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Kd, for exclusion behavior of anionic and cationic copolymer gels of acrylamide 

(10.0%1) in bovine albumin solution at pH 5.6. The distribution coefficient is defined 

as the ratio of the solute concentration in the gel phase, C, to that in the retentate 

(raffinate), CR. The values of Kd were evaluated from experimental measurements 

by 

(2.7) 

where VF and CF are feed volume and concentration, respectivelYi VR and V are 

retentate and swollen gel volume, respectively. This equation is derived in Chapter 6. 

The 95% confidence interval was within ±22.0% and ±38.8% of the sample mean for 

anionic and cationic copolymer gels of acrylamide, respect i vely. The large confidence 

interval for the cationic gel is a reflection of the adsorption of the protein on the 

gel surface. The confidence interval for the anionic gel, where no surface adsorption 

occurred, is more typical of the reproduc..ibility of Kd' 

Table 2.16: Reproducibility of the exclusion behavior of anionic and cationic copoly
mer gels of acrylamide at 6°C (±I°C) in 0.25 g/L bovine albumin solution at pH 
5.6. 

ionic number of mean sam pie standard 95% confidence 
gel replicates Kd deviation interval 

anionic 3 0.82 0.071 0.82 ± 0.18 
cationic 4 8.5 2.1 8.5 ± 3.3 

The 95% confidence intervals for the distribution coefficient, Kd, and the activity 

of lipase (Candida cylindracea) are given in Table 2.17 for an anionic copolymer gel 

of NIPA and sodium vinylsulfonate. The gel was used to concentrate 0.25 g/L of 

lipase solution of pH 5.8 at 6°C (±1°C). The 95% confidence interval was ±6.0% and 

±S.3% of the sam pIe mean for Kd and enzymatic activity (Sigma-Tietz Units/mL), 

respectively. 
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Table 2.17: Reproducibility ofthe distribution coefficient, [(d, of lipase and its activ
ity in exclusion experiments with NIPA-sodium vinylsulfonate gel. 

variable number of sam pie sam pie standard 95% confidence 
replicates mean deviation intervaJ 

Kd 9 0.20 0.015 0.20 ± 0.012 
activity 3 3.0 0.10 3.0 ± 0.25 
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Chapter 3 

THERMODYNAMICS OF GEL 
S'WELLING 

3.1 Introduction 

Crosslinked polymer gels may exhibit large changes in volume in response to changes 

in the surrounding medium. The swelling behd.vior of gels has been investigated for 

many years (Procter and Wilson, 1916; Flory, 1941; Katchalsky, 1954; Katchalsky and 

Zwick, 1955; Sussman and Katchalsky, 1970). Interest in this subject accelerated in 

the late seventies upon reports by Tanaka and his coworkers of swelling/collapse phe

nomena in polyacrylamide gels reminiscent of vapor/liquid phase transitions (Tanaka, 

1978; Tanaka, 1979; Hochberg et al., 1979). This behavior was anticipated earlier by 

Dusek and Patterson (1968). The volume change in the phase transition is sometimes 

as large as IOOO-fold (I1avsky, 1982; Ilavsky and Hrouz, 1983) resulting in a dramatic 

change in physical properties (Ulbrich and Kopeëek, 1979). Hydrogels containing 

ionizable monomers exhibit large volume changes in the transition (Tanaka, 1981; 

Nicoli et al., 1983; Hirotsu et al., 1987). The collapse of the gel occurred upon a low

{'ring temperature in acetone/water solution (Tanaka, 1978). Further investigation 

showcd another type of phase transition, in which shrinking of a gel was induced by 

an increase in temperature (I1avsky et al., 1982; Hirokawa and Tanaka, 1981; Hirose 

et al., 1987; Hirotsu et al., 1987; Huang et al., 1988). Furthermore, a "convexo type" 

transition which the volume first increased and then decreased with temperature, was 

reported by Katayama and Ohata (1985). 

Solvent effects '1 ~re examined with aqueous solutions containing several kinds 

of polar organic comr,ùnents, mainly alcohols, acetone and dimethyl-sulfoxide (Ilavsky, 

1982; Ilavsky et al., 1982 and 1983; Ilavsky and Hrouz, 1983; Hirokawa and Tanaka, 

1984; Amiya and Tanaka, 1987; Hirotsu, 1987 and 1988). Although the addition of or-
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ganic solvents to hydrogel systems usually led to shrinkage of the gel, N-isopropylacryl

amide gels exhibited a peculiar swelling behavior, termed the "reentrant type" 

(Katayama et al., 1984), characterized by two transitions: a discontinuous collapsC' 

followed by a discontinuous swelling with a monotonie change in solvent composi

tion. The concentration-dependent collapse of polymer gels in solutions of incompat

ible polymers was studied by Momii and Nose (1989). Lee et al. (1990) rcported a 

pressure-dependent phase transition in NIPA hydrogel. A photoinduced phase tran

sition was observed for copolymer gels of NIPA and bis( 4-( dirncthylamino )phenyl)( 4-

vinylphenyl)methylleucocyanide under ultraviolet irradiation (Mamada et al., 1990). 

Changes in pH and electrolyte concentration have a greater effect on the 

transition of hydrogels containing ionizable groups (Katchalsky and Zwick, 1955; 

Ohmine and Tanaka, 1982; Hirokawa et aL, 1984; Riëka and Tanaka, 1984; Riëka and 

Tanaka, 1985) than on nonionic hydrogels (Huang et al., 1988). Hydrog('ls containing 

either anionic or cationic groups usually swell at middle pH values whereas hydrog('ls 

containing both anionic and cationic groups swell at high and low pH and collaps(' 

at middle pH-values (Katayama et al., 1988). 

More recently, Saito (1989) has reviewed both an outline of fundamental con

cepts and the most recent developments in phase transition and equilibrium of srnall 

molecules, polymers and gel systems. An attempt has been made to explain tl)(' 

particular phenomena involved in these systems by rcference to the concept of tlH' 

connectivity of molecular chains. 

The large changes in volume of hydrogels in response to changes in tilt' :"lH

rounding environment have led to the use of such gels as extraction solvC'nts in c!Wrll

ical separation systems (Cussler et al., 1984 ; Freitas and Cussler, 198ï) and as 

physiologically sensitive compounds in biomedical and pharmaceutical applications 

(Peppas, 1987). 

In this work the swelling behavior of anionic and cationic copolymer gels of 

acrylamide in aqueous electrolyte solutions of various pH and ionic strength was 

studied. The swelling behavior was interpreted using theory for ionic gels which 

accounts for the non-Gaussian behavior of rubber-like elasticity and the dissociation 

behavior of polyelectrolytes. 
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3.2 Theory 

Early theories describing the swelling of polyelectrolyte gels have been reviewed by 

Helfferich (1962). Flory's (1953) treatment of the thermodynamics of gel sweUing was 

the basis for much subsequent work. Many researchers (Hasa et al., 1975; Rièka and 

Tanaka, 1984; Gehrke et al., 1986; Sun, 1986) attempted to modify Flory's theory for 

quantitative prediction of swelling effects. Erman and Flory (1986) reexamined this 

theory with the primary objective of elucidating the requirements for discontinuous 

shrinkage through a first order transition in a poor solvent. The parame ter X, which 

characterizes the solvent-polymer interactions, was presented as a function of compo

sition. The elastic free energy was formulated to account for the nonaffine displace

ments of network junctions under strain. Vasilevskaya and Khokhlov (1986) presented 

a theory for the effect of salts on the collapse of charged polymerie networks which 

resulted in a system of non-linear equations containing empirical parameters. Among 

the most recent efforts, Brannon-Peppas and Pep pas (1988) presented a derivation in 

which the osmotic coefficients were set equal to unit y, the distribution of the polymer 

chains was Gaussian, and other effects were accounted for by a structural term. Un

fortunately, their results contain miscalculations of mobile ion concentrations within 

the polyelectrolyte gel. Morro and Müller (1988) showed how the application of a load 

or clamping affect~d sweUing and collapse of polyelectrolyte gels. A lattice model was 

proposed to describe the ~,welling of polymer gels in solution (Netemeyer and Glandt, 

1989). Prange et al. (}f~89) proposed a model based on the quasi-chemical theory 

(Guggenheim, 1952; Pan Lyiotou and Vera, 1980) suitable for the study oftemperature 

sensitive hydrogels which exhibit lower critical solution temperatures. This theory 

was applied to describe swelling equiiibria for cationic copolymer gels of acrylamide 

in aqucous NaCI solution (Hooper et al., 1990). Ideal Donnan theory was used to 

account for polyelectrolyte effects on swelling. Marchetti, Prager and Cussler (1990) 

presented a molecular theory of swollen gels based on a compressible lattice model 

of Lacombe and Sanchez (1976) for mixing of polymer solutions through the addi

tion of the Flory-Rehner theory of rubber elasticity (1953). The four basic types of 

phase behavior predicted for swollen gels include near-critical lower consolute bound

aries, low-temperature upper consolute boundaries, and closed-loop miscibility gaps 

potentially containing additionallower and upper consolute boundaries. 
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Konak and Bansil (1989) modified the elasticity term by including an effect of the 

electr08tatic persistence length. They included an explicit electrostatic term and used 

a simplified osmotic term. Otake et al. (1989) presented a model which considered a 

hydrophobie interaction for the thermally induced discontinuous shrinkage of hydro

gels. In this thesis Flory's treatment as described by Hasa et al. (1975), is applicd 

to the swelling of gels. 

The theoretical description of the sweUing of the polyelectrolyte gels at equi

lihrium is based on the minimization al the Gibbs free energy of the gel. The free 

energy change corresponding to the volume change during swelling of a gel, !lO, 

is the sum of contributions due to mixing of pure solvent with an initially pure, 

amorphous, unstrained gel network, AGI, due to configurational changes of the gel 

structure, AG2, and due to mixing of ions with soivent, ~G3' An ionie gel is sub

jected to a swelling pressure, 'Ir, which is exp:-essed as the sum of three components 

corresponding to each contribution to 6G: 

aAG 
'Ir = 'Ir} + "'2 + 'lr3 = -( av )T,n. (3.1 ) 

The equilibrium condition is obtained when '" is set equal to zero. 

The osmotic pressure of a polymer solution, "'l, is given by the Flory-Huggins 

theory (Flory, 1953): 

RT[ 2] 
'lrl = - ~ ln (1 - v) + v + Xv 

where v is the polymer volume fraction and Yi is the molar volume of solvent.. The 

polymer-soivent interaction parameter, X, can he expressed as (Hasa and I1avsky, 

1975): 

X = 0.44 + O.6v (3.3) 

Expanding the logarithmic term in Eq. (3.2) in a power series, ncglcrting tcrrns 

higher than cubic and combining the result with Eq. (3.3) gives 
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RT 
71'1 = - Vt (Vol X)~( -0.06 + 0.267vo/ X) (3.4) 

where X = volv is the swelling ratio and Vo is the polymer volume fraction at gel 

formation. 

The configuration al contribution, 1r2, is evaluated from the configurational 

free energy change, ~G2, including the finite extensibility of polymer chains during 

swelling. Assuming isotropie swelling, ~G2 ca.n he expressed by 

where 

k - Boltzmann's constant 

n - number of statistical segments in the polymer chain 

Np - number of the pol ymer chains 

/4 = < a~ >1/2 v- l / 3n-1/ 2 

;5 = < a~ >1/2 n-l/2 

A, = L -lb,), where L -lb) is the inverse Langevin function of /. 

The dilation factor in the dry isotropie state, < a~ >, is defined as the ratio ot the 

mean-square end-to-end distance in the dry isot.l"opic state to the same quantity in 

the reference ~tate, when no force acts on the chain ends (Dusek and Prins, 1969). 

The factor (N"kTlnv/2) is used by analogy with the procedure employed in the 

kinetic theory of ruhber elasticity, even though its presence does not come from the 

three-chain model (Smith et fll., 1964). 

By differentiating ~(h with respect to volume and expanding the inverse 

Langevin fundion in a power series (Treloar, 1958 and Hasa et aL, 1975), 1r2 is 

obtained as 
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where Vd = VII is the molar concentration of cbains relatcd to tlH' dry st.at.l'. The 

molar concentration of chains in swollen state, v, is giv<,n by 

(:1.7) 

where NA is Avogadro's number. The first term in Eq. (:3.6) is the cOIlt.rihut.ion 

of the Gaussian configurational free energy and the second term COIT<'SpOI\{I~ to tl\!' 

non-Gaussian free energy. 

Substitution of the dilation factor of the dry ~tate. < n~ >= 1·~/I 1I1to Eq. 

(3.6) gives 

where Vo = VoVri is the concentration of constituent chain~ al. g('1 form,lt iOIl. 'l'Ill' 

osmotic pressure, 7r3, attributed to the difference betw<,en the u!->Illotic pl (',,~III(' ur t hl' 

mobile ions in the gel and in the external solution. is glven by (Flory. l!).):~): 

where CI and CI are the concentrations of mobile iOIl~ in the pxtNllal ~OIIlt.il)lI ,lIld 111 

the gel, respectively. The osmot.ic coefficients. <1> and o. él),{' di~CII,,~('d III dl't.1I1 Iwlll\\' 

3.2.1 Osmotic Coefficients 

Charged groups aU ached to tht> nctwork play an esscntiallOle in swplling plll'II01lH'llél. 

To account for the non-ideal lwha\'ior of the poly<,I('ctrolyte g<,1 ,Ill o.,llIotic (odficil'Ilt 

for the gel phase, <t>, is defi ned 

(:uo) 
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The ideal osmotic pressure of salt-free polyelectrolyte solution is given by the Van't 

Hoff expression 

(3.11 ) 

where nm is the molarity of the monomer, Q is the degree of ionization and np is the 

molarity of the polymer. 

Since polyelectrolytes are strongly non-ideal, a correction factor, tPp , called 

the osmotic coefficient, is introduced (Alexandrowicz, 1960) 

(:3.12) 

Combination of Eqs. (:3.10)-(:3.12) gives 

(:3.13) 

When nmo » np , Eq. (3.12) becomes 

(3.14) 

According t.o Katchalsky (1971), the dissociation behavior of polyelectrolytc solutions 

can be summarized as follows. It is often found that at higher degree of dissociation 

nc/>p is appro'Ximately constant. or that the osmotic coefficient decreases somewh,ü as 

t.1H' dt'gr('p of IOlliz,üioll irH IC"~(·S. rt i~ also ob~erved theü the dilution of <l polyc'lec

t.lOlytp solutioll docs not. lead 1.0 strollgf'l' dissociatioll of coullteriolls dnd ort.ell the 

opposite err('ct is obscrvf'd, i.e. -bp decreases upon dilution which indicates a stl'Ong 

binding of tl1(' connterions to t.he polyion with lowcr osmotic clctivity. 

TI\(' st ronger electrostatic at.traction of small polyvalent ions to the polyion 

should reduce the fraction of frcf' countcrions, hence rpp for bivalent counteriol1s should 

he abOlit olle-half of the \'aille for the monovalent counteriolls. This cxpectation 

WdS confinned l'xpcrinwntally. ~[casurements of (/Jp for Mg-alginate gave a value of 
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0.15, compared with 4>,=0.4 for Na-alginate or 4>,=0.35 for K-alginate (Katchalsky 

et al., 1961). For mixed salts the results are more complex. Dolar and Petcrlin 

(1969) extended the rod-like model for the evaluation of the osmotic coefficient of 

mixed polyelectrolyte salts in which the polyion was neutralized by both mono- and 

bivalent ions. The theoretical predictions were tested qualitatively by Dolar and 

Kozak (1970). Both theory and experiment indicated the existence of a maximum 

value of 4>, at a certain ratio of monovalent to bivalent ions. 

Alexandrowicz (1960, 1962) found that the osmotic pressure of a polyclcc

trolyte and a low molecular weight mono-monovalent salt system could be represented 

byan additivity rule as the SUffi of the osmotic pressure of the salt-free polyelectrolyte 

solution, 11'" and the polyelectrolyte-free salt solution, 11'.: 

TI = 11', + 11', (3.15 ) 

Following Alexandrowicz for the polyelectrolyte/mono-monovalent salt system: 

11', = RT(2n,4>,) (3.16 ) 

where n, is the molarity of the salt and the factor 2 accounts for the dissociation of 

the salt into two ionic species. Combination of Eqs. (3.14 )-(3.16) yields 

From Eq. (3.10) the osmotic pressure, 11', can be written as 

Combination of Eqs. (3.17) and (3.18) yields 

• = x4>" + 24>, 
x+2 
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where x = nmo/n •. For 0.5 ~ x ~ 8 the deviation of t from experimental results 

can be as large as 15% (Alexandrowicz, 1960). 

In the presence of a bi-monovalent salt, the concentration of counterions in a 

solution containing a negatively charged polyion is 

(3.20) 

while the concentration of co-ions is 

n_ = 2n. (3.21) 

Using the additivity ru le for this system gives 

(3.22) 

Equations (3.19) and (3.22) also hold for a mixture of positively charged polyions 

with mono-monovalent and mono-bivalent salts, respectively. 

When the external solution contains both mono- and bivalent counterions, 

ideal Donnan theory is used to determine the concentration of counterions in the gel 

phase. Donnan equilibrium develops when ions are confined to fixed locations in a 

solution, usually by an impermeable membrane or by being bound to an insoluble 

matrix (e.g. a gel), while other ions can freely distribute between the two phases. 

In such a system the concentration of co-ions (the ion with the same charge as 

the polyion) will be greater in the free-ion solution than in the solution containing 

the fixed ions. The unequal concentration of fixed ions forced upon the system is 

respoilsible for such a phenomenon. For electroneutrality, freely diffusible counterions 

(those with charge opposite to the polyiùn) must stay near the polyion. Because of 

the electroneutro.lity of both phases, unequal concentration of ail ionic species will 

develop in the two phases. 

Consider a polyelectrolyte gel/free solution system. At equilibrium, the elec

trochemical potential of each electrolyte within the gel and external solution must be 
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the same (Helfferich, 1962), thus: 

where "1. is the electrochemical potential of spec;cs 'i' and the O\'('rba1' illdic.I!I'S t.llt' 

gel phase. The electrochemical potential is 

"1. = J-l. + Z.Fl/J ( :L :!.I) 

where 

JLI = chemical potential of species "i' 

ZI - charge of species 'i' 

F = Faraday constant 

1jJ = e1ectric potential 

The chemical potential can be written as 

where 

P = pressure 

C = concentration 

J-l~(PO) = chemical potential of specÎes 'ï in tl\(' -;t.lIld'lId ..,!<tlt' 

al - activity of species li' 

Any swelling pressure <,ffcct (for P=lPO) is placed into the activltj nwllit H'III. FOI 

typical ion exchange processcs these effects are minor ( I1t'lffC'l'i ch. 1 !)(j2) , ('oIllIJlIl,L1I{J1I 

of Eqs. (3.23) to (3.25) givcs 

( ,L~(j) 
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Rearrangement of Eq.(3.26) gives the Donnan Potential E : 

(3.2ï) 

which can be written as 

(a l /a l )l/Z, = exp(FE/RT) (3.28) 

Since the DOlman potential is the same for ail ions, the right hand side of Eq. (3.28) 

is a constant. The assumption of ideal solutions gives 

(u,/a
l
)l/Z, = (C)C

1
)1/Z. = constant (:3.:29 ) 

When the polyion IS neutralized by both Na+ and M2+ Ions, Eq. (:3.:29) cali be 

writtell: 

(:3.:30 ) 

The eledroneutrality of the gel phase, when the salt concentration within tlw gel i:, 

IIcgligible compared \Vith the concentration of fixed charges, lIma, implies that 

(:3.:31 ) 

Dcfining f as the fraction of tlH" ionÎc sites on the polyion nelltl'alized by Na+ 

and comblllillg Eqs. (3.:30) and (3.:31) yield 

(:3.:3:3 ) 
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where a = CM2+/(CNa+ )2. The ion swelling pressure, il'3. for C;"lz+ < 10- 1 ~I ill tilt' 

presence of Na+ is then obtained through Eq. (3.9) as 

(:J.:J·I) 

To obtain the osmotic coefficient of the gel phase the concclltrat iOIl of mobile ('o-ioll~ 

in the gel phase must be determined. In the absence of data tlH'~(, COIl('('ntl,ltlUIIS an' 

estimated from Donnan equilibrium (Kitchener, 195ï). For a g(·1 \Vith il. lOllu'ntratioll 

of fixed charges nmQ in an ideal solution of cation 'c' \Vith ct ch,ug<- of 7.( ,llid ,lIliOIl 

'A' with a charge of ZA, Donnan theory gives (Gehrke, ID86) 

For a cationic gel the following result is obtained 

Katchalskyand .Michaeli (19.55) concluded that the cOllcentratioll~ 01 (0 illll.., ill tilt' 

gel calculated from ideal Donnan equilibrium wpre close Lo pxp('rim('lIt.ti \,,1111(,'" whl'Il 

Q ::; 0.1. For a > 0.1 there was an increasing disrrepanc) lH'tw('('1l th('(>1y ,llld 

experiment as the degree of ionization increased. 

, 

j 
'1 



( 

Chapter 4 

KINETICS OF GEL SWELLING 

The sorption of small molecules in polymerie materials is accompanied by swelling and 

other bulk, morphological changes which may result in anomalous phenomena such 

as dual sorption. constant rate or overshoot sorption kinetics, non-mollotonically in

creasing dimensions. swelling stress and cracking. The uptake of penetrant molccules 

(~nhance~ polyrncr chain mohdity resulting in polymer dissolutIOn if the polymer is 

not crosslink('d or swclling if the material is crosslinked. Studi(>s of SOIll(' polymel's 

have shown that cl'osslinking dOf>s not alter the swelling mechallisll1: it afff'cts onl) 

the rat.e of sWf'lIing (lIaye~ and Park. 19.5.5; Chen and Fen y, 19(8) 

The swelling mecharllslll for a polymer-solvent pelll i<; difrel f'nt ctbove and 

below the gl(lS" tran:.ition telllperatule, Tg. Abuve 1'9' (t polylllCI' is haHI eU1d :.till. 

\'(>sisting ùppli('d ~tre:,se:,. Llqllld penetrant transport III glas:,y polymers i::. ct~sOcielled 

with a transition frolll the glassy t.o the rubbery state dlle to the incrcelsed mobility 

of the polymer chains. 

4.1 Penetrant Sorption in Glassy Polymers 

It. is w('11 known that sOl'pt.ion pl'oc('sses fol' POIYIIH'I'-sol\C'Ilt. ::.y"tellls frcquentl) do Ilot 

confol'l1l to tll<' lH'haviol' ('xp('c!.('d from the' c1a~si('al t.bcory of diITmHoll (I\I\/.;. UJGS). 

:\lthollgh I)('nf't\'elllt ,>orptioll by \'1I1>1>f'l'y polymer<o may be descrilH'd by Fiekian tran:,

port. \Vith fi COll( t'lItratioll depf'lIdent diffusion coefficIellt, thi::. description USllétlly i::. 

1101 slI(,Cl'S~flll for glclssy polynwl's. TIl(' ~low reorif'utatioll of polyJllPI \Ilol('cl\l('s cnll 

!t.1! to a WleI!' Vell H't.y of <lll()lllal()lI~ ('ffpets for hot h pl'Illwatloll ellld ~()rptioll exp"\'· 

i\lll'lltS. p<lrticlllùrly \\'1j('11 "I\('h (''<P('I inwnts ale condl\ded Ilf'c\l 01 below the gléL"i> 

t l'ansil iOIl 1l'1IlIW\',lt 11\'('. 

Tht' thl'<'!' h,lSic catt'gOl if'~ of the ~orption phellolllellct III polymers 1l1él.y he de

scrilwt! as follo\\·i>. Fid·dan or Case 1 transport is ch(lract.erized by the single parametc\' 
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D, the diffusion coefficient. Molecular relaxation is pi t ht'r fast('1 t h,1ll di tf" ... ioll (\\,(,11 

ab ove Tg) or so slow that is not observed on the time sCille of t.ht' ('xpt'ri llWlll (\\'t'II 

below Tg). Case II transport is characterized by the slIlglc pdrc\llH't('1 V. tilt' \('ltH il~ 

of the advancing penetrant front (Alfrey et al., 1966). Diffusloll is \'('ry 1.1[>1<1 (Olll

pared to relaxation, with relaxation occurring at .ln observable rclt.('. NOII-Fll'kl,lll or 

anomalous transport is observed when the diffusion and relaxation rclt('~ an' ,ompa

rable. 

Modes of transport are generally distinguisheJ by nUi IIg sOl'pt.ioll d,ILl 0\'('1 

approximately the first half of the sorption curve to the followlIlg ('lIlpirit ,d Pqu,lt iOIl 

(Petropoulos and Roussis, 1969; Enscore and Hopfenlwlg. 1980: Fri::,ch, 19SU, ~ldl,lI. 

1983; Ritger and Peppas, 198i; Gehrke et a!., 1989). 

where 

AI(t) _J'n 
AI(oo) - \t 

1\;/(t) - mass of penetrant at time t 

AI( 00) - mass of penetrant sorhed at eqllilihl iUIIl 

[(, n - parameters 

( 1. 1 ) 

For Fickian diffusion, n=I/2; for anomalous transport, 1/2<11< 1. élnd fOI ('.1"(' " 

transport, n=l. Although this method is widely used il lails to ,IC COli III fol' tilt' 

required dimensional dependence. A more rigorous te~t is pl'oVldt·d hy t ht' luill/Wltl!!, 

relationship (Fujita, 1968: Crallk. 19itj: Davidson alld P('ppa~, J (j~h: (;,,111 kt' ,lIld 

Cussler, 1989). 

( 1.1) 

where 1 is the characteristic sam pie dimensioll. For dirr('Il'llt \ülllt'" of /. tilt' Pdl""I' 

eters J( and n should he invariant for CdS€' 1 clnd Ca~(' II t rall~pOl t. If t.lt<'\ 1'1It1llg('. 

anomalous transport i~ indicatpd even if Il= J or 1 /'2. ~t'<lI tlll' ('Ild of tI ('.''-,(' 1/ t 1 .lll'" 

port process, a rapid II1cred:'p in the pendrcl/1t sorptioll rat(· i~ :,ollw11111P" {JIN'l'v('rI III 
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this situation Case II transport is said to have evolved into super-Case II transport. 

This change is attributed to the expansion forces exerted by the swollen gel on the 

glassy core (Peterlin, 1979). Structural defects can also lead to the superposition of a 

hole-filling adsorption mechanism upon ordinary Fickian diffusion resulting in a two 

stage sorption (Vieth et al., 1976; Pace and Datyner, 1980). In a penetrantjpolymer 

system, if there is an initial increase in the amount sorbed followed by a decrease to a 

steady state value, the phenomenon is called overshoot (Frisch, 1980). The different 

modes of sorption are shown schematically in Fig. 4.1. 

Fickian diffusion can be identified from a plot of the fractional approach to 

cquilihrium, ~!!J), against t l/ 2 / 1 by the following characteristics (Fujita, 1968; Crank, 

197.5). 

(1) - The relationship is lincar in its initial portion: generally u p to 60% of 

equilibrium, depending upon the geometry (higher for the slab, lower 

for the spherc or cylinder). 

(2) - Above the Iinear portion, the curve is concave to the time axis. 

(3) - The curves for diffcrent thicknesses (1) superimpose. 

Criterion (:l) is the most important one, but it is not always tested. If only criteria 

(1) and (2) hold, the transport is considered "Pseudo- Fickian" (Rogers, 19(),); Fujita. 

1968; Crank, Un5). 

N umerous mathematical models have been proposed for Ca~e 1 and Celse II 

sorption (Cra.nk, 1!}5:3; Long and Richman, 1960; Kishimoto and Kitahala, 1967; 

Frisch ct al., 19fi!): Wang ct al.. 1!)69: Astarita and Sarti. 1978; Bercns and Ilopfen

herg, 1978: P('(,lOpolllos amI R\ Issis, 1978: Joshi and r\~t(Uitcl. 197~); llall!>('Il, 1980: 

P<,tprlin. 1980: Skaarup cl\l(1 I1ct\ls('n. 1980, GŒtoli cUld Séll'ti. 1!)8~; Thollla:, and 

Windle, 1982: ('ohen, 19S:1: Peppas and Sinclair, 198:3; ToslIn and Yilrnaz, 198:3: 

Yilmaz <'t al.. 198:3; Pctropoulo!-l, 1984; Lee, 198.5; I\orsmeycl et al., 1986: Sartl et 

al., U)86; Singh ùllll Fan, 1986: Yang et al., 1986; Cohen and Goodhal t, 1987: Cohen 

,md \Vhit,(" 1 !)S~): Suhramalli(ul et ctL 1989). It is beyond the present scope to Icview 

this t'xt('min' lit<'lalllre Revlt:'\"'s an' available hy Rogers (1965), Frisch (l!)SO) and 

LU!-ltillg t't al.( 1989). 
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(a)- Fickian (b)- Pseudo-Fickian 

(c)- $igmoid (d)- Two-stage 

Figure 4.1: Different modes of sorption phenomena in solvent/ 
polymer systems (a-d, Rogers 1965). 
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4.2 Penetrant Sorption in Rubbery Polymers 

The understanding of kinetics of the absorption and desorption of solvent by rubbery 

polymerie materials is of considerable practical importance (Tanaka et aL, 1985; 

Peppas 1987; Thomas and Muniandy, 1987; Tong et al., 1989). The diffusion of 

low molecular weight species in rubbery polymers is normally described by Fick's 

law with a concentration dependent diffusion coefficient (Buckley and Berger, 1962; 

Rogers, 1965; Crank and Park, 1968; Ouda and Vrentas, 1971; Crank, 1975; Vrentas 

et al., 1975; Frisch, 1980; Ju et al., 1981; Ouda et aL, 1982; Vrentas et aL, 1984). In 

traditional Fickian diffusion, the concentration gradient of the penetrant is usually 

assumed to provide the driving force necessary for diffusion; however, it has been 

suggested that it is the chemical potential gradient of the penetrant which provides 

the driving force (Onsager and Fouss, 1932; Hartley, 1946; Hartley and Crank, 1949; 

Park, 1950). Departures from Fickian behavior have also been found (Petropoulos 

and Roussis, 1969; Gehrke and Cussler, 1989). Also it is recognized that polymer 

itself dominates the transport process (Fujita, 1968). Gehrke (1986) demonstrated 

that the soivent penetration is much faster than the volume change due to swelling. 

The rate of gel volume change was determined by a cooperative diffusion coefficient 

which was found to be an order of magnitude less than the tracer (020) diffusion 

coefficient. The gel network cannot move instantaneously; it must move in concert 

with solvent. The difference between the cooperative diffusion coefficient, De, and the 

tracer diffusion coefficient (self-diffusion), Dt. may be due to the influence of different 

modes of polymer relaxation (Gehrke, 1986). For penetration by D20, only local chain 

movement is required which is usually fast relative to solute penetration in polymers 

above the glass transitiùn temperature. In contrast, the long-range rearrangement 

of polymer chains is responsible for gel volume change. This may be indicated by 

the rapid development of opacity relative to volume change in temperature sensitive 

hydrogels. The opacity is caused by the development of heterogeneity in the gel, 

which requires conformational change of polymer chains at a local level (Dusek and 

Sedlâèek, 1969; Sedlâèek and konak, 1982). Non-Fickian behavior may be observed 

if the surface concentration slowly relaxes to an equilibrium value (Frisch, 1980), 

however the surface concentration in rubbery polymers reaches equilibrium on a time 

scale much faster than diffusion. 
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4.2.1 Mathematical Modeling of Gel Swelling 

Buckley and Berger (1962) used a simple Fickian analysis to cakulate diffusion ('()('fIi· 

dents of cyclohexane into but yi gum vulcanizates from swelling data, T,lI\,lk,I, Ilockt'I', 

and Benedek (1973) derived an equation of motion of the gel network whidl \\'d~ .li>' 

plied to the swelling of polyacrylamide gels in water (Tanaka and FilllllOIP, l!);!l) 

and to the temperature-induced swelling and collapse of poly N·i~op\Opyl.\( 1. 1,lIl1id!' 

gels in water (Tanaka et al., 1985). Tanaka and coworkcrs c1aillH'd t.hat 1 lit' ,lpproMh 

taken by Buckley and Berger is invalid because they consider t.he ~ol\'('111 10 dllrll~!' 

into the gel instead of the gel into the solvent, The polymerlsolvent difrll~IOII (OPI'· 

ficient is a characteristic of the polymer solvent pair and shollld not he ,l:-:-O( i"I('d 

with either the polymer or solvent exc\usively, althollgh It IS pt'llllc\l'd\' «>IItI ollt'd b\ 

the polymer (Gehrke, 1986), 

In Tanaka and Fillmore's thcory, the local motion of il. POlVIII"1 111'1 \\'01 J... (J\J('\'" 

a diffusion equation in which the diffusion coefficient, D, is defll\('d hy tl\(' rd 110 III 1 h(' 

elastic modulus, k, to the frictional coefficient, f, betwcen the nt'l.work ftlld Uw n,lit! 
This diffusion coefficient for the process of gel swelling is called t.he collt'cti\'(' ddrll~i\)11 

coefficient of a gel. Gehrke (1986) demonstrated that theM' dilrll~101\ 1 odfi( i,'nl.., 

are not the same by comparisoll of the equation~ by,dllch D I~ ('.t\nddl('d III ('dt Il 

approach, For a spherical gel Tanaka and Fillmore (1 !)j!)) obLlilH'd 

r( 00) - r( t ) 6 00 1 } 
-..:....---:..-~...;", = - L -exp( -nl 7r"Dt/r2

) 
r(oo) - r(O) 7r2 n=l n2 

The corresponding Fickian equation is (Crank, 19ï.5) 

where 

r(t) = gel radius at time t 

r(O) = initial gel radius 

r( 00) = gel radius at equilibriul11 
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Since the leCt-hand sides of Eqs. (4.3) and ( • .4) are different, the diffusion coefficients 

are different. 

Gehrke (1986) studied the kinetics of gel volume change for pH-sensitive hy

drogels based on the well established ion-exchange theories developed by Helfferich 

(1965). The collapse of these gels was almost Fickian at pH 4 whereas the swelling 

phenomenon was anomalous Cor swelling of a collapsE'd gel at pH 9. The theory of 

Tanaka and Fillmore (TF theory), extended to indude the effect of shear modulus, 

0', was used for cylindrieal gels (Peters and Candau, 1986 and 1988). Li and Tanaka 

(1990) pointed out that the TF theory is insufficient for gels with a nonspherical 

shape, and hence the calculations by Peter and Candau (1988) for eylindrical gels 

should be modified. This insufficiency is due to the existence of the shear modulus 

of the network. A new relation, in addition to the differential equation of TF theory, 

was formulated for the swelling of nonspherical gels. These solutions predict that the 

diffusion coefficient oC long cylinder and large disk gels are 1.5 and 3 times smaller 

than that oC a spherical gel, respectively. Yoshio et al. (1986) and Sehosseler et al. 

(1987), using TF theory to analyze experimental results for swelling of ionie gels, 

concluded that the diffusion coefficient increased with increasing Jpgree oC ionization 

of the polymerie ndwork. 

Komori and Sakamoto (1989) presented a theoretical model different from 

TF theory. They coupled the diffusion equation for the excess concentration of the 

penetrant with an expression for the distribution of local strain to drive an expression 

for the incremental radius of a spherical gel. Komori, Takahashi, and Okamoto (1988) 

studied the swelling behavior of sodium acrylate gels. The results were diseussed 

and compared with theory of Komori and Sakamoto. Considerable discrepancy was 

Cound between the theoretical and experimental values, especially in an early period 

of swelling where the rate of solvent uptake was overestimated. As noted earlier, the 

diffusion coefficient in the rubbery polymers is highly concentration dependent. This 

concentration dependence was ignored in these theories. 

41 



1 
4.2.2 A Mode} of Gel Swelling U sing Polymer Material 

Coordinates 

This section describes a general framework for the mathemat ical modeli Il.~ of gl'I 

swelling in planar (slab), cylindrical, and spherical geometries :\ material coord lIIalt' 

transformation is used to recast the moving boundary prohl(,lll flom Elllt>\'I.1Il 1.0 

Lagrangian (material) form. The drivinG force for the swelling of the' polYlllt'ri( 

network is taken to be the chemical potential of tl'è solwnt. il. whlch <Ll'( Ollllt~ fOl 

aH factors contributing to the gel volume change as discusscd III t'haplt>r :3. 

Unsteady diffusion problems are usually formulated In r!l Elllt>rJéUl format. 

An alternative approach, first presented by Hartley and Crank ( 1 !),I!)) fOl slahs. Il'>l''> 

a Lagrangian format employing polymer material coordindtr~,> ha~(>d 011 t.1H' di:-.tribll

tion of polymer in a reference configuration. The studit>s hy Dlldù cllld \'r('lIt.l~ (!lJhX. 

19i1) show that when substantial polymf'r displacelI\(,llt ,H (,Olllpall!('~ "01 pt 11111. t Il!' 

polymer material coordinate (Pl\IC) approach is mOle COrtVCII!('nt 1 h<lll the FIII('i'Idll 

approach. The latter requires application of a boundalY condItion ,t! ,t "Ill l,\( (' whu ... (· 

position varies with time. In the PMe approach. tilt' position of 111t' ..,1I1Irl< (' h (UIl

stant. These coordinates have been applied to specifie probl(,lIh i" .l lilllllt'd IllIlldwl 

of investigations (Ouda and Vrentas. 19ï1; \Vaf(> ,tnd ('olwl1. [4)SO. VcllldlJk t'I ,d . 

1984; Ourning and Tabor. 1986; Lustmg and Peppa~. ! !)~ï) III il ~('r((' ... 01 papt'r .... 

Rajagopal, \Vineman, and coworker~ (1981. 198:3, 1!)~6, I!JKï) 11~('t! .1 (OlllIJill.ltIOIi 

of Eulerian and PMe systems to analyze steady tl'àll~rOl't 1 hlUlIgh ,Ill (,1" ... 1 il ~ultd 

subject to large multidimensional displacemellb 

Previous use of polymer matcrial cool'diIlate~ wa., hlllit('d to Ol1(' c1IIlI<'IlSIOI ,d 

problems in slab geometry. In wha! follows. a general matl\(,lll,tllcal de~cripti(J1l (JI 

the kinetics of gel swelling in a coordinatt> ,»,>tem fix('cI wllh [('''1)('( t tu tll(' 11'1'('11'11('(' 

configuration of the polynwl' i., pr('~!'Ot(>d 1 • 

The gel consists of t\\'o pha:-.('s- tll(' POI)IlH'1 lllcltllX (p) <lllt! tilt' ... uh'·111 h) 

Each phase is incompressible. Dtlllllg O!1t'-dlnWllSIO\l,t! ll\l:-,t('ady P('III'I 1 li 1 iOIl 01 "'01, 

vent into a polymcrie lwtwol'k <lC< ompalllcd by ,>\vt>lli[)~ of 11(1' Ilt'l,\\'OI k. 1 lit' 10111 Illllit\ 

equations for each phase dIt' the followlllg. 

1 \Vlule tills work was III progre~". B.llonh .\Ild Dllrnlllg (1 Ut.''l) prf''''''lItf'd .\ J!;"l\l'ral 1Il.1111l'11I.llw.d 
formulatlOlI for mutudl dIffll1>lOlI III pol) IIwr- p"11I'1 r.1II t ~) <;t "II1~ 1l~11IJ!; poly" I<'r 111.11 "rlal ('f}f Irdlll.t1.· ... 
The approach prescnted III tlll~ thes.~ lIJ\olH'~ I\1l1ell ~llIlplt'r rn.ltIWlllalil ... 
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For the polymerie matrix (p) 

aop 1 â (1 ) (-)r = - -- rUt at rI âr p 
(4.5 ) 

For the solvent (s) 

(4.6) 

whcre i takes the following values 

z = 0 for a slab 

i = 1 for a cylinder 

l = 2 for a sphere 

and r is the Eulerian spatial f'Oordinate, t is the time and OJ and li) are the volume 

fraction and superficial velocity of eaeh phase, respectively. The volume fraction of 

each phase is c nstrained b)' 

( 4.ï) 

The slIP('rficial veloeity of phase j is defined as the volumetrie ftow rate of phase) 

per unit area normal to the flow. i.e. the volumetrie flux Jensity. The velocity of 

phase J is givcn by ILJ/O)' 

The velocity of the' !:>oh-ent. !l,lOi§' is eonsidelcd to be the sum of two cornpo

!lents. The first componcnt is a velocity identical to th,tt of t.he matrix. tLp/Op. The 

second compone nt is a velocity rplative to the matrix. Il/Os: 

-
Os 

(4.8 ) 

01' 

( .1. 9) 

whl'I'{' 1) = (0°. ) is callet! sol\'('nt ratio. These equatiolls ddine tl\(' relative \'elocity, 11. ,-
l'his C[uantity will he cOll!:>id('l'pd subscqut'ntly to be diffllsive. 
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Combinat ion of Eqs. (4.6) and (4.9), ha\'ing used the definit.ion of tilt' solwllt 1'.ltil>. 

d, gives 

(·1.10) 

Differentiation of Eq. (4.10) by parts gives 

ao" ad 1 a 1 iJ a 1 iN d- + 0 - = ---(r u) - --(r Il ) - U -at " at r' ar r' Br " P ar ( 1.11 ) 

The elimination of two terms in Eq. (4.11) using Eq. (·1.5) and divisioll Ily 01' ylt'Id 

ad l f) 1 ur iN 
(-at)r = --;-0 -f) (r U)I - -0 (î)t 

r p r P Ul 
( 1. 1'2) 

In Eq. (4.12) the first term on the right-hand sicle rep((~~ellf!., tllP COll 1 rdHltlulI 01 II()\\ 

relative to the polymer. The lcft-hand sicle of tlll~ ('qu.ll ion togc'III('I' Wlt Il 1 lit' '>C'I lIlld 

term on the right represent the clifferential of Il followillg tlle' lIlotlon of IIIC' [lulyllH'1 

phase. Employing a material coordinate, m. based 011 the dIstribution of tllC' p,)IYIIIC'1 

phase, gi ves 

with m(r, t), defined by the following eqllations: 

and 

iJm 1 

( :.1)1 = r (Jp u,. 

( 1 1.1) 

( 1 Il) 

( Iii) 

A derivation of Eq. (4.1:1) is gi\'en in Appendix :\. Tlw lIlall'lled (,()Ol'dlll,ltC·. \vlli( Il 

is based on the distribution of the polyrner pha~,· . .,all.,fi,· ... tllC' ('0111 illlllty ('qll,ttioll 

for that phase. This is shown by differentiating Eqs. (Ul) alld (1.1,")) with rc· ... (H'rt 
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to t and T, respectively and comparing the results with continuity equation for the 

polymer phase. Combination of Eqs. (4.12)-(4.14) yields the continuity equation for 

the solvent in the material coordinate: 

( 4.16) 

To complete the description a constitutive equation is needed for the relative velocity, 

u. It is postulated that u is described by Fick's law with the chemical potential of 

the solvent, p., as the driving force: 

DT op. 
u=---

RT or ( 4.17) 

The mobility coefficient, DT, is a function of the local thermodynamic variables, d, 

the absolu te temperalure. T, and the total impressed hydrostatic pressure difference, 

6.P, but not the time (Frisch, 1980). 

The chemical potential of a solvent within the gel can be written as 

(4.18) 

where 1T' is the swelling pressure and VI is the rnolar volume of the solvent - as 

discussed in Section 3.2. Combination of Eqs. (4.17) and (4.18) yields 

(4.19) 

In the material coordinate Eq. (4.19) can be written as 

( 4.20) 

where ( l!") = Op, 
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Combinat ion of Eqs. (4.16) and (4.20) gives 

(ai) ) a [ 21 DT \l ( 1 ) 1 ( arr )( iN J 
at m = - am r RT 1 1 + iJ r at) am) 1 

(·I.:!l) 

The material coordinate is calculated by integrating the differt'ntial of 111 (,., t) for thl' 

relevant geometry: 

( I.:!:!) 

as 

where ( and T are the spatial and time integration variables, 1'111.., lIl!.t'gI<lIIOIl IS lJlo~1 

convenjently performed by noting that the flux of polymer is ZNO .lI. ,. = Il Sil\( (' 

up(O,t) = 0, 

( 1 :! 1 ) 

For a slab, m is simply the cumulative volume of the ~olid polyllll'rlc (UIII\lOIl('111 PI'I 

unit area of cross section measured away from plane of ~yllllllt'try, FOI (yllllclrl(.d 

geometry, m is proportional to the cumulative volume of solid pol~:IIl('Il< l!I'tWIII k 

per unit length, measured away from the axi!> of the cylind('l. wit h .. (Ult..,t .1I1t. of 

proportionali ty equal to 21;or' For a sphere, m is propol tlOnal 1 () 1 Il(' t 11111111,111 \ l' \ 01111111' 

of solid polymerie component, measul'f'd away fl'om tlll' ('('nt.t'" of tilt' ..,plll'(f', \\Ilh .t 

constant of proportionctlity ('quai to .'rr' Therpforp, tl\(' ClIlllltl.ttÎ\(' \(J1111l1t' III, 1"0 

related to the material space cooldincltf', J', as follow 

1 m = ( __ )J,I+l 
1 + l 

( I.~?)) 

or 

dm = ,L'Id l' 
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Combination of Eqs. (4.24) and (4.25) gives a relationship between the PMe, :r, and 

the con ven tional laboratory (Eulerian) coordinate, r, as 

(4.2ï) 

lnserting Eq. (4.26) into Eq. (4.21) yields 

( 4.28) 

Equation (.1.28) describes the kinetics of gel swelling in Pl\IC. The initial and bound

ary conditIOns are: 

iJ(x,O) = do 

uiJ 
n-Ix=o = 0 vx 

(for t ~ 0) 

(for t > 0) 

(4.29) 

(4.:30 ) 

where !Jo and ùe are the initial and equilibrium values of solvent ratio, respectively. lt 

is assumed that at the boundary between the swelling gel and the surrounding fluid. 

t hl' t'qu di brJllIll df'grce of sWf'lling. X. IS rcached i mt(tIl tan(,ollsly. The bOIl ndHry of 

tlll' s\\'('lllllg gd in P~l<'. .l',). is calculated from Eq. (iL2ï) as 

wht're 1'0 is the initial half thickncss of the slab and/or the initial radius of the 

cylindrical or sphcrical gel. in laboratory coordinates. 

·1 i 
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For the slab (i = 0) Eq. (4.28) involves only the material coordinate, but for the 

cylinder (i = 1) and sphere (i = 2) the Eulerian coordinate, r, appears. An approxi

mation will he used for i = 1 and 2, so that this equation can be written as follows 

for aIl values of i: 

For a slab D can be written as 

D = _ DTYt (_I_)(a1r) 
RT 1 + 19 ad 

The following approximation is made for cylindrical and spherical geometry 

...L. 
(r / x) -:= (1 + 19) .+ 1 

resulting in following expressions for diffusion coefficient, D: 

For a cylinder 

and for a sphere 

(4.33) 

(" .:J.I ) 

(-t .:J5) 

(4.36) 

To test the validity of this assumption, the relationships between the diffusion (ol'ffi

cients in PMe and Eulerian coordinates are examinecl. For one-dimensiüllal Jiffusioll 

in a Cartesian system, the diffusion coefficient in PMe, D, is related lü that in Eu

lerian coordinate, De! as follows (Hartley and Crank, 1949). 

(4 .:~8) 

Comparison of Eqs. (4.34) and (4.38) gives 
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_ DT Vi ( ~7!.) = 0 D 
RT f)1'J P c 

(4.39 ) 

Substitution of Eq. (4.39) into Eqs. (4.36) and (4.37) yields: 

For a cylinder 

( 4.40) 

and for a sphere 

(.1.41) 

EquatIOn (·1..11) gi\'es the lclation for isotropie swelling in spherical geOIlH'tly which 

lIlat.ches t.he r('sult for the isotropic three-dimensional diffusion in a Cal tebian sys

t.em dl'riVl'd by Crank and Park (1968). In Eq. (4..10). DI Dc sc ales with the first 

power of t.he polymer volume fractIOn, Op, a result intermediatc Iwtw('l'n that fOl 

ollp-diI1l('n!-llonaI .,w('lIing of a slclb [Eq. (4.JS)] and that. for I!-lOtI'OpIC s\\'elling of a 

"'plu_'!(' [Eq (.1. Il )]. Equation (1.10) matches t.he r('sult for two-dillH'nsloIlal .,welling 

of a !-llclh Hl cl ('clrtesian sy"t('m (kl'lvcd by Billovits and DUllling (19S!)) Th(· (',pr('~

!-lions <!{'rJVf'c! aho\'(' bilOW that tl](' dlffllsion coefficient i~ concentration depcnJ!'nt and 

t.hat this dependence is related to the swelllllg pre~surc of the nctwork during volume 

(hang!' dno to the t.hermodynamic diffusion or mobility coeflicient. 
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Chapter 5 

SWELLING BEHAVIOR 

5.1 Introduction 

Interest in the swelling and collapsing of polyacrylamidC' gels was gelwrrl!,,'d hy Talla ka. '. ... 

1978 report of a discrete change III volume \Vith ail itlfinifl>.,llIlrd dl'IIIAI' ill "oh ,'III 

composition. Subsequent studies have consid('red titI' p1WIIOIIH'1I01l r1~ .1 plId~" 1 1 .1 11-

sition (Tanaka, 1981; Ilavsky, 1981 aIld 198:!) :\ ph,t:-(' Ililll~iti()1l (.Ill IH' Illdlll('" 

by changes in solvent composItion (TaIlaka. 1!J81). selil COlllellt.léltlOIl (Ohlllll\(' dll" 

Tanaka, 1982), pH (Katchabky. 19<19; Firestorlf' and Siq!,1'1, 1!J~8). tPlIlllt'!",t!llIl' 

(Hirokawa and Tanaka, 198<1). ('I('ctric field st.n'lIgth (Trlllak,1 d al.. I!JX:!) dlld l'X

ternal deformation (Starodubtsev et al., 1!..1S5). YoslIio et ,d. (I!JXh) hd\'(' Ilo!.,'" 

discontinuous swelling in copolymer gels of a( rylalllidl' ,1IId ,tClylic ,ICld. SlIlItl.lI 1)('

havior was observC(\ for po~itl\ely chrtrg,ed geb upon ,hallg('~ III t.11I' 'OIl'l)(J"llllJll (lI 

a waterjacetone mixture (Kat.ayama and Ohata. 1 !J~,'j; Ilavsk)' ('\ al .. 1 !IK~)) \ dl"

continuity in volume is not limited to polyaclylrunide hycllO!!,(·I.,. S!.) 1'('11(' t!('II\.tlIW:-' 

(Hirokawa et al., 1985) and natmal polyIII('r~ (AmiYrl ,tIld Tall,lkrl, 1 llxÎ) ('\~htlJIft>d 

similar behavior. 

The elastic behaviol (Oppf'rl11éUIIl ,'1 al.. 1!)8,"); (;1'1:,.,11'1' ('t ,LI .. IIJK;-.): lIilOhll. 

1990), the diffusional !H'h,l\ior (Bl'oWI1 alld .John'-'·II. 1!IKI: S,'II"Il. I(l~(,). l'''''d l ,t! 

structure (Hsu ct al. !<J8:J, Il,t\~k)' d rtl.. 1!J81). tlH' ('\IPllt .tilt! ('11'(,,1 1J11t\'dlIJI\", .... 

(Ilavsky et al.. 198-1; ~lélllo et al.. 1 !)~,"») ha \'P \)('('11 clbo ~t IId J('t! fUI l'uh d' I) Id 111111(, !.!,I ,1" 

and their dcrivativl's. S('lf- Sll~trllllCd o!:>ullrttioll!'> of h)dIO.l!,('1I 1011 .... \\,('1(' d"I," t,'d 111 

water-swollen polyelcctrol) te g{'\., WIWll ail ('l('ct ric pot."lItt,,1 wa.., .lpplll'd lOI .1 (('1 t dlll 

period of time and then lemo\'('(1 p'llH'ZaWrt cllld O"',lIla. I!J~ï) It \\d.., dhll l'I1l1ld 

that repl'tit.ivc oscillatioll of ('l('(tlie (,\lIJ'('1l1 0('( lIrn'd ill \\,,11('1-"'\\'1111,'11 (l'J,,..,llllk,'d 

gels made of syntlH'tlC po\y('l('ct!"olyt('~. rtS \\'('ll 0:' ill prot('I1I'" ."Id "llgrll"', jlllI\ld('rl 

,")0 



1 

1 

they had ionized grollps in the maeromoleeular chains (Osada et al.. 1988). 

For the ionie copolymers of acrylamide and its derivatives, the degree of ion

ization and the nature of the medium surrounding these polymerie networks are 

extremely important. Sorne variables whieh affect the behavlOt' of the polyrner are 

the pH of the polymerization reaction (Rajan et al., 1987), the degree of ionization of 

the polymer (8ednar et al., 1985; Kou et al., 1988) and the concentration of the elec

trolytes in the swelling medium (Kowblansky and Zema, 1982). Ali of these variables 

have been shown to affect the network structure of the polyrner (Hil'okawa et aL, 

1984) and the rate of diffusion through these hydrogels (Gehrke and ('ussler. 1989). 

When erosslinked polymer gels eontaining ionizable groups are plaeed in an aqlleous 

solution, the sorption of watC'r can either ionize or deionIze these grollpo.;, depcnding 

on the ~ollltlOll pli and iOnIC composition. As a result gel plOpertics ~uch as hy

clration and equili!H illlll s\\'f'lIing !)t'corne .,cnsitl\·e to the pli. compositlOll c\nd ionic 

~tf('ngth of t!i(' <'xternal sotut ion. The Ionie strength of the ~olutJon d"I)('lllb on both 

tlu' COllcc'ntratloll of mohilf' iOIl'> and their valency. Small C(lI,llltitiC's of dlvalent or 

trivalent tatlOlI'> cali deCï('ct~f' dlc\~llcai1y the swelling of anionit geb cOlltaill111g CaI

boxylic grollp~. Thi~ df'( lea~f' i~ dlle to th!' complexmg ability of carbox) Ictt(, glOlIp~ 

wll1ch 1I1d110''> 11Itramokudal and Illtermol{'('ular complex fOi lllcltlOl1. C'oll'>('C(lwntly, 

the Clo,>~link d('nsity of tl1\' Ilf'!'work IIlcrea:,es rcsulting in redllccd sw('lIing of the gel. 

PolYllwr:- containing cdrboxvlic Mid grollp~ formcd iontc clo:,~liJlk.., when tl('ated III 

MllIf'OliS lIJl'dia wlth ..,alb '>lIth cl" calCïUnt chloride, tOppel bwmide. COppf>1 ~l1lfate 

,md alulllinlllJl acetate (.\Ikock and 1\: ",on. 1989). Alllm111uIll ions \Vele more effi

cipnt nosslinklJlg l'pag;c'nts than t\J(' dlvalent cations while ell2+ wa~ cl Illore ('ffetllve 

crosslillking dgf'nt t han Cd H . TIJ(' ionically crosslink!'d ge'ls were .,table :ll ncutral 

or "trongly ,lcicl!c 1I11'<lla. bill Ihe cro..,.,linking proCf'S~ \\'a~ 1'f'VCI:-'f'r\ III ba~ic cHll1COU:' 

solllt ion~ of ('X('(':-',> llIoIlO\,d<'nt cat IOIl~ Jang et al. (EI89) calclllatcd the polymcl 

sllhpha'>t' \oltlllH' of cllgllll( and ba<.,pc! ou t he' pha~c-p,\l tit IOn model of \Ial'imky et al. 

(I!)~:!) cllld \)onllelll ('ff111hblllllll tlwol'Y. Tlw aqllf'OllS legloll :'llI'lOllIHling, tl\(' (lolymel 

dllt1ll. \\"111'1'(' ,>Ilollg ('\cctlO..,tcttit ,1ItléKtl\t' forc<'., f01 COll1ll,('lion,> ('xist. \\'cl:-' dclilled 

Il:-' '>(,po\l'al(' pol~ IIWI :-'lIbpha:-.t' \\'Ithin t IH' colloidal phcl~!' enclo:-.cd by a pol~ IIICI coil. 

rh<' Il'cl IIcl IOll of polyl1wl ~ 11 bphll..,(' \'OIIlIlH' III the pre'>f'IICC of (opp<'r W,I:-. a:-,clI bed to 

inl rallw!t-clIIIlr ,llld 1111 ('1'I1l01('CIII,lr (lo..,:-.lillk1l1g of the polyll1cr ('h,lill'" by c1Ipric iOIl. 

III t 111:-' ch.tplC'1 t IJ(' l'qllilibriuIll :-'\'\"clling data. tlH' cyclic ,>wdling/collaps(' data 
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and dynamic swelling data for polyacrylamide gels and their derivatives are presented. 

The modified Flory theory, presented in Chapter 3, is tested against the experimen

tal results for the effect of salts on the equilibrium swelling of anionic and cationic 

copolymer gels of acrylamide. The dynamic swelling results are analyzed in light of 

• the principles of penetrant sorption in polymers presented in the prcvious chapter. 

The theoretical model for the kinetics of gel swelling, developed in Chapter -', is 

compared with dynamic sweUing data for acrylamide and for N-isopropylacrylamide 

hydrogels. 

5.2 Equilibrium Swelling 

5.2.1 pH Effect 

Figure 5.1 shows the swelling behavior of an anionic copolymer gel of acrylamide 

and sodium acrylate (5.3% T, 2.8% C, 10.0%1), crosslinked with ethylene diacrylatl', 

as the pH was varied by addition of either NaOH or HN03 • This gd sWf'llf'd 10 cl. 

maximum of 170 times its original mass at preparation, Mo, (about 3200 times ils dry 

mass, Md) at pH 10. Further increasps of pH resulted in disintegration of the nctwork. 

When the pH of the external solutiC'n was lowered to about one, the polym('r wa.~ 

precipitated out of the solution, but it did not regain its original structure when tlw 

pH was raised. In spi te of its high swelling ratio, this gel is not suitable for rcpc,ül'c! 

use as a sorbent because it is too fragile. 

Figure 5.2 shows the swelling behavior of cationic and anionic copolylll('r g('l., 

of acrylamide as the pH was varied by addition of either NaOH or HNOJ . It "hould 

be noted that the mass of polymer in the gel at preparation was about .j% of Mo. 

therefore the mass of water absorbed per unit mass of dry polyrner was approxinl<ltf'ly 

20 times larger than the swelling ratio, M / Mo. The solution pli has a profolllld etf(·ct 

on the balance of forces that determines swelling equilibrium of gels which contain 

weakly acidic or basic groups (Grignon and Scallan, 1980; Ishihara ct al., 198,1). The 

swelling ratio of the anionic gel prepared with sodium acrylate increased wlth incr('(l.s

ing pH of the external solution up to a maximum at pH about 9 w~l('re lonizatlOn of 

the charged network was complete. The increase in mobile counterion ronlf'llt within 

the gel that accompanied gel ionization sharply increased the gel swelling pressure 

relative to the solution. This induced the observed increase of gel volume. 
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Figure 5.1: Swelling ratio of copolymer gel of acrylamide and 
sodium acrylate as a function of pH. 
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Further increase of pH increased the osmotic pressure of the externat solution, hence 

decreasing the ion sweIling pressure and reducing the degree of swelling [see Eq. (3.9)]. 

The anionic copolymer gels of acrylamide and 2-acrylarnido-2-methyl-1-propanesulfonic 

acid (R-SOj" H+), a strong acid monomer, exhibited a large and constant swelling 

ratio for pHs betwœn 3.5 and 10, but gel with less crosslinking agent (6.1 %T, 2.2%C, 

10.0%1) was very fragile. The swelliug ratio of these ionic gels, which are completely 

ionized, decreased at either low or high pH values due primarily to increased os

motie pressure of the external solution. The swelling ratio for the copolymer gel of 

acrylamide, sodium acrylate and R-SOj' H+, with equal mole % of each ionizable 

monomer, was intermediate between the ratios for gels containing only one type of 

anionic monomer for pH values between 3 and 6. The cationic copolymer gel of acry

lamide and 3-(methacrylamido)propyltrimethylammonium chloride (6.2%T, 2.2%C, 

10.0%1) exhibited swelling behavior similar to that of highly acidic copolymer gels 

up to pH 8, but its swelling ratio decreased at pH > 8 and it was not reversible. 

Irreversible sweUing was also observed for cationic polyvinylamine gels for pH values 

bctween 3 and 10 (Kobayashi et aL, 1989). The swelling behavior of cationic gels 

suggests that a gel containing a weakly basic ionizable group might be suitable for 

gel extraction beeause most fermentations are carried out at pH :$ 7. However, ex

traction experiments presented in the following chapter, indicated such gels did not 

exhibit desirable exclusion behavior. 

Figure 5.3 shows the' al iation of the swelling ratio with pH for copolymer 

gels of acrylamide and sodium acrylate, with difFerent monomer concentrations at 

gel preparation. The monomer COt,centration had a dramatie effect on the swelling 

bchavior of these hydrogels. The gel with the lowest monomer concentration (2.7%T), 

had the highest swelling ratio. The dependence of the physical properties of the 

crosslinked polymers on the concentration at which the network was formed was 

noted by a number of researchers (Flory, 1979; Ross-Murphy and McEvoy, 1986). 

I1avsky and Hrouz (1983) rcported that the efficiency of the crosslinking reaction 

increascd with increasing monomer concentration at network formation. Vasilievet 

al. (1985) reported that more chemical and physical bonds were formed at higher 

concentrations. 
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Figure 5.3: Swelling ratio of copolymer gels of acrylamide and 
sodium acrylate, with different monomer concentrations, as a 
function of pH. 
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( 5.2.2 Salt Effect 

Anionic Gel 

Figure 5.4 shows the swelling of the anionic gel at equilibrium in aqueous solutions 

containing a single salt. Ail salts depressed the degree of swelling if the concentra

tions were sufficiently high, but sorne were more effective than others. The mono

valent sodium, potassium and silver ions had the same influence on the gel at the 

same molarity. The effect of bivalent calcium and cobalt was more pronounced than 

that of the monovalent cations. The trivalent lanthanum ion had the largest effect 

on the swelling of the anionic gel. Since sorne ions form complexes with charged 

macromolecules containing carboxylate groups, su ch ions are expected to have larger 

effects on swelling than noncornplcxing ions of the same charge. Cupric ions de

creased swelling more than other bivalent ions-see Fig. 5.4 and Rièka and Tanaka 

(1985). Early work with thls gel demonstrated that it formed a strong complex with 

euH but not with NiH , CoH or ZnH (\Vall and GIll, 19.54). This anomaly is not 

a problern for biological application because copper is toxie to microorganisms and 

thus it is not a cornponcnt of fermentation broths. Silver ions are capable of complex 

formation with sorne negatively charged macromolecules (Katchalsky et al., 1961). 

but no diffcrcnce was ohserved between Ag+ and other monovalent cations. 

""::ationic Gel 

Figure 5.5 shows the swelling hehavior of the cationic gel in the presence of various 

salts. Nitrate and chloride ions were introduced with either monovalent sodium or 

bivalent calcium ions. Ali nitrates and chlorides gave the same swelling ratio at the 

same anion concentrations. At pH 5 i, for the concentration of sodium sulfate used 

here, the major anionic species in solution was SO~-. This bivalent ion had a much 

stronger effect on the swelling of the gel than monovalent ions-as noted for the anionic 

gel. This WctS also demonstrated by the studies with mixtures of Na2S04 and NaN03 

for which the swelling wC\.'! intermediate between the monovalent and bivalent data. 

The theoretical curves in Fig. 5.5 are discussed subsequently. 

ln a typlcal fermentation medium phosphate is the most concentrated anion. 

At pH ï the major ions are HPO~- and H2PO.j'. The balance between the monovalent 

and bivalent ions is changed by pH. Figure 5.6 shows the swelling behavior for pH 
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values between 4 and 8 for sodium phosphate concentrations of 10-3 and 10-4 M and 

for three other salts. In Fig. 5.2 the swelling ratio of the cationic gel without salt is 

constant at a value of 20 between pH 4 and pH 7.5. When NaCI, NaN03 or Na2S04 

is added, Fig. 5.6 shows that pH has little effect on swelling. For phosphate, the 

swdling ratio decreases as the pH increases because the phosphate equilibrium shifts 

from IhPOi to HPO~-. 

5.2.3 Comparison of Theory and Experiment 

80th anionic and cationic gels contained 10 mole % ionizable monomer and the 

carboxyiic groups of the anionic gel are assumed to be completely ionized at pH 7. 

i.e., 0' = 0.1. The molarity of monomeric units in the polymerie network, nm , IS 

related to the concentration of monomers at gel formation, n~, by 

(.5.1 ) 

where n~=0.712 M. 

Determination of Parameters 

The molanty of salt in the gel phase, n~, is related to the co-ion concentration in the 

g('l whlch can be obtained from Eqs. (3.35) and (3.36). For a mono-monovalent salt 

11. is equal to the co-ion concentration, whereas for bi-monovalent salts (anionic gel) 

or mono--bi\alent salts (cationic gel) n" is one-half of the co-ion concentration. 

The osmotic coefficients, <p and 4>~, were obtained from experimental results 

for NaN03 (Hamer and Wu, 1972), CaCl2 (Staples and Nuttal, 1977), and Na2S04 

(Goldberg, 1981). The osmotic coefficient, ,pT" of Na-polyacrylate solution changed 

from 0.55 to 0.65 at a= 0.1 as nm was varied from 0.01 to 0.25 (Kern, 1939). For 

0.5 S; .r ::; 8 the osmotic coefficient of the gel phase, ~, was obtained from the 

experimcntal results of Alexandrowicz (1960). In the absence of data, the osmotic 

coefficient of Ca-polyacrylate solution was assumed mitially to be half of that for 

Na-polyacrylate solution. However, use of this value underestimated the swelling of 

the gel. partlcularly at c::; 10-3 M, as discussed below. The osmotic r.oefficient, ,pp, 
of a positively charged polyelectrolyte solution (cationic gel) was assumed to be equal 
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to that of a negatively charged polyelectrolyte solution (anionic gel). The values of 

osmotic coefficients are given in Tables 5.1-5.4. 

Table 5.1: Osmotic coefficients for swelling of anionic gel in NaN03 solution. 

Ci, (M) X nmCl n. cP cPP 4>, cft 

10-7 27 2.6x 10-3 3.8x 10-12 1.00 0.550 1.00 0.550 
10-6 27 2.6x10-3 3.8x 10-10 1.00 0.550 1.00 0.550 
10-5 27 2.6xlO-3 3.8xlO-s 1.00 0.550 1.00 0.5.50 
10-4 26 2.7xlO-3 3.7xlO-6 0.998 0.550 1.00 0.550 
10-3 18 4.0x 10-3 2.4xlO- 4 0.988 0.600 0.998 0.650 
10-2 6.6 1.1 x 10-2 6.3x 10-3 0.967 0.630 0.97() 1 0.821 
10-1 2.6 2.7xlO-2 8.7x 10- 2 0.921 0.6.50 0.928 i 0.891 

Table 5.2: Osmotic coefficients for swelling of anionic gel ln CaCI,! solution. 

C,,(M) X nmCl n, cP tPp tP, cft 

10-7 13 5.5x 10-3 6.0x 10-10 1.00 OA·lO 1.00 O. HO 
10-6 13 5.7x10-3 1.9xlO-8 0.990 OA·lQ 1 00 O.I·tO 
10-5 13 5.7xlO-3 5.9x 10- 1 0.980 0.·1·10 1.00 O.·I·tO 
10-4 11 6.8x 10-3 1.7x 10-5 0.970 0.·140 0.980 0.150 
10-3 5.0 1.4x 10-2 3.7x10-4 0.960 OHO 0.970 o .il!) 
10-2 2.1 3.4x 10-2 6.5x 10 -3 0907 OAlO 0.920 O.G!):! 
10-1 1.6 4.5x 10-2 9.3x 10- 2 0.850 O..l·lO 0.852 0.76·1 
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( Table 5.3: Osmotic coefficients for swelling of eationie gel in NaN03 solution. 

G.,(M) X nmo n, tP tPP tPlI lit 

10-1 20 3.6x 10-3 2.8x 10-12 1.00 0.550 1.00 0.550 
10-6 20 3.6x 10-3 2.8x1O-1O 1.00 0.550 1.00 0.550 
10-5 20 3.6x 10-3 2.9xlO-8 1.00 0.550 1.00 0.550 
10-4 19 3.8x 10-3 2.7x1O-6 0.998 0.570 1.00 0.600 
10-3 14 ~.1 X 10-3 1.9xlO-4 0.988 0.610 0.998 0.637 
10-2 5.2 1.4 x 10-2 5.3xlO-3 0.967 0.630 0.975 0.823 
10-1 1.9 3.8x 10-2 8.3x 10-2 0.921 0.650 0.928 0.877 

Table 5.4: Osmotic coefficients for swelling of eationic gel in Na2S04 solution. 

G.,(M) X nmo n ll cP tPP <Pli ~ 

10-7 11 6.5x 10-3 5.6x 10-10 1.00 0.440 1.00 0.440 
10-6 11 6.6x 10-3 1.7x 10-8 0.990 0.440 1.00 0.440 
10-5 11 6.6x 10-3 5.5x 10- 1 0.980 0.440 1.00 0.440 
10-4 9.2 ï.7xlO-3 1.6x 10- 5 0.970 0.440 0.980 0.447 
10-3 5.0 1.4 X 10-2 3.7xl0- 4 0.960 0.440 0.970 0.515 
10-2 2.1 3.4 x 10-2 6.5x 10-3 0.896 0.440 0.910 0.693 
10-1 1.5 4.8x 10-2 9.3x 10- 2 0.786 0.440 0.792 0.762 

TIl(' concentration of constituent chains, 110 is related to the concentration of con

stituent chains pt'r unit volume in the dry state, IIJ, by 

(5.2) 

whcre Vo is the polymer volume fraction at gel formation; here Vo = 0.048. A value 

of IId = ï X 10-5 mole/cm3 was used based on previous work on ionie copolymer gels 

of acrylamide (Ilavsky and Hrouz , 1982). 

The number of statistical segments per chain, n, which is a function of fixed 

charge den~ity, quality of the solvent, added salt, temperature, etc., was used as a 

63 



1 
free parame ter to fit the experimental data. The !)f'sl \'alu('!-I nt 1/ al(' '\PllIO\II11,I!t'd 

by 

n = -tO(X )-1/3 (an ioni(' gel) l,j .1) 

and 

n = 2-1(X)-1/3 (cationit g('I) 

These expressions were obtained \Ising only swelling dat a fol' llIoI\OVal('llt ( UIlIIll'IIIlI\" 

They were then used for bivalent counterions 

Theoretical Predictions 

The theoretical predlction~ for 1111' :-.w('lling of tilt' étnÎollH ~(·I III 11101111 IlllIlllI\'''('1I1 

()J"aN03 ) and bi-mono\'alpnt (CaCI,?) salt solutiOll!-l dl'(' COlllj>dl"d III (·'Pt·IIIII'·lIt.ti 

data in Fig .. ),; Thi~ figurt· also incllld(·~ the th('ol't'tic<ll pn'dll'tloll" fUI 1111' 1I1ull() 

monovalent ,>alt in the idt'al case (1> = r) = 1) dnd for tilt' Cd"(' wl)('11' tll!' Ilull 

Gaussian (hstribution of challl t''\tpllsion 1., lH'gl('rtC'd. I.p, Il = X FOI 11If.!,h "",,·IIII1!.', 

ratio the contribution to ,>",clling pr(',>sllfc dup to mixIIlg nI' p()l~ IIH'I' wlt" "'1J1\"IlI, 

hl. is negliglble. {Ising /1 glvpn by Eq. (;j,:n. the Ih('owtJl',d I)JI·dl< tlOIl" d!!,II'I' \\'1'" 

\Vith expcriment fol'" 11l01!0-nlOllo\'alellt s,dt.." If Ill<' nUIi (;(111""1.111 1c'1111 1" IIt·!!I", Il'.1 

the prediction!:> al(' very pOOl' al 10\\1 COllrcntratlOll!-l ((', < I()- \ ~I) If tilt' lI""llul Il 

coefficients are ds:,un1C'd to bt> ullIty. the sw('lIing ratio i., ,11'>0 h<ldl~ (j\I'1 p/l'd/lll·d 

In Fig. .5.; thr('(' set:, of expPl'IllH'/l1 al dat" <Ii(' P'(· ... ,·flftod fOI (',t< '1 2 11)1 

the open circle~ and fil hl triangles t h(· pli \V,lS adjll~lt'd \\'11 II \,,,011. 111'111 l' t Ij(',,>" 

systems containcd ..,ll1all COllcentratlOIl!-l of 1lI0110Vd!t'fll <1:' 11'/·11 "" Inl,t1"fll 1 .IIIIJfI'" 

Air was excluded from tilt' \"(....,s(·I~ for tl)(' fOl'lllel' ~y!-lI(·!II. hlll flut lUI 1 Ill' I.lfl/·I (JII/' 

durlllg pH adjll~,tIllent. TIlt' fill('d clI'd(·.., J('plt':-.t·llt 1'''P''IIIIII'III" III Il 111/" d "'III!!,I. 

bivalf'nt ion. ('aH. Wil!-l PI(".,t'ilt. '!'o obtaill tl]('~(' dalcl di.liF(·" f.!,1·I/hllll( Il''' (\\'111,11 

were f01'llwd [rO/ll ..,odil/Ill <lcrylclle) \\'ere fil',>t ('quilihl'i1f1od Il'11 il 10- 1 \1 ('d( '1 2 ",)11I111J11 

to replace the l'eSldllal ,>odiIl1l1. l'Il<' pdl'tid('" \\'('1'(' 1111'11 !-I\\'oll"11 III 10-' tt) 111- 7 \1 

CaCI:.? solutions whilf' tilt' pH wa~ ddju!'>ll'd \l'il Il ('a(OI 1)2 
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Figure 5.7: Comparison of the theory with experimental results for 
swelling of anionic gel in salt solutions. 
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When the pH was adjusted with NaOH and air was excluded from the vessels, about 

3 x 10-6 M NaOH was required to bring the pH to 7. Figure 5.7 shows that. .ü 

concentrations of CaCh below 10-6 M the swelling ratio increased above the valut' 

for the system containing only Ca2+. In the system containing Na+ and Ca2t tht' 

swelling ratio approached the value for monovalent counterions as the Ca2+ COI1<'('I\

tration decreased. This behavior was predicted by the theory as shown il\ Fig. 5.ï. 

When the pH was adjusted with NaOH without air exclusion, highcr amounts of 

monovalent cations were present in the system and swelling of the gel approached its 

behavior in the presence of monovalent counterions at concentrations of CaCl l bdow 

10-5 M. Similar behavior in mixed mono- and bivalent systems was exhibitC'd by 

polymethacrylic acid gels (Katchalsky and Zwick, 1955), by copolymer gels of arrylic 

acid (Riëka and Tanaka, 1984), and by the cationic gel in Fig. 5.5. If air wcn' not. 

carefully excluded, additional NaOH was required to maintain the pH. At concentra

tions below 10-4 M CaCh any swelling ratio between the pure Ca2+ and Nct+ -valu('!> 

cou Id then be obtained depending upon the experimental procedurc. TIl<' dat,l for 

the system containing only Ca2+ were well represented by the theory with 11 l'rom 

Eq. (5.3) and <Pp = 0.44-see Fig. 5.7. The latter value was somewhat larger than 1 h(' 

expected value of 0.33, which is one-half of the value for Na-polyacrylate solution:-. 

In the mixed cation system the gel polyion was neutralized by a mixture' of 

monovalent and bivalent cations. The swelling behavior was investigatt'd hy notllll!, 

that the concentration of NaDH in the external solution was approximatf'ly :Jx ]()-h 

M. The equivalent fraction of :"Ia+ for the gel phase, obtained through Eq. (:U:n 

for various CaCl2 solutions is shown in Table .5 . .5. For CaCl 2 concentrations of JO_
c

, 

M and above, there is too little sodium present inside the g<'l to affect swclIlIlg AI 

lower concentrations, where the equivalent fraction increases, the osmotic c()('ffi(,)(,l1t 

~ was used as a free parameter to match the data using Eq. (3.34) and the Uwory 

described earlier. The results are shown in Table 5.5. The osmotic cOt'fficient, $, for 

the mixture of monovalent and bivalent counterions is higher than that for bivalc'l1t 

ones. These results are consistent with theoretical expectations as discl1s~('d t'arli('r 

Figure 5.5 also shows the comparison of the theoretical predictions with ('xper

imental data for swelling of the cationic gel in salt solutions. Thcre is good agrf'clIH'lIt 

between theory and experiment for the effect of mono- and bivalent anions 011 the 

swelling of the cationic gel. The osmotic coefficient of bivalent countenollS, <Pp, l'quai 
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( Table 5.5: Equivalent fraction of Na+ in gel phase, l, and osmotic coefficient, ~, of 
the anionic gel 

10-7 

10-6 

10-5 

x 

16.8 
13.0 
12.5 

to 0.44 was used to fit the experimental results. 

5.3 Collapse of Hydrogels 

1 

0.10 
0.03 
0.01 

0.55 
0.44 
0.44 

The success of the proposed separation process is heavily dependent on the regener

ation step because there must be a large volume change from the collapsed (regener

ated) state to the swollen state. After regeneration the gel may be much larger than 

it was at preparation. As a result, a single sweUing experiment after preparation is 

insufficient to charact(~rize a gel for use in a separation process. Cyclic experiments 

in which swelling follollVs regeneration are required. 

Ilavsky ct al. (198.5) reported that a copolymer gel of N,N-diethylacrylamide 

and sodium methacrylate underwent a sharp phase transition at 47.5°C, with a vol

ume change of approxirnatcly 130 - fold. However in preliminary experiments with 

this gel no sharp phase transitipn was found even at 50°C - see Fig. 5.8. Frei tas 

and Cussler (1987) also .reported that discontinuous phase transition did not occur 

for this gel. 

Hirokawa and Tanaka (1984) found that nonionic N-isopropylacrylamide 

(NIPA) gel underwent a discontinuous phase transition upon changing solvent com

position or tf'mperature with a phase transition temperature of approximately 33°C. 

Linear poly(N,N-dicthylacr)'lamide) and linear poly(N-isopropylacrylamide), readily 

soluble in water at low tempt>rature, precipitate at 29 - 30°C and 31°C, respectively 

(Heskins and Guillet, 1968; Ulbrich and Kopeëek, 1979). Priest et al. (1986) showed 
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that copolymerization oC NIPA with acrylamide or other N - substituted acrylamidc 

altered its lower critical solution temperature (LeST), the temperature above which 

the polymer precipitates. The poly NIPA gel behaved in an analogous way with 

shrinking as the gel-equivalent of the precipitation of the uncrosslinked polymer. 

Plestil et al. (1987) and Fujishige et al. (1989) reported that in this type of phase 

transition phenomena, especially in the vicinity of the phase transition temperature, 

an abrupt conformational change oceurs from a state of well-solvated random coils 

below the LeST to a state of tightly packed globular chains above the LeST. In 

subsequent works with NIPA gels discontinuous phase transition (Amiya et al., 1987; 

Freitas, 1986; Hirotsu, 1987; Matsuo and Tanaka, 1988) and sharp but continuous 

phase transition (Hirotsu, 1985; Birotsu et aL, 1987; Hirose et al., 1987; Cehrke et 

al., 1989) around 34°e were observed. 

Hirotsu (1985) ~tudied the etrect of an electric field on the phase transition of 

copolymer gels of NIPA and acrylic acid. He observed a discontinuous phase transi

tion of ionized NIPA gels which contained up to 7% ionizable monomer. The phase' 

transition temperature decreased with increasing electric field strength. In rnost suh

sequent studies on ionic copolymers of NIPA gel discontinuous phase transitions werc' 

observed. But Hirose et al. (1987) reported that submicron gels underw('nt a fairly 

sharp, but continuous volume phase transition in water in response t.o temperatur(' 

changes. They hypothesized that each gel bead had a volume diseontinulty dt a 

slightly ditrerent temperature which resulted from ! ~e variation of Ionie group <1('11-

sity, crosslinkage, size and shape Crom bead to bead. Amiya et al. (1987) f('portC'd 

that at 42°e ionized NIPA gels containillg more than 4.7% sodium acrylate W('f(' ~till 

s woll en , but gels with fewer ionizable groups were collapsed. Hirobll et al. (19~i) 

Cound that the transition temperature of ionic NIPA gels increased as tht' iomc COII

centration was increased, but aIl volumes were essentially the same in the shrunkell 

state. The ionic gel having 10% ionizable monomer underwent a diseontinuous vol

ume change around 42°e but the gel having the highest ionic wncentratlon (18.8%1) 

did not shrink up to 800 e due to the high ionic swelling pressure. On the' otll('r 

hand, a discontinuous volume phase transition was observed arollud 60°C for <;ph(·r

ical ionized NIPA gels, prepared by inverse suspension polymerization, rontaining 

18.8% sodium acrylate (Matsuo and Tanaka, 1988). This literature rcview tndicatc~ 

sorne discrepancies about the phase transition behavior of ionic NIPA gels. These 
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diserepancies arc probably associated with the pH of the external solution which was 

not rcported in most studies. 

5.3.1 Equilibrium Collapse of Temperature Sensitive 
Hydrogels 

Figure .5.8 shows the effcct of temperature or the swelling behavior of a eopolymer 

gel of N,N-dicthylacrylamide and sodium methacrylate (6.7%1) in distilled water at 

pH 7. The swclling ratio, Al/Afa, continuously decreased as temperature inereased. 

The swelling bchavior as a function of temperature of ionizcd NIPA gels in 

distillC'd water and sodium ehloride solutions (pH =7) is shown in Fig. 5.9. Ionie gels 

which contained more than 5.0% ionizable monomer did not collapse even at 50oe. 

These rcsults arc in agreement with Amiya et al. (1987). Nonionic gels collapsed by 

a factor of ten from 23 to 35°e whieh agrced with Freitas' result (1986). 

Table 5.6 shows equilibrium swelling results for ionized NIPA gels in 10-3 M 

calciulll nitrate solution at 23°C (±2°C) and pH 7. The swelling ratios were about 

the samc for ionic gels which contained 10 0% ionizable monomer, but copolymer gels 

of 'mdiulJ1 acrylate exhlbitcd a larger volume change from thcir collapsed state than 

copolymcr gels of 2-acrylamido-2-methyl-l-propanesulfonic aeid (R-SOa 11+). 

Table 5.6: Equilibrium swdling of ionized NIPA gels in 10-3 1\1 Ca(N03 h solution 
at pH i·. 

Swelling NIPA + R-SOa H+ NIPA + Na-acrylate 
Ratio (10.0%1) (10.0%1) (15.0%1) 

M/Mo 4.3 4.1 5.3 
AI/Mr 25 32 34 
Al/Md 50 52 67 

.. Mr = regenerated masSj Afd = dry mass of polymer 

The extcnt of volume change from the collapsed state was almost the same for eopoly

mer gels of NIPA and sodium acrylate because of the higher shrunken volume of the 

g<,l with 15.0% ionizable monomer. 
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5.3.2 Cyclic Swelling/Collapse of Hydrogels 

It is convenient to present the experimental results so that the amount of gel reqUlrf'd 

for the sorption of a specifie volume of water can be determined, th us the ratio of 

swollen mass, Mil, to the regenerated mass, AIr' is appropriate. On tl)(' otl\('r hand tht' 

sorption capacity of a polymerie network can be determined by the rc:Ltio of the 1I\a..~s 

of imbibed solvent, M, - AIr, to the dry mass of polymer, Md. Havlllg thl8 paral1wkr, 

one can obtain the dry mass of monomers at gel formation which is requm'd for the 

sorption of a specifie amount of solvent. The relationship between tLesf' qualltitlt's 

and the sweUing ratio after swelling, M.I Mo, and after regeneration, J\!~I:\I .. IS 

(.i !») 

It should be noted that in cyclic experiment.s gel partlcle>, swollen to f'«llilibl IlIII\ 

at pH 5.7 after gel preparation, were collapsed in different regt'llf'ratlOll lIH'dlil. f(J1 ,t 

certain period of time (6 hr for copolymer gels of acrylamide and l hr for :-';11':\ gl'I~) 

and \hen returned to the swelling media where swelling occurred for l hr Swollt'(1 gl'I 

particles were collapsed in a regeneration step followed by a swellll1g "t,t'p III (wxt C y (II'. 

If swelling and regeneration were for long time, then M~ and AIr were at ('(l'lIldmlllll, 

otherwise these quantities were dependent on the swelling and regt'n('ratloll tim(' TIl<' 

time required to achieve any given AI~ and }';lr depends upon the gel part)( 1(' "ize and 

the swelling medium. Times are shorter for smaller particles Tablt',). 7 shows d,L1,l 

for the cyclic swelling of copolymer gels of acrylamide and SOdllllll acryl<ttl' (.1 :~(Ït,T, 

2.5%C, 10.0%1) in distilled water (DW) at pH 5.7 and ln 10- 1 M C'ct(:-:0d2 ..,Ullltloll 

at pH 7 aCter regeneration in different media. Regeneration was a( cOll1pli~hed wil h ,l 

combination of pH and salt effects using NaCl soiutions and swelllllg tlllH' W,I..'> 1 III 

This gel did not exhibit a large volume change when it was brought ln contact with 

solutions containing 10-3 M bivalent cations, a typical concentration of ferlllt'lltatlOlI 

broth. 

Table 5.8 shows data for the cyclic swelling of copolymer geb of ~IPA dllel 

sodium acrylate after regeneration (collapse) in ddferent medIa. The ~()rptloll lélp,H· 

ity per unit dry weight of ionized NIPA gel decreased sorncwhat with ('Itlwr iIlLf(~(L."'lIIg 

ternperature above 35°C or salt concentration above 1 M NaCI III regencration. This 
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Table 5.7: Cyclic swelling of copolymer gel of acrylamide and sodium acrylate: 

Regeneration dj/d! Swelling in DW Swelling in 10-3 M 
medium at pH 5.7 Ca(N03 h at pH 7 

M M 
~ 

M. NI. ~ M .. M 

2 M NaCI, pH=5.7 1.25 366 10.8 
2 M NaCI, pll=6.4 1.26 373 11.1 
2 M NaCI, pH=8.7 1.28 448 12.5 70.4 2.80 
2 ~ NaCI, pIl=2.0 1.05 186 9.40 49.3 3.80 

DW, pH=2 1.09 66.2 3.72 

.~ - t - t -Md - 18.9 dr - collapsed gel dlameter do- gel dlameter at preparatlon(O 24cm) 

is relatcd to the larger shrunken volume of the gel at these conditions. It is possible 

that a thick layer of dense, collapsed polymer network which IS nearly impermeable 

to watf'r formcd at the surface of the particles. This barrier temporarily prcvented 

the gel from further shrinking. High salt concentration or temperature ma)' lesult in 

a tlllcker layer of dense polymer. The process of shrinking of temperature sen1>itive 

hydrogds is more complicated than that of sWf"lling. Bulges formed on the surface of 

the gd during shrinking in a manner similar to that reported by Matsuo and Tanaka 

(1988) This will be dlscussed in Section 5.4. 

Table ,5.8: Cyclic swelling of copolymer gels of NIPA and sodium acrylate in 10-3 M 
Ca( N03 h at 23°C (±2°C) and pH 7, after rcgeneration in different media-. 

Rf'g('nerat ion (5.0%1) 

medium d!/d! M,-M. ~ 
M .u. 

1 M NaCI, T=35°C 0.58 25 14 
1 M NaCI, T=40°C -- - -

2 M NaCI, T=35°C 0.71 23 6.4 
2 M NaCI, T=40°C 0.82 21 4.7 

... 
·SwelllOg tlI:1e = 1 hr; RegeneratIon tlme = 1 hr; ~ = 13 

t dr= collapsed gel diarneter 

fdo = gel diameter at preparation (0.24cm) 
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(10.0%1) 

dr/do MI-M~ Ma. 
M M. 

0.63 42 15 
0.79 36 7.8 
- - -

0.84 33 6.3 



Table 5.9: Cyclic swelling of copolymer gels of NIPA and R-S03" H+ (5.0% 1) in 10-3 

M Ca(N03h at 23°C (±2°C) and pH 7, aCter regeneration in diffcrcllt Illcdia-. 

Regeneration ( 1.6%C) 

medium dr/do M.-MI: Ma. 
M .. .\f~ 

1 M NaCI, T=35°C 0.67 28 15 
2 M NaCl, T=35°C 0.77 24 9.0 
2 M NaCI, T=40°C 0.79 24 7.8 

Tf' 

·Swelling tIme = 1 hr; RegeneratIOn tIme = 1 hr; ~ = 12 

t dr = collapsed gel diameter 

tdo= gel diamet('r at preparation (O.24cm) 

(2..1%(') 

d!/d! M.-Mr .ll. 
M .\1 

0.6ï 2·' 11 
-- - -

- - -

Table 5.9 shows cyclic swelling of the io~ic copolymer gels of NIPA ,1lHI H SO~ 11+, 

collapsed in different media. Swelling occurred at 23°C (±2°C) in 1O-} :\1 cakllllll 

nitrate solution of pH 7. rr\..~ gel containing the lower arnollllt of cro~~lillklll!!, ,lg('lIt 

exhibited larger swelling. Sorption cdpac;ty decreased with incrf'as!lIg <'It Iwr t ('1111)('1-

ature above 35°C or salt concentration above 1 M NaCI, as for copolyIl)('r~ ur NIP.\ 

and sodium aerylate. 

The sorption capacity of the copolymer gel of acrylamidc and SOdll1l1l rH rylat<' 

and that of nonionic NIPA gel and its ionic counterparts are comparee! in '!',d»)P ~) 1 Il 

Ionie gels were regenerated at 35°C in 1 ~l NaCI solutIons whereas t.he r.; 1 PA gc'l 

was collapsed at 35°C in distilled water. Copolymer gels of étcrylamid{' dllel SOt!1I111l 

acrylate did not show a considerable vol ume change and therefore afe not ,>lIlt rtbl!' 

for the process under consideration. Among the ionie copolymcf'> of ;.J 1 PA, t111' ont' 

which contained the stfong acid monom<?r (It-S03" H+) 15 pr('f('ff('c! l)('r,UI'>(' of Il!> 

constant swelling in response to a wide range of pH change in the cxternal :-'Olllt.IOIl 

- see Fig. 5.2. Although the nonionie NIPA gel did not sweU as mueh éL~ Ih IOIIIC 

copolymer gels, it has the advantage of easy regen(,fation in dlstllhl water. Bas('d 

upon these results, most of the extraction experinwnts w('re performed lI~illg il. ;';!PA 

gel and NIPA copolymer gels eontaining a strong acid 
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Table 5.10: Comparison of sc,rption eapacity of polymerie gels in 10-3 M Ca(N03h 
at 23°C (±2°C) and pH 7-. 

Type of Gel dr/do (M5 - Mr)/Md M5/Mr 

Copolymer of acrylamide+ 2.::! 29 1.5 
and sodium acrylate (10.0%1) 

N-isopropylacrylamide (NIPA)X 0.67 25 14 
Copolymer of NIPA t 0.63 42 15 

and sodium acrylate (10.0%1) 

Copolymer of NIPAf 0.67 28 15 
and R-SOj" H+ (1.6%C, 5.0%1) 

-Swelling timl' = 1 hr; Regeneration tlme = 1 br 
+ Ma. - 18 9 x ~ - 12 4 t ~ - 12 6 t ~ - Il 8 Md - • Md - • Md - • Md - • 

5.4 Pattern Formation 

When ionic copolymer gels were immersed in distilled water, a peculiar regular pat

tern appeared on the surface of the swelling gel and chd.nged in Corm and size with 

tlme. SlDlilar behavior was observed by Hirokawa et al. (1985), Tanaka (1986), 

Tanaka et al. (1987) and Komori et al. (1988). Patterns evolve in th(~ Îœ-m of surface 

cclls or cusps, usually of regular hexagonal or pentagonal shape which ,~row with time. 

As times goes on, the thickness of swollen layer increases, as do es the wavelength of 

the pattern. The swollen gel layer on the gel surface undergoes buckling because the 

surface tries to expand, whereas the gel core acts to prevent expansion. For a gel 

sI ab with one free surface and the other surface covalently crosslinked to a film, pat

tt'rn evolutioll eventually stopped but the patterns never disappeared (Tanaka, 1986). 

For a thin film of copolymer gel of acrylamide and sodium acrylate (5.3%T, 2.5%C, 

10.0%1), prepared on the bottom of a beaker, buckling of the confined swollen layer 

on the surface of the swelling gel in cytochrome C solution was so severe it resulted in 

tearing of the gel, as shown in Fig. 5.10. There has been no report of su ch behavior 

UpOIl constrained swelling. 
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Figure 5.10: Tearing of the swollen layer of gel film during con
fined swelling of copolymer gel of acrylamide and sodium acryl
ate in cytochrome C solution. 

76 



1 

1 

Ela~tic tl)('ol'lc~ have I)('('n de\'('loppd ta de!>crilw the mechétlllcai i115tabiltt~ 01 gel 

:-.urfacf' dlJring pattern formaI lOB (Sckimalo and Kawasaki. lSl8ï and 1988. Talldka 

('l al., 198ï; Onuki. 1988) ~IoI(, recently. Onnkl (1989) developed a mathematical 

model by ill<orporating lIoll-hn('ct[ C'ld:-.tlcity int.o the GlIlzbtlrge-Landau theory 01 

pha:--f' tr,w:-'JtJun. to c1dfify the ('Ia:--t le :-.tructurf' of t.he pattern aJH~ cOIldltlO11!> of 

1 t.s ob:-'f'rv,üJOIl. TI1<' f rc(' f'1]('rgy was shoWII to be lo\\ered below i b v<lllle i 11 the 

hUlIIogell('oll:-' ..,t at.c wl1<'O 111<' ... urf,\( (' folds Itsclf pcriaclically. TIll:' flallle' .... ork r('!>ulted 

in a nllllll)('r of predJctlOlI'i wlllch Cdonot 1)(' described by the lI~ual ('Ia:,tlc th('olY 01 

i:-.olropic bodw'i (SPklll1oto c\lld I\awasakl. 198()). 

'1'11<' proc(',>:-. of :-.Illlllklllg of t<>mperature 5en5Itl\'e gel:. IS more COlll, licated 

theLll that of :--w('lhng Blllge,> \\,('1(' lornwu 011 the surface of the gel during thC' shrink

lIlg pro('{':-.:-. 'l'III!> pllPllOlllPllOIl \\'a~ al..,o observeJ by ~Iat"llo ,1llJ Tanclka ( 1~J~8) who 

'illldwd tl1<' kln<'lic'i of di:-'<.Ollti1111011S \oltlll1f' phas!' tlansltlon 01 ionic and llonlOnlt 

N -isoplopylanylel\l1ide gels. Aftpr wme initial .,hrinking when the gel kf'pt lb origI

nal shap(" shrillklllg 'itopped fOI .t ('erteun perlOd of time Lalled the plateau P(~I ioJ. At 

tilt' pud of tills p('riod, bulgcs appear<>d on the ..,urfaC(' of t Iw gpl dnd tllP gpl rpsllllled 

'iIHlIl klllg. Inltially the bllig/,~ !->well(>d <1:-' the gel ~hrllnk. IJllt pWlItlially the.: ..,topped 

.,w<,lling. sllluuk and finall) di:-'clppC'ared as the gel clpplOached its final equihl)]1um 

:-'IZ<'. Th(, pIOC(,~:-' of ~hriuklJlg wa:, descrilwd as follow:,. At fir~t. 1,1](' gel shrullk onl.: 

I\('clr the surface f('sultmg in é\. la.)'!'r of den!>e, eollapsed polynwr network which \\'d!> 

ill1pPrrlH'ablt> 10 the illllCI 11111<1. This barrier temporanly PlC'vPllted the gel frolll tur

IIH'r shrinkiug. At this 1ll01lWllL the d(>llsity 01 the pol~ 111er IH'twork ,lIld the :-.welling 

pl ('SSU((' insid(' tht' gel \v('le nonhol11og('IH'llll:'. Thi!> llonho1l1og(~IH'it.y lelaxct! timing 

t.1l<' plateau p(>riod, lefOl 111ll1g th!' sphere into a df'nse. t11111 surface layel dlld a ho

lllogPIl<'OUS dt! Il t(· i ll!wr 'iplH'\,(> \Vhen the w cl\"(' fron t of the o'il11oti<. pws,>u n' 1 eached 

: 1](, cote' of t 1](' gf'l. an out ward o~ll1otic p\('~:-.m(3 was C'xerted 011 the illl(>prlllcclbh' gel 

lay('r which was t rying lo shrink. This inncr pressure blew HP some pOl tion" of the 

d('usp surfae!' layer resulting in bliige formation. TIH''ic bulgC's \Vere permeable tü the 

f1l1id and hene!:' tll<' gel :,tart(~d to shrink again. The occurn'ncp of t.hi!> phellomenon 

\l'as 1110rC' pmnollllcf'd for iOillC copolYll1('r gels of NIP:\ 
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5.5 Dynamic Swelling 

5.5.1 General Results 

Figure 5.11 shows the time dependence of the swelling ratio of copolymer gels of (\ny

lamide and sodium acrylate (5.3%T, 2.5%C, 10.0%1) at differ('Tlt plis. The sWl'lling 

ratio, Mt/Mo, is defined as the ratio of swollen mass at any time, M" to th(~ original 

mass of gel at preparation, Mo. The gels were swollen in fresh unstirred solutions of 

pH 4, 5.7, and 9. At pH 9 the swelling ratio increased monotonically frol!l unit)' ln tht' 

equilibrium value of 34. During sweUing at lower pH gel volume went through a llId.X

imum followed by a graduai approach to equilibrium. Similar translent dinw!l:-'Ional 

changes have been observed for a 'lOnionic glassy hydrogel during drug n'Icas!' (Let', 

1983) and for anionic gels (Schosseler et al., 1987; Sakohara et. al., 1990) An 1I1Cfpa:-,t' 

in pH of the external solution was measured in the initial stage of swelling U1dic,tting 

transfer of H+ to the gel and release of Na+. Ionie copolymcr gels of ,tCfyl,ullide and 

sodium acrylate are almost completely iOIllzed at gel formation, where .\/tl.\Io = 1 

and the gel is approximately 95% water. As the gel swells N cl. + ddfusps ou t dlHI Il + 

enters. The H+ deionizes sorne of the carboxylate groups (-COO-) l'XCI'pt. dt. pli 

9. In response to this change in the number of charged groups on the gel network. 

the gel swells to a ma::imum and then reduces Its volume by desorptloll of wat.(·r III 

accordance with thermodynamic requirements discussed ln Chart.er :1. 

The transport of small molecules in polymers is known to bp dlf(·( lpr! by 

the mechanical history of the material. This effect can be manifcstpd hy vari,lIlon:-. 

of transport kinetics, the equilibrium f;')lubility, dimcnslonal change alld de[orlTl,lt ion 

caused by stress during swelling (de Candia et al., 1980; JamC'e1 et al , 1981, 1I0Id('1I d 

al., 1985). Early studies indicated that the behavior varies drarnatlcally WI th the Ilrl

turc of the material. To check the effect of an external force on the sweUlng !H'h,tv\or, 

preswollen gel particles were subjected to a centrifugaI force. Anionic copolyllwr 11;('1:, 

of acrylamide and sodium acrylate (5.3%T, 2.~I%C, 10.0%1) were fir"t tr('atf'c! wlt.h 

acidic solution at pH 2 to deionize the ionizable mOllorners and thpn cqllihhral.f·c\ Wlt il 

unstirred distilled water at pH 5. ï. These gel part icles were placed III cOlw-.,h,qwd 

centrifuge tubes and centrifuged for two hours at 15000 rpm in an EplH>ndorf U'Il

trifuge (model 5414). The swelling ratios during the 2 hOllfs of centrifugation werp 

measured by stopping the centrifuge, removing the gel particles, weighillg t!lI'l!l ,lIld 
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1 

1 

returning them to the centrifuge. After 2 hours the gpls W(>!(' ~wüll('11 tü t,<tllilihrllllll 

in unstirred solutions of pH .5.i. Figure 5.12 shows three successive cycles or ('()llcl(>~

ing/swelling for copolymer gels of acrylamide and sodiulll dcr~·l.tl e. In 1 lus li!!,111 t', .\1, 

is the equiübrium swollen mass of the hydlogel beforc> appltc,l! 1011 of Ct'1I1 Il fm!,.d fOl( t' 

in the first cycle. The t.irne scale for the swdling step dilr('('~ hOlU Ihdl III tUll.tPSIII)!, 

step in Fig .. 5.12. Gel collapsed under centrifugai fOlec W('lIt throllgh ,\ 111.\XIIIIIIII1 

during swclling, which was about twice its former pqlliliblîlllll v,II\I(' , 1'0110\\(,<1 Ily .\ 

graduaI approach to a new equilibr;um state lowcr than pn'violls cyclt' 'l'Ill' l('d \1('

tion of equilibrium mass at each cyde was due to the lo~s of 'm1.tll fl.lglllt'Ilb 01 

the fragile gel particles especially in handling during centrifu!!;éttioll. TllI~ lu-;.., W.l~ 

observed clearly at the c.ut edges of cylindnccd gf'l P,l! 1 Icl('~ alld W.l~ (,olllilllll'd III 

experiments wi th gel particles whic h \\'1"1(' colldp~ecl loI' 1 wu hOIIl.., \VI t hUII 1 \V( 'igh III!!, 

The loss of mass suggests that the data ln Fig .1.1 ~ \\'ollid Ill' bWlIghl IUI-'plllt'r IJ, 

multiplying the swelling result!:> of eath cycle by the 1Il\'er:,!' 01 .\lt/.\f" ,li, ('qllilthrilllti 

swelling, i.e., multiplying each point of s\\'elling ,>tep III Ihe fir,>!. cyde by 1/ILSï, ilt 

the second cycle by 1/0,8 and III the third cyclt' by 1/0 ï Tht's(' Ilormtlltz('d l't'..,ltl,,, 

for each cycle collapse ont.o a ,>mglc cur\'c a!> showll ln Fig . .1.1:~ IUIl i (' .t Ill! IIUIIIOII il 

N-isopropylacrylamide gpl.., did nol extllbit ..,urh 0\('1'..,11001. Iwltt!\ 101. 1 h('\ Il'd( !Jt't! 1 lit' 

swelling equilibrium ~tate ll10notonically, 

For glassy polymel'> dcformation callsed redllc('d 1 ate of :,O[ p\'iol\ dlld dtlrll~loll 

when the direction of tran:,pOl t \Vas normal to the challl 01 WIlt.ltIOIl ill ~UIIH' 1 a~t'''' illld 

cnhanced lesponse in others. This effect was deIllonstrated by 1IH't.ltétllol "(JI pl IOIt ilt 

compressecl poly( rnethyl met hacrylal e) (LI, 198 ~) and ill IlniétXlcd ly dr.l wn pul) (t'th!'1 

sulphone) (Chau et al.. 1989) in which the transport of I1wtltallol W,l~ 1".,1('1 III Ill(' 

deformed matcnal. Vrelltcls t't al. (198·1) ob.,('r\,('d ail o\('r..,lto()1. dlllllt)!, 1 III' \"lj)()[ 

sorpt.ion b)' an d\l1orpholls PUlYllH'l. poly(ethyl lll('tll<lnyl.tll') tll " lt'llIlH'I.tIIl\(' 1,,1 

c1.bo\'e the gla:,s 1 rcUlslI 1011 t('mpt'ratllre (rubb('1') 'ltate). TIJ('Y ()J'oj>()'>(·d 1 1t,,1 Il)(' (J\('I 

shoot in the :,orptlon CUI \'l':' llligh t !){' dlle to the ..,1 rllet Il I.d 1 ('.ll 1 .UIW'II Will'> pl ()<! III l'd 

by relclxation of polyrner cllallls. Thel(' has bl'PlI no lepOI t ul étllOlllaloll!> I",h.lvitll 

during the :,wellillg of predefortlll'd hydrogel:-.. A pos..,11>11' t'xpl,tllatiull fOI 1111' It·..,td", 

shown in Fig~ .5.12 and .j.l:3 i" polymer chai II 1 ('l,lxal iOIl prop()~( ,ri by \ Il '111.1.., t'I, .LI. 
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l 

Figure 5.14 shows the fractional approach to swelling equilihriull\. F. WNI~ t hl' 1.11 il> 

of square root of time to gel diameter d.t t=O. li/do. for ddolllled and 1I11l1t·fo\'ll\l'd 

N-isopropylacrylamide (NIPA) gels. Deformation was induced by ('{'nt rifll)!;,d fOl 1 (' \ll\ 

preswollen gels as described above. The fractional aPPl'Oach 10 ~\\'('IIJllg l·qllllll)('llIlIl. 

F, is defined as 

( Ti, (i ) 

where 

Mt = swollen mass at time t 

lvlt=o = mass of gel particle al. tinw eClII,d 10 Z('ro 

,\l = equilibrium swollen mil:iS 

As discussed in Chapter 4, a Fickian diffusion mechalli!>1ll :,\toilld pl Odlll l' <l lilll'di 

relationship up to F '" 0.5. 80th deformed and undefol'lllcd gl'b ... hu\\' Fil kl,lIl hl'· 

havior in Fig .. 5.14, hut the rate of water uptake IS Illgll('r for t!J(' dt'!olllH'd ,l',"1 Th", 

may be due to incrcased physical crosslmking of the polYfllt'1 (h,lIl1'" 01 III 1 1 dl kllll', 

effects around the cut f'dges of the gel parl.icle!> induced Il\' appl\'ill!!, u'lllltlll!!,.d IO!'1 l' 

during the collapsing step. 

Figure .5.1.5 shows the fractional approarh to fIl,t\lIlHIIIJ "w('lllll,!!, \'S fi Id ll 101 

deformed and undeformed copolymer gels of a(l'):lamide and .,OdIlIIll <1(1)'1,111', 'l'Ilt' 

ordinate was calculated from Eq. (.5.6) IIsmg the maXlIflll1ll \'cllll(' or 1 Il(' "1\'('1I111~ lélt.iu 

in place of theequilibrium value. Although a singlp ('\11\'(' wa.., g('IWléll('d . ..,\vI·lllllt!, W(I~ 

non-Fickian. The rate of swelling was the :,anw for hoth dl'loIlllI'<I ,\11<1 lI11dl'lolIllI,d 

gels. These results were analyzed a(,col'dlllg to Eq. (l.:,n TIll' dilrll~il)I1,t1 (·\I)()III'I1I. 11. 

was OAS and 06:3 fOl N-I:'()pl'opylclClylamldf' gl·l., ,md IOpol,\ 1111'1' !-!,{,I ... 01 dl'I \ 1.11111<11' 

and sodium acrylate, respective'ly Swplling wa~ Fid~i,lll tOI \IP.\ ,I,!pl.., ,llld 1)011 

Fickian for copolymel' gels of aClylamide aIld 'iodiuI1I ,lIlyl,tll' Th(· ... (· 1(·~ltlh rI!!,!!'(' 

with those of Gehrke (Cehrkc and Clissier, 198!J: Gdllk(·1't al., 1!1.-;)1)). 

FigUl'es .5.16 and .5.1i SI.OW the cf[pct of .,tirring 011 t1H' ",\\'('lIill,l.\ III d1l1(1)1(' 

copolymer gels of acrylamide ,md NIPA in :'Ollltioll'" of pli ,). i. III FI~. ),11; t 11(' tilll1' 

scale changes after 22 hours while in Fig. 5,1 ï the ~cal(· chang!'!'> ,dt!'\" 1 !tOllr..,. 'l'III' 
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1 

gel partlcles were placcd in contamers made of !1ylon 0r stainless ste.::!l mf'sh which 

were suspcndcd in the liquid to prevent collision of the particles with stirring bar or 

the vessel walls which might tear fragments from the gel. The maximum value of the 

'5welling ratio in the unstirred solution was greater than that in the stirred solution. 

thus indleating that external film diffUSion had sorne influence. Stirrmg lecluccs 

the extcrnal Ie:,istance to the transfe. of mobile ions and ll11puritJ('s and 1I1llCacteu 

1Il0Il0ll1CrS including ionie monomers from the gel Illto the solutIon resultlllg in a 

decrease of osmotic pressure difference between the gel and surrounding medium 

whieh in turn reduces the extent of maximum swelling. The differences between the 

24 day swclling ratios m Fig. 5.16 may be due to the following' 

(a) - small fragments of fragile gel particles were lost upon sWf'lling In ~tin'ed 

solutions. 

(b) - more unreaet('d 10llle monomers were Idt in the net work at the carlj 

stage of swelling in ull~tined solution and they might react later le~llltlllg 

in higher amollnti> of ionizable groups in the gel. 

(c) - bivi!le~t ferrolls ions originatmg from the stainless steel mesh might have 

sorne effee:, on the swellmg ratio. 

(cl) - nwchanleal fOICf' r(,~lllting from stirrlllg of the ,>ollltion might IlHlllll' 

~Ol1W structural challge in the gel. 

The swelling ratio for preswollen gel particlts equilibrated with ~tirrf'd (900 rpm) .;;o!u

tioll wa!> -t in IIllstirred solution. Equilibrium wa~ not achieved etfter 60 hr for ~welhng 

of copolyrnel gf>1 of l'lIPA III IlI1~tilled ~ollltion, but it would approaeh eqllilibl'lurn il 

~~w<,lling procl'<,u('d for mOI<' than :l days. 

Figure .5.18 shows time dependent swelling of Ionie copolymer geb of ~IPA 

in a flnitf' volulI1e of solution (2.50 mL with Mo = 0.1 g) \Vith an initial pli of .S.i 

al. cl stirrlllg 1,1tl' of :.WO rpm. Anionic gels which containecl wf'akly aCldIC rnOllOll1<'r 

(sodiulll acr~ l<ll(') ('xhihited a s'Velling maximum followed by a graduai ctP!)I(),H:h to 

cl, minimllm value and then a graduai increase to the equilibriuIn \aluf'. FOI tlH'se 

w('clkly Mï(lIC ("opol) Ilwr geb t hf' pH Increasf'd from .5. ï to cl flnetl VdltH' uf 6 1 ctftcl 

60 hours. The cause of tll<' 0\'er5hoot or <;welling maximum for thes{' IOIll( gels wa!> 

dt'scrilwd l'drlipr Tlu>rf' ha\{' I)("('n no reports of a swelling inerease after an o\('lo;hoot 

in the t'arly :-tag<'s of swelling as "hown in Fig .. 5.18. This behavior is associated with 

t Il(' ion-(>xchange nature of t hesf> pH-sensitive hydrogels. The final swelling illcrcasc 
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1 
wa~ mainl)' d1\e to tlw Incrpase of the pH of the external solution, For the highly <lcidl( 

C'opolynlPr gel the maxim\Jm whlch \Vas less pronounœd than for the \\'cclk ar'id gel. 

LOuld hl' caused hy the diffu'iJOn out of the gel of mobile ions ollgllldted froIII 1I11tiatOl 

.1IId acct>lt>rator. impurltie., .1l1d unreacted monomers, To test this hypothesi." highl~ 

.ujdic ropolynwr gel wa~ ~wollt:'11 several times, The data are :"ho\\'11 in Fig ),19 il1 

thl' form of ~wollen mass at tune 1. .\/t. dividcd by the rnass of dry pol~ I1WI'. -lIdo 

V('rSll~ tune, The time seal!' challges after 12 hours The first cycle of swelling ill 2,50 

mL of dl~tdled \Vatel" at pH ?l, ï shows an initial overshoot to .\ltf'\!d = 120 follo\\'ed 

by et slow approach to ail equddHiurn value of .\1/Md = 80, Thi~ gel was tl\l'Il dried 

III oven and reswollen in \""tter at pH 5, i, In thls second cycle tilt' gel :,,\\'('lIcd to 

lb 1)J'('\'101l~ e<jlllhblitlIII \',tllW wlthout f'xlubltmg tht' oW'I',}lOo1 ob!">cl\ed III Ill<' hl-;\ 

( j'cie, TIII~" wolll'Il gd \\' cl., IlwH <üllap.,('d 1 n 2 ~I ~ etCI ,,0111 t 1011 .tt ,3.")0 (' \ \ hell 

the <..ollap!">!'d gel was rt'tlllllC'd to the onglllai solution lt exlllbilee! cUl o\'el~h()f)t III 

.,wellillg 'iilllilal' to tlJilt ill tlll' fil 'il cycle, TllIS over5hoot resul(('d t'lom the pl ('''(' Il ( col 

~a( '1 wlll( h Wcl'i It'fl III thp IIpl \','01 k dlll'lllg collapsing ~tep. l.(' • <;odiull1 alld ddolllW 

ions diffusl'd out of tlH' gt'I ,tS "\\'('lIing pl'oce('ded ln tllt' thircl cycle, Diffusion of th(,,,>(, 

ions out of tl!!' gl'l. whl<h le.,!'lIlbles diffusion of mobile iOIl~ dlld iOlli<.. IllOIlOIl1t..'I'~ 

in the fil!">!' (yde. \\'ct., a«Olllpallwd hy an o\'('r"hoo\. in !'>\\'ellinp, III aceOld,t!I«· with 

thf'I'TIlodYII.IIIlI( 1'<'<1 li 1 1('11)('11'" dl'>( lh~('d III Chapter .3. 

Figllll' ,j:!O .,;ho\\,.., tllll<' e!p()('[HI('nt ,>w('lIing of 10[11(' copolymcl gel:, 01 clUj

lallllcle' .1IHlIOIIIC alld IIOlllOl1ic :'-:11>:\ gC'1:, III 10- 1 ~J C'a(:'-1ü1b solution al. pH ï TI1<'s(' 

,L',('ls \\'('J'(' collap',<,d .tt ddkl'Pllt (ondltlon:, Copolymel' gC'ls of clclylallllde exhibited 

higl)('1' .,\\'(·lIl11g ('(l'lIhbrilllll t h,II1 ~IP:\ gf'ls and the ('f(lllIIl)llllfll 'iw(·lIillg 1I1tl('a~ed 

a!"> t.he amollllt I)f lonlzahll' IIlOI1OlI1cr illcreased as dc~crlbpd by tlll' thel rnodj IIculli<... 

tll'atllWllt. III ('It.lpt!'I:~ Tite..,!' PX(H'r111wlltal IPstdh <In' If'pht 1('c1 ill Fig ,j ~l a.., 

,\lt/.\/, wllt'J(' ,\Ir I~ Ill(' 1('g('Il!'la!f><I (colldP..,('d) Illa.,~ of tht' gpl. :'\IP,\ gC'b <'xllibited 

I.lrg<'r \Olllll\(' ehdll).!,!'''' flOlIl 1 lit' (olldp.,(·d :,tatc' UpOIl .,\\'c~lhllg 1 !tel Il 'l('ryl,lIllal(' g(·I!'>. 

although tilt' lettt(,!, ('Xlllbif<>d bug('1 l'f(utlilmllm swelling ratio:" . . \I/,\I'l' \\'\]('11 tl1<' 

<l,li a fWIIl Fig, .):.n ,1.1(' plot 1<'<1 in l'educ('d Filkian fo!'m III FI!!, ,1.~2. e:".,t'nt i,llly cl 

'iingle curvl' i.., gellerated fol' f'.lch group of gek This plot also trlClll<!P., the .,w('lling 

uf copolYIll(,1' gels of acryl.llllid(' alld .,odilllll acrylate at pli 9 The data 1'01 iOlllC and 

nUllionic ~IP,\ g('\:" .1I(' \\'(,11 1t'()J(''''('Jlt('d by a :"ttaight Illw 0\('1 the fir-.;t ïOJi' of tltt' 

\OlllI1H' chanp;e. t hll!"> indien! ing FiekJaIl Iwhcl\'iol' TIlt' ~\\'elling of COPOIYIlH'1' g('l~ of 
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acrylamide wa.'1 non-Fickian but faster than that of NIPA gels. The diffusional ex

ponents in Eq. (4.2) were 0.51 and 0.75 for NIPA and acrylamide gels, respcctiv('ly. 

Although the rate of water uptake Cor copolymer gels oC acrylamide was faster than 

that of NIPA gels, they were not easily regeuerated. For the water removal pro

cess under consideration, the nC/nionic NIPA gel, which requires mild conditions for 

collapse (T = 35°C in distilled water), il! more promising. 

Figure 5.23 shows the fractional approach to equilibrium, F, VS v'i/do for 

the swelling/collapse cycle of NIPA gel. Swelling and collapse were carrierl out in 

distilled water at 23°C (±2°C) and 35°C, respectively. Swelling was Fickian whereas 

collapse was non-Fickian and the rate of swelling was slower than the rate of collapse. 

Similar behavior for this gel was observed hy Gehrke et al. (1989). 

Figure 5.24 shows three consecutive swelling cycles for a copolymer gel of N,N

diethylacrylamide and sodium methacrylate in distilled water at 23°C and pH 5.7. 

Gel particles aCter preparation and swollen gel particles at each cycle were dried in an 

oven at 70°C. The rate of gel volume change decreased with each cycle. Diffusion of 

impurities and m!'lu1.e amounts of unreacted monomers plus deionization of carboxylic 

(-COO-) groups at pH < 7 were responsible for such behavior. The data of Fig. 5.24 

are plotted in pseudo-Fickian form in Fig. 5.25. Here the maximum swelling ratio 

was used in place of the equilibrium value. The data for ail cycles collapse onto a 

single curve. The sigmodial shape oC the curve is evidence of non-Fickian behavior. 

This behavior is expected because the polymer is glassy when dried. 

5.5.2 Comparison of Theory with Experiment 

The mathematical model for the kinetics of gel swelling presented in Chapter " is 

compared with experimental results for an ionic copolymer gel of acrylamide and 

sodium acrylate (5.3%T, 2.5%C, 10.0%1) swollen at pH 7 in distilled water, for the 

collapsed NIPA gels swollen at 23°C (±2°C) in 10-3 M Ca(N03h solution of pH 

7 and for deCormed and undeCormed NIPA gels swollen at 23°C (±2°C) in distillcd 

water at pH 5.7. Cylindrical particles of diameter 0.24 cm at gel formation having a 

lengt,h about equal to their diameter were used. The radius of the volume--equivalcnt 

sphere was used to comparf" the data to the theory. 

The model is also compared with experimental results of Gehrke (1986) for 

swelling (pH = 9) (',nd collapsing (pH = 4) of cylindrical copoljmer gels of acrylamide 
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Figure 5.25: Fractional approach to maximum swelling of glassy 
copolymer of N,N-diethylacrylamide and sodium methacrylate in 
distilled water at pH 5.7. 
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and sodium methacrylate and with experimental results of Gehrke et al. (1989) for 

swelling of planar NIPA gel (16%T, l%C) at 5°C in distilled water. The diamcter of 

copolymer gel (16%T, 4%C, 2.4%1) used for the swelling experiment was 0.628 cm 

at preparation. The swollen diameter of copolymer gel (16%T, 4%C, 0.5%1) at the 

start of collapsing experiments was 0.468 cm. The thickness of the planar NIPA gel 

was 0.125 cm at preparation. 

Formulation of Diffusion Coefficient 

Consider the governing equation for solvent transport in planar (i=O), cylindrical 

(i=l) and spherical (i=2) geometries, given by Eq. (4.33), which is repeated here: 

(5.ï) 

where D is the diffusion coefficient in material coordinates given hy 

DT Yt l=l. a7r 
D = --(1 + d)'+1 (-) 

RT ad 
(5.8) 

The swelling pressure, 11", can he related to the solvent ratio, d, through the swelling 

ratio, X, as follows 

where 

X = d + pp/p~ 
do + pp/ p, 

do - solvent ratio at t=O 

pp - polymer density ('" 1.16 g/cm3
) 

p. - density of water (1 g/cm3 ) 

( .5.9) 

The expressions for swelling pressure given in the thermodynamic treatment of gel 

sweUing in Chapter 3 must he used to differentiate swelling pressure, 11", with respect 

to solvent ratio, {J, in Eq. (5.8). To simplify this differentiation ,Eq. (5.9) can be 

weil approximated for 1< pp/ p, <1.2 as 
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X'" 17+1 
- 170 + 1 

(5.10) 

Since the parameters in these expressions were determined only for ionie copolymer 

gels of acrylamide in Section 5.3, the discussion of diffusion coefficient associated 

with swelling pressure is limited to copolymer gels of acrylamide and !t')dium acrylate 

(5.3%T, 2.5%C, 10.0%1). The osmotic pressure of distilled water (external solution) 

at pH 7 is negligib!e compared with that of gel phase and hence the ionic swelling 

pressure, 1r3, from Eq. (3.9) can be written as 

(5.11 ) 

Substitution of parameters, obtained in Section 5.3, and Eq. (5.10) into Eqs. (3.4), 

(3.8) and (5.11) and taking the derivative of the resulting equations with respect to 

17 yield 

D = DT [1.745 x 10-13(1 + 17)2 + 1.137 x 10-1°(1 +17) 

-3.974 X 10-5 + 1.977 x 10-2 (1 + 11)-5/3 

+0.12(1 + !7t8
/
3 

- 0.7(1 + 11rll
/
3 + 5.209 x 10-8

] 

Evaluation of Eq. (5.12) shows that it can be weil approximated by 

(5.12) 

(5.13) 

Since the mobility coefficient, DT, is an increasing function of solvent content in 

the network, the increase of solvent ratio has two opposite effects on the diffusion 

coefficient, D. The chemir.al potential gradient decreases with increasing the solvent 

ratio whereas the mobility coefficient increases with increasing solvent ratio. It is also 

known that the rate of swelling or collapse of polymerie networks is controlled by the 

cooperative diffusion coefficient, De, which is in general different from the tracer or 

self-diffusion coefficient, Dt. These coefficients coincide only in very dilute solutions 

(de Gennes, 19;9). 
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l 

To test the scaling theory on the concentration dependent dilrll~IOll ult'lIiClt'1l1 ul 

swollen networks, Munch et al. (197ï) perforrncd sen·rd.! PXI)('IIIIH'lIb 1'01 (lItrt'\'('nl 

systems as described below: 

(i) polystyrene networks swollen by benzene for which they ohl,tIIH'c! 

(ii) polystyrene networks swollen byethylacetate, 

(.i.l:) ) 

(iii) polydimethylsiloxane swollen by toluene, 

De = (i.a ± 0.8) X lO-')C~ j;o±O 03 C1II 2 j .... (-) 1 (i) 

where Ce (gfcm 3
) is the polymcr con('('ntration ett equilil>l'llllIJ ,>wellillg <lI <l .~I\(·II 11'111-

perature. This concentration can be contlOlkd by cheLIIging, t II(' cr()~..,lill"llI,l!, cI"II..,11 \ 

of the network. Takebe et al. (1989) in\'e~tigated tht' rOOI)(·rett.I\·(· ditfusioll «()dh, 11'111 

of polyacrylamide gels in water by quitsielastic light scatterillg bot h in t111' Î:-'I)1 J'oPI

calI y swollen state and in the un iaxially strctcIH'd and ~ wollell :-.1,11 ('. FOI isol 1 (Jp Îc;I! 1 \ 

swollen gels the results yielded 

The diffusiùll coefficient of :-.odium polyarrylate 1(('1\\'01''', \Vllh ddfl'l('1I1 dlllllllllh (Jt 

crosslinking agent, reportcd by Komori pt al. (1988) lIlay 1)(' COJ'l'(·1.11(·d by 

These results are aIl in rea:-,ollclbl(· agr('ement with the :,c,t1ill,l!, 1 l)l'ory ul (;"1111"'" ( l ')i,)) 
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f 

(.5.19) 

Based on the observed diffusional behavior of polymerie networks, the following ex

pressions for the diffusion coefficient in material coordinates, D, were used to fit the 

experimental results. 

(i) - A constant diffusion coefficient, i.e., one parameter: 

D=a ( .5.20) 

(i i) - A concentration dependent diffusion coefficient having t \VO parametel'!> (a a11(1 

11): 

(,5.21) 

(iii) - A concentration dependent diffusion coefficient having three parame!.crs (a, h 

,lIld c): 

il 
D = ([(1 + LI)-li/12exp [b(1 + ilnF -1)] 

e 

(.5.22) 

The concentration dependent diffusion coefficients in PMe were only used fol' copoly

mer gels of acrylamide and sodium acrylate. The exponential term in Eq. (.5.22) 

vanishes at equilibriulI1 s\Vellillg, i.e., LI = .,Je, yielding an expression fol' tl\l' coop

('1 at ive diffu~ioll coefficient (Laboratory coordinates). De. t hrough ll1111tiplyillg D b,\' 

(1 + 1), )2/.1 using Eq. (-1.11) in agreenH'nt with scaling theOi·Y. The llllkllO\Vll Pcl

rilllwtcrs, (l,b and c ill Eqs. (5.20)-(5.22) were determined l'rom the eXpel'illlental 

("('s,II ts. 

Solution J.\ilethod 

The optimulll \"alup of tlll' (>arameters a, band c were obtained t.hrough millinliul.tioll 

of an objecti\'e [ullction, C;, which is the square of the relative devléltioll b(~t\veetl 

t'xpcriment rllld t heOl'Y: 
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NP 

G = 2:[(Fexp (t) - F(t))j Ft'XP(tW 

where Fexp(t) is determined through Eq. (.5.10) tlSing l'xperinwlltal vdhw-; of "\\'('Ihlll!, 

ratio, X = J'.Jt/A/'t=o, at each time; F(t) is theoretical value of the Iractiolldl .q>pIlJ.tch 

to equilibrium given by Eq. (5.28) and NP is the numher 01 pxpl'l'lll1('nt.d point!>. 

For every set of parameters, the governing equation \Vas :,ol\'l'd by rlllcd) 1 il.d (101l

stant D) or numerical method. Direct search techniques with optilllization PI()!!.I.lIl1!> 

from the IMSL library, called DBCPOL and Dt:~IPOL, wer(' Ils(·d 10 111111111111.1' t.lw 

objective function. The DBCPOL program rnrnimizf's il fllnrtioll of N v.lri.\bll'" "II\'

ject to bounds on the variables IIsing a dllect :,pilrcll l'Omplc'( ,d).!,OllthlII DI :\IPOI 

minimizes a function of N variables usrng an UIICOII!>tlrlllH'd dll'l'( t "'(',\1 ( It .dp,OIIIItIII 

One measure of the goodnes:, of fi t of the t Iwor('t 11.:<11 ll\od('1 tu t I\l' l', jlt'I 11I\l'III.d 

points is the correlation coefficient. rc. defined as 

L~VP[Fexp( t) - F( t)]2 
1 - ",NP[F () /"]2 L-. exp t - tlU 

wher~ Fau is the average value of the eXpf'r1ll1ellt al pUIIl b. 

The analytical solution to Eq. (.J.i) with a constcult diffllsioll ('(wfl\! 1('1\1. /J. 

is given by Crank (19ï.5) as: 

For a slab, 

for a long cylinder. 
:x.. 1 

F(t) = 1-4 L '12e.rp(-,j;'j)I/r(~) 
n=1 . 71 

where Pns are the positive l'Oots of the zero order Bessel fUII( t iOIl of t I\l' lil ... 1 killd. 

and for a sphere 

6 ~ 1 » l 
F(t) = 1 - -;- ~ -;-e.L'p(-1l"-;:-"f)If./'IJ) 

rr l 
71=1 11

2 

10.3 

, 

\ 

1 
j , . 
" 



1 

1 

where 

(.5.28) 

and Ùo and ù e are the initial and the equi1ibrium value of the solvent ratio. respec

tively, and .ro is the radius of a cylinder or sphere or the half-thickness of cl slab in 

material coordinates. For a concentration dependent diffusion coefficient, D = f( 1'J l' 

the nonlinear partial differential equation, [Eq. (5.7)], was solved numericctIly us

ing an implicit finite difference method as described in Appendix B. The numerical 

solution gave the spatial distribution of solvent ratio at a specific time, ù(.r. t). 

The ratio of total volume of the solvent to that of the polymer, ÙTheury( t), i::. 

given by 

Il ( ) _ f;o l"Il(r, t)Opdr 
Theorv t - rro JO d 

JO r p r 
(.5.29) 

where 1'0 is the maximum valuc of r and Op is the volume fraction of the polymer. 

Inserting Eq. (-1.:22) into Eq. (!J.2!J) and noting that ttp(O, t) = 0 give 

1 l mo 
/)Theory(t) = - ù(m.t)dm 

7TIO 0 
(.1.:30) 

where mo is the maximum value of the cumulative volume, m. C'ombillcltioll of Eq<;. 

(·1.2.5), (,1.26) and (.5.:30) givps the following relationship betwecn IlTheory(t) and the 

spatial distribution of solvent ratio in P~ICs. 

(5.:31) 

Theoretical Predictions 

The theoretical prf'dictions fol' the frâctional approach to equilibrium swelling. F, of 

ionic and Iloniollic NIPA gels ar(' compared to experimental data in Fig .. 5.2(j. 
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Gel Shape 2 8 
D (cm /s) x 10 Correlation Coefficient 

cy/inder - deformed 687 0.988 

cylinder 1.56 0.975 

p/anar (s/ab) 0.65 0997 
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The theoretical curve for swelling of ionie NIPA gel in 10-3 M Ca(N03h which is 

slightly above that for nonionic gel (1% higher) is not shown in this figure. The 

optimum values of a constant diffusion coefficient in material coordinates, D, which 

fit the experimental results with a correlation coefficient equal to 0.975-0.997, are 

1.45 - 6.87 x 1O-scm2/s for spherical gels and 6.5 x 10-9cm2/s for the planar gel. 

The cooperative diffusion coefficient, De, becomes: 

For spherical gels 

(5.32) 

and for the planar gel 

(5.33) 

Using Eq. (5.32), the cooperative diffusion coefficients at equilibriurn swelling are: 

(a) - De = 5.53 X 1O-7cm2/s for swelling of deformed NIPA (8.1%T, 1.6%C) 

gel in distilled water. 

(b) - De = 1.31 X 1O-7cm2/s for swelling of NIPA (8.1%T, 1.6%C) gel in 

distilled water. 

(c) - De = 1.28 X 10-7 cm2 / s for swelling of NIPA (8.1 %T, 1.6%C) gel in 10-3 

M Ca(N03 h. 
(d) - De = 2.07 X 1O-7cm2/s for sweUing of NIPA (8.1%T, 1.7%C, 5.0%1) gel 

in 10-3 M Ca(N03 h. 
These diffusion coefficients agree with those of Tanaka et al. (1985) and Gehrke et 

al. (1989) for nonionic NIPA gels which were 1 - 2 X 1O-7cm2/s. The cooperative 

diffusion coefficient is higher for the ionie gel in agreement with the results of Yoshio 

et al. (1986) and Schosseler (1987). The cooperative diffusion coefficient at equilib

rium swelling for the planar nonionic NIPA gel (16%T, I%C), obtained through Eq. 

(5.33), is 3.45 X 1O-6cm2/s. This value is an order of magnitude higher than the 

values which were obtained for spherical NIPA gels. This discrepaney originates from 

the isotropie swelling of planar and long cylindrical gels observed here, by Gehrke 

(1986) and by Li and Tanaka (1990). The relation given by Eq. (.5.33) is valid only 

for one dimensional, anisotropie swelling. Aceording t,'" Li and Tanaka (1990), the 

sweUing and shrinking of gels in the form of disks of large diameter and in the form of 
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long cylinders occur isotropically with effective diffusion coefficient which are 3 and 

1.5 times smaller, respectively, than that of a spherical gel. Thert'fore for isotropie 

swelling and shrinking of planar or large disk gels and long cylindrical gels the rela

tion for spherical gels, Le. Eq. (5.32), must he used to ohtain the effective diffusion 

coefficient in laboratory coordinates. Using this relationship for the planar gel, an 

effective diffusion coefficient equal to 5.26 x 1O-scm2/s was obtained. Multiplying 

this vale by 3 resulted in a cooperative diffusion coefficient equal to 1.58 x 10-7 cm2 /8 
which agrees with those obtained for spherical gels. 

Figure 5.21 shows the comparison of theoretical predictions with experimcntal 

data for non-Fickian swelling and collapse of copolymer gels of acrylamide and sodium 

methacrylate. The optimum values of diffusion coefficient, which fit experimental 

data with a correlation coefficient equal to 0.957 for swelling and eollapse are 5AS x 

1O-scm2/ s and 5.22 X IO-scm2/ s, respect i vely. For anisotropie swelling and collapse 

of cylindrical gels the cooperative diffusion coefficient in laboratory coordinates, Dc, 

is related to the diffusion coefficient in PMC by 

(5.3.l) 

Using Eq. (5.34), the cooperative diffusion coefficients for swelling (16%T, 4%C, 

2.4%1) and collapsing (16%T, 4%C, 0.5%1) of copolymer gels of acrylamide and 

sodium acrylate at equilibrium are 9.98 x 10-7 cm2 / sand 5.44 X 10-7 cm 2 / .~, fi>· 

spectively. As discussed above, the swelling and shrinking of cylindrical gels o('('ur 

isotropically with an effective diffusion coefficient which is 1.5 times smaller than 

t.he cooperative diffusion coefficient for spherical gels (Li and Tanaka, 1990). U ~i ng 

Eq. (5.32) which is valid for isotropical swelling and shrinking, the effective diffusion 

coefficients for swelling and collapsing of these hydrogels are 3.75 x 10-7 cm 2 / sand 

2.04 X 10-7 cm2 / s, respectively. Multiplying these values by 1.5 gives eooperati ve 

diffusion coefficients equal to 5.62 x 1O-7cm2/s and 3.06 x 10-1cm2/8 at (>quilib

rium for ionic copolymer gels of acrylamide which contained 2.4% and 0.5% ioniz

able monomer, respectively. The cooperative diffusion coefficients mëasurf'd by the 

quasielastic light scattering method (Takebe et al., 1989) were 0.83 - 2.7 X 10-7 cm2 /8 
for nonionic acrylamide gels of different crosslinking. 
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Figure 5.27: Comparison of theory with experimental results for 
swelling and eollapse of cylindrical capolymer gels of aerylamide 
and sodium methacrylate. 

Type of Experiment 2 8 
D (cm /s) x 10 Correlation Coefficient 

1---

Swelling 5.48 0.957 

Shrinking 5.22 0.957 

108 



Introduction of iouie 11l01l0mers into the net",ork illC\'('as('d IIIt' dilrll:--ioll 1 ()('IIIci(,1\1 

of ionic copolymcr gels of acrylamide. Based on the initial dilll('n:--ioll:-- 01 1 III' /-wi. 

I.e. at t = 0, the cooperative diffusion ("O('fficient.~ caltulall'd b~' Cl'h 1 kl' li !IS(i) 

from tbe rate of swelling and collapsing of these hydrogds \\'('Ie (i x 1O-7(,111~/., alld 

i ± 0.4 x 10-7 cm 2 / s, respect i vely. Thes{' values gave a COf! ('lai iOIl COl'IIl( It'II1 01 

0.987 but did not minimize the objective function, thus ill(hcat.ing 1 hal .\ hight'I 

correlation coefficient does not necessarily me an the I)('~I fil 10 the t'XP('I 11Il<'1I1 al 

results. The optimum values of the diffusion coeffiei('lIls fOI s\\'('lIing ,1Ilt! (ollap:--lIIg 

of these hydrogels, based on the dimensionf> of gel al t = O. wllltli Illllllllli/'('d 1 hl' 

objective function, were 3.iï x 1O-7cm2/s and 3.43 x 1O-7cm l/." r(':--p('cll\·('I~. TIJ(':-I(' 

values are close to valucs at equilibrium swellillg cdlculatt'd with P~H' 

The theoretical plc(!Jctions for dynamie swellillg of <opolylll<'l g('b 01 <Ill)'" 

lamide and sodium acrylat.e ale compared 1.0 expertmental ddlrl III Fig .~).:.!K '1'11(' 

parametel's were obtained usiug experimental dat.a fOI tht' gel hd\'IIIg, ri dldllll'It'i ('qu,t! 

to 2.4 mm at. gel formation. The optimum vclltle fOI a COllhldllt diflll:--IOII ((wliIC Will 

in material coordinates. D = 2.8 X 10-8
('71/2 /.~. fit:, the CXP('lllllellt,d I(':--ltll:-- \\'11 Il 

a correliltion coefficient equaI \.0 0.948. Tite ('oopel ati\'l' dlfru:--101l uwlltc 1<'111. /),. 

becomes 

Using the two pal'amelers form of Eq. (5.21) the optimized difrll~IOIl COdltl )('111 1:--

Equation (5.36) fits the expcrimental result.s ",ith a correlat.ioll coclfiu('nl ('qllal t () 

0.959. The cooperat.ive diffusioll coefficient, De. is thell 

(.j.:~ï ) 

Using the three paramet.ers for111 of Eq. (5.22) the optimized diffusioll col'ffici('111 1" 
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Figure 5.28: Comparison of theory with experimental results for 
swelling of copolymer gels of acrylamide and sodium acrylate at 
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8 

Gel Diameter at Formation 2 D (cm /s) Correlation Coefficient 

2.4 mm Eq. (5.38) 0.961 

10.8mm Eq. (5.38) 0.972 
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D = 3.115 x 10-4 (1 + d)-17/12exp[61.57(1 + dtO.5'l5<: -1)] 
e 

(5.38) 

The correlation coefficient is 0.961. The cooperative diffusion coefficient is 

De = 3.115 X 10-4(1 + dr3/4ezp[61.57(1 + d)-O.525(: - 1)J 
e 

(5.39) 

At equilibrium swelling, i.e. d = de, Eq. (5.39) can he written as 

( 5.40) 

where the polymer concentration at equilibrium sv ~lling, Ce, is related to the polynH'r 

concentration, Co, and solvent ratio, do, at gel formation by 

c = C (1 + do) 
e 0 1 + de (5AI) 

The cooperative diffusion coefficient at equilibrium swelling, De, ca\culated from Eqs. 

(5.35), (5.37) and (5.39) ranges from 1.82-3.13x 1O-6cm2Is. Yoshio et al. (1986) re

ported a cooperative diffusion coefficient for copolymer gels of acrylamide and acrylic 

acid in the range of 2 - 4 X 1O-6cm2Is. Cooperative diffusion of sodium acrylatc gels 

ranged Crom 3.6 - 8.6 X 10-6cm2/ s (Komori et aL, 1988). These values arc sÎmÎlar in 

magnitude to those found here. The discrepancy between theory and experiment for 

ionic copolymer gels of acrylamide (Figs. 5.27 and 5.28) originates from non-FÎ(kian 

behavior of acrylamide-based gels. The mathematical model was based 011 a form of 

Fick's law for the relative velocity, u,-see Eq. (4.17). In Fig. 5.28 the thcory is cs 

sentially a straight line for F < 0.4 while the data show sigmoid shape charactcristic 

of non-Fickian behavior. If sorption equilibrhm cannot be achicved instantaneously 

at the surface of the swelling network, sorption curves exhibit an inflectioll point and 

are Sigma-shaped. Pattern formation on the surface of a gel (i.e. the roughening of 

the surface), which increases the rate of solvent uptake due to the increascd surface 

area, may a1so cause non-Fickian behavior. 
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Chapter 6 

EXCLUSION BEHAVIOR 

The exclusion hchavior of copolymer gels of acrylamlde, and homopolymer and 

copolymer gels of N-isopropylacrylamide (NIPA) was studied. The effects of so

lut.e size. crosslillking ratio. monomer concentration, percent of ionizable monomel 

as weil as :;,olllt.e charge on the exclusion behavior of hydrogels are described. 

The selectlvity rcsults arC' reported in terms of the distribution cocfficient, l\d. 

dcfilled as the ratio of tlw ~olute concentration in the gel phase, C. to t.hat. in the 

rC't.elltat.e or raffillate, CR. i.e. 

(6.1 ) 

A l1Jass balance 011 t he solute gives 

( 6.2) 

whcrc VF and CF are the feed volume and concentration respectively; and \In and \1 

ale t.he rel.ellt.dte and the ~wollclI gel volume, respectively. The distribution coefficient 

\\'as ca/culatC'd from experimental measurements by combining Eqs. (6.1) and (G.2) 

to gi\'(' 

(6.3) 

The fract ion of solute which is excluded, Il, is given by 

\ RCR 
11 = '\7 = 1 + l\'dV 

F F \'R 

(6.4) 
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Equation (6.4) indicates that complete exclusion occurs for Kd = 0 and complete 

removal from solution for Kd ~ 00. In addition to Kd the fraction of solute excluded 

depends upon the volume of gel as weIl as the volume of solution. 

6.1 Effect of Solute Size 

Size selective separation depends upon the relationship between the molecular size 

and shape of the solute and the pore size of the hydrogel. For polyethylene glycol 

(PEG), an uncharged solute, the solute size may be chara.cterized by its molecu

lar weight. Figure 6.1 shows the eff'ect of PEG molecular weight on the swelling 

and exclusion behavior of a weak acid copolymer gel of NIPA and sodium acrylate 

(8.0%T, 1.7%C, 10.0%1) and a strong acid copolymer gel of NIPA and 2-acrylamido-

2-methyl-l-propanesulfonic acid (R-SOiH+), (8.4%T, 1.6%C, 5.0%1). The sw('lIing 

ratio is defined as the ratio of swollen gel mass, M, to dry mass of polymer, Md. 

In spite of higher number of ionizable groups in weak acid gel, there was 110 sig

nificant diff'erence in swelling ratios. This was mainly due to incomplete ionization 

of ionic groups of weak acid gel in a solution of pH 6. The distribution coefficient 

Kd, decreased as PEG molecular weight increased thus indicating that gpls sorh low 

molecular weight solutes (MW = 800) but exclude high molecular weight solutes (MW 

= 18500). The distribution coefficient of low molecular weight PEG approachcs lIeu

trality (i.e. a value of Kd = 1), thus indicating equal concentrations of solute in both 

gel phase and external solution. Since the feed concentration of PEG, CF, was 25 g/L 

in each case, the higher exclusion of solute (lower J(d) for higher molecular weight 

PEG resulted in an external solution (retentate) of high concentration at equilibrium 

which, in turn, lowered the swelling ratio of gels at higher molecular weight. This is 

in consistent with the thermodynamics of gel swelling presented in Chapter 3. These 

results indicate that the exclusion of an uncharged solute by ionic gels is affected by 

solute size and pore size of the gels in swollen state. 

Solute size alone does not de termine selectivity; the shape of the !lolute 

molecule is also important. An extended molecule like polyethylene glycol (MW 

= 18500) was almost completely excluded by a strong acid NIPA gel (/{d = 0.01 in 

Fig. 6.1) whereas a globular protein (enzyme) like lipase (MW:::::: 105
) partitioned 

with a distribution coefficient of about 0.2 - see Table 6.4. 
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Figure 6.1 : Effect of solute molecular weight on the swelling and 
exclusion behavior of ionized NIPA gels. 
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6.2 Etrect of Monomer Concentration and 
Crosslinking Ratio 

The structure of a synthetic gel is det.ermined by the chemical (structure) properties of 

its components, the concentrations of the reactants and solubility conditions during 

gel formation. It is usually assumed that the number of crosslinks is proportional 

to the crosslinking ratio, but this is not universally true. The reactions involving 

crosslinking are afl'ected by the functional reactivity of the monomers and their spatial 

orientation during gel formation. The voids produced during gel formation are closely 

related to the effective pore size of the gel. 

From the aspect of pore size, Kun and Kunin (1964) classified gel struc

ture into two principal types: microreticular (microporous) and macroreticular. Mi

croreticular gels have more crosslinks, higher solid contents and lower specific solvent 

uptak~ than macroreticular gels. The more uniform repetition of the crosslinks in mi

croreticular gels produces smaller pores and renders the gel suitable for the separation 

of smaller molecules. The structure of the macroreticular gels is rather heterogeneous, 

the spatial distribution of the matrix being uneven. Gels may be considered to oe 
swollen networks through which small molecules move freely, while large molecules 

are excluded. The system of crosslinks acts as a physical barrier for molecllics of 

certain sizes and shapes. 

The exclusion behavior of a gel changes if the pore size of the network is 

changed. Gels with smaller pore sizes can he prepared by increasing the concentratIOn 

of the monomers or of the crosslinking agent at gel formation. To study the (·ffcct 

of monomer concentration and crosslinking ratio on the selectivity of hydrogels, N

isopropylacrylamide gel and its ionic counterparts with different concentrations of 

monomers and crosslinking ratios were prepared. Polyethylene glycol (~IW = 3·tOO) 

was used as the test solute. The experimental results for the cffeet of monorner 

concentration, (%T), on the swelling and exclusion behavior of homopolymcr gels 

of NIPA (1.6%C) and copolymer gels of NIPA and R-SOj"U+ (1.6%C, 2 .. 5%1) arc 

summacized in Fig. 6.2. Figure 6.3 shows the efFect of crosslinking ratio, (%C), 

on the swelling and exclusion hehavior of copolymer gel of NIPA and R-SOïU+ 

(2.5%1) having a total monomer content of approximatcly 8.3%T . The total monomcr 

concentrations of these hydrogels ranged from 8.3 to 8.4%T -see Table 2.9. 
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Figure 6.2: Effect of monomer concentration on the swelling and 
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The extent of swelling and the distribution coefficient, Kd, decreased with increasing 

monomer concentration and with increasing percent crosslinker. These results can be 

explained in light of the structural properties of the network. At low concentration 

of network formation, ring formation is favored. At concentrations below 5 w Iv %, 

ring formation is such a dominant process that no continuous network is formed 

(Oppermann et al., 1985). Ilavskyand Hrouz (1983) reported that the crosslinking 

efficiency increases with increasing monomer content at gel formation mainly due to 

the lower cyclization at network formation. Vasilievet al. (1985) found that both 

chemical crosslinking and physical crosslinking (chain entanglements) decreased with 

a decrease in monomer concentration at gel formation. 

The value of Kd decreased with increasing monomer or crosslinker concentra

tion, but it approached an asymptote at approximately 5 w/w % crosslinker or 16 

w/v % monomer concentration. Increasing the percentage crosslinking increases the 

number of crosslinks in the gel network with a consequent decrease in pore size and 

sweUing. According to Horkay et al., (1989) the reduced swelling at high crosslinking 

ratio is related to un favorable interaction of polymer chains with water, i.e. chemical 

crosslinking alters the electronic configuration of the constituent polymer chains, so 

good solvents of the uncrosslinked polymer will tend to have a more un favorable in

teraction parameter, X (see Chapter 3). But the decrease of swelling ratio as a result 

of increased percentage of crosslinker may rather be a geometrical effect, i.e. the main 

polymer chains cannot separate as long as the crosslinks are weil separated. Further 

increase of the amount of crosslinker does not create additional isolated crosslinks, 

but rather promotes the formation of inhomogeneities with regions where the matrix 

material is aggregated and regions where there is little gel matrix present. 

It has been suggested that microsyneresis (Dusek and Prins, 1969), in which 

a dispersion is formed by the gel and separated liquid phases (e.g. droplets of liquid 

inside the gel), and other modes of phase separation (Geissler and Recht, 1985) 

may produce heterogeneous networks. The ag~regation of bisacrylamide (crosslinking 

agent) in water has also been invoked to explain the existence of highly crosslinked 

regions in polyacrylamide gels (Hsu and Cohen, 1984; Weiss et al., 1979 and 1981). 

Baselga et al. (1987) studied the effect of crosslinking agent on the properties of 

polyacrylamide gels and found that the swelling of hydrogels decreased with increasing 

percentage of crosslinker and reached a plateau at 7 w /w %. Baselga et al. (1989) 

118 



have shown that near this value, the probability of forming permanent intramolecular 

cycles becomes significant. They also concluded that nctwork defects increased with 

further increase of the amount of crosslimung agent making the crosslinking efficiency 

progressively lower. The effect of crosslinker on the swelling and thermodynamic 

properties of polyacrylamide gels has been studied (Baselga et aL, 1989). The polymer 

volume fraction, v, increased with increasing percentage of crosslinker up to 5-7 w /w 

% but at higher percentages it remained constant. Similar results were reportcd for 

this system by Hsu et al. (1983). Tanaka, Fukumori, and Nishi (1988) investigated the 

influence of monomer concentration and crosslinking ratio on the chemical gelat.ion 

dynamics of acrylamide in water. They observed spatial heterogeneity of the network 

chains at high acrylamide and crosslinker concentrations. Heterogencous networks arc 

not transparent in the swollen state ( Dusek, 1971; Tanaka et al., 1988). Turbidity 

was observed here for copolymer and homopolymer gels of N-isopropylacrylamide 

at monomer concentrations ~ 12.0 w/v % or percentage crosslinker ~ 5.0 w/w %. 

Turbidity was also found for NIPA gels by Freitas (1986). 

Since size selective separation depends on the relationship between solute si'le 

and pore size, any variable which affects pore size will affect exclusion behavior. 1 he 

ionizable monomer content of the gel affects the degree of swelling, and hencc exclu

sion. Nonionic solutes like PEG (MW = 3400) will be less excluded as the swelling of 

the network increases. Figure 6.4 shows the swelling and exclusion behavior of copoly

mer gels of NIPA and R-S03 H+ as a function of the percent ionizable monomcr. 

The compositions of these ionic gels are given in Table 2.9. Considering the two g.'ls 

with 5 mole % ionizable monomer (5%1), the one with lower amount of crosslinker 

(8.4%T, 1.6%C, 5.0%1) was used in ail exclusion experiments. The composition of 

the nonionic NIPA gel (8.1 %T, 1.6%C) used in ail exclusion experiments is givcn in 

Table 2.8. The swelling ratio, M / Md, and the distribution coefficient, l\d, increascd 

with increasing content of ionizable monomer. 

A compact presentation of the data from Figs. 6.2, 6.3, and 6.4 for the 

effect of crosslinker, monomer concentration and mole % of ionizable mon orner 011 

the exclusion behavior of NIPA gels is shown in Fig. 6.5. This figure also includes 

the data from Fig. 6.8 for NIPA gels in a solution of PEG (CF = 25 g/L) and 0.038_ 

M NaCI. The abscissa in Fig. 6.5 is the volume fraction of polyrner in the swollen 

state, v. This volume fraction was calculated from the swelling ratio, M / Md, by 
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(6.5) 

where pg and Pp are the gel and polymer density, respectively. The values of pg aad 

Pp determined experimentally were 1.04 ± 0.04 and 1.16 ± 0.04, respectively. 

The PEG distribution coefficient decreased as the polymer volume fl'action 

increased. Highly swollen gels exhibited decreased exclusion. As v ..... 0 the distribu

tion coefficient should approach unit y, Le. the solutt- concentration is the same im~ide 

and outside the gel. Up to a polymer volume fraction of about 0.05 the data lie on a 

single curve. For higher volume fractions the data for the nonionic NIPA gels (from 

Fig. 6.2) lie below the data for the ionie gels. The effect of monomer concentration 

at gel formation on the exclusion behavior of hydrogels was more pronounced for 

nonionie NIPA gels. 

To test the generality of the correlation pre<;ented in Fig. 6.5 the data of 

Freitas (1986) for PEG (MW = 3400) are plotted in the same format in Fig. 6.6. 

This figure also contains the curves from Fig. 6.5. Freitas varied the monomer 

concentration and the crosslinking ratio for nonionic NIPA gels. His data are in 

general agreement with those of Fig. 6.5 except that reslllts for the variation of 

monomer concentration were more scattered. The result.d in Figs. 6.5 and 6.6 show 

that increasing the monomer concentration was the most effective way to lower Kd 

and thus to improve exclusion for nonionic gels. 

6.3 Effect of Charge 

The exclusion behavior of a polyelectrolyte gel is highly dependent on its interaction 

with charged solutes. An ionic solute like sodium pentachlorophenolate was almost 

completely excluded by a pH-sensitive ionie hydrogel (Ge)- rke et aL, 1986) whereas 

its exclusion was negligible for the nonionic NIPA gel (Freitas and Cussler, 1987). 

Because of the fixed negative charges on the polymer baekbone of the ionic gel, 

the negatively charged pentachlorophenolate ions were excluded, based on Donnan 

equilibrium. Use of ionie eopolymer gels to concentrate dilute aqueous solutions of 

biological produets seemed promising beeause of the large water uptake of these gels 

and their expected exclusion of eharged macromoleeules. 

122 



1 

1 

1 , , , , Present work: , , Ionie ... , 
nonlon/c 

0.8 
"0 Frett •• ' work: 
~ .. .. c 
G) 
l-
U "-i 
0 
(J 
c 
0 -'5 .a 
1-.. -; "-e 

o 
0.6 

0.4 

0.2 

E"ect of: 

cros,"nker 

o 
monomer 

concentration 

• o ~--~--~----~--~--~----~--~--~ __ ~ __ ~ 
o Q~ Q~ QOO QOO 0.1 

Polymer Volume Frac':lon ln Swollen State 

Figure 6.6: Distribution coefficient, Kd' for PEG (MW = 3400) as a 
function of polymer volume fraction of NIPA gels [data of Freitas 
(1986)]. 

123 



The effect of solute charge on the swelling ratio and the distribution coefficient of 

copolymer gels of N-isopropylacrylamide with different amounts of ionizable strong 

acid monomer (R-SOi H+) is shown in Figs. 6.7 and 6.8. Figure 6.7 shows the 

swelling ratio and the distribution coefficient in dextran and dextran sulfate solu

tions. To isolate the effect of charge on exclusion behavior for the two solutes of 

comparable size, dextran (MW = 9400) and dextran sulfate (MW = 8000), NaCI 

was added to the feed dextran solution. In 0.5 M NaCI/dextran solution the swelling 

ratio was essentially equal to that in distiUed waterjdextran sulfate solution over the 

complete range of ionizable monomer. Figure 6.7 shows both the effect of size and 

the effect of charge. The data for dextran (MW =19500) and (MW = !>400) show 

that swelling increased with ionizable monomer content, but that the value of Kd 

changed only slightly as thp- % ionizable monomer increased for this nonionic solute. 

The dextran with the higher molecular weight was more completely excluded, i.e. it 

had a lower value of Kd. The effect of charge is illustrated by comparing the data for 

dextran (MW = 9400) in 0.5 M NaCI and dextran sulfate in distilled water. Identi

cal swelling ratios were obtained, but the vaIlle of [(d was lower for dextran sulfate 

when the gel contained ionizable monomer. For a nonionic gel (0.0%1) the value of 

Kd was lower for the dextran because its molecular weight was higher. The value 

of Kd for dextran sulfate was essentially constant between 2.5 and 10.0% ionizable 

monomer. This unexpected behavior was caused by the increase in swelling as the %1 

increased, i.e. the increasing pore size resulting from the larger swelling counteracted 

the charge effect. To demonstrate the effect of charge more clearly, exclusion tests 

were performed using dextran sulfate in 0.5 M NaCI. In this solution the swdIing 

ratio was much more nearly constant than it was in distilled water. In 0.5 M NaCI 

the distribution coefficient for dextran sulfate decreased from 0.37 for nonionic EIPA 

gel t almost zero for an ionic copolymer gel with 10.0% ionizable monomer. Dorman 

equilibrium is responslble for the enhanced exclusion of negatively charged solute 

by the anionic copolymer gel which carries the same charge as the backbone of the 

network. 

Figure 6.8 con tains experimental results for swelling and exclusion in solutions 

of polyethylene glycol (MW = 3400) and in solutions of sodium vinylsulfonate (MW 

'" 3400). The swelling ratios for no.lionic NIPA gel and for ionic copolymer gels of 

NIPA and R-S03 H+ decreased witl! increasing solute concentration or with the 
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addition of sodium chloride to the feed. The decreased sweUing ratios resulted in 

higher exclusion of the solute. The swelling ratios of the ionie network increased with 

the pereentage of ionizable monomer while the distribution coefficient of the ionic 

solute decreased somewhat. The effect of the %1 on Kd for the ionic solute in Fig. 

6.8 is less dramatic than that shown in Fig. 6.7, perhaps because the solutes in Fig. 

6.7 are larger. 

6.4 Exclusion of Proteins 

Biological products, sucb as proteins, are more complex than tbe simple ionie macro

moleeules diseussed above. Among the important eharacteristics of proteins are the 

pendant ehemical groups such as amine (-NH2) and earboxylic add (-COOH) groups. 

ln acidic solution, the amine group may protonate to yield the cationic group (-NHt); 

in basic solution, the carboxylic acid group may ionize to yield the anionic group 

(-COO-). By altering the pH, the net charge on the protein can be changed. At thf' 

isoelectric point, pl, a protein has an equal number of positive and negativc charges 

and its net charge is zero. 

lon~xchange chromatography and hydrophobie interaction chromalography 

are protein purification techniques whicb are described in terms of the net charge on 

the protein and its hydrophobicity. Only recently has the role of heterogeneity on 

the protein surface been considered (Regnier. 1987; Ruckenstein and Lesins, 1988). 

If ionic or hydrophobic groups are distributed nonuniformly on the protf'in surfacf', 

interactions may occur between a sorbent and these ionic or hydrophobie regions on 

the protein surface. !"Qr example, retention in ion-exchange chromatography may be 

determined by a relatively small number of charged amino acids (-COO-) on the 

protein surface. Regions of the surface containing the anionic group arc eledrostat

ically attracted to the sorbent even though the net charge of the protein lIlight be 

positive. Consequently, if there is a nonuniform charge distribution on the protein 

surface, it is not necessary for the net charge of the protein to be OppOSI te to that of 

the sorbent, but rather the occurrence of an oppositely charged patch on the protein 

surface is sufficient to cause adsorption. Lesins and Ruckenstein (1988) demon~trated 

that proteins can easily adsorb to surfaces of like charge. This "patch-controlled" 

interaction is dependent upon the char~cteristics of the surrounding medium (i.e. pH, 
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« ionic strength) and the adsorbent. 

The exclusion behavior of an anionic copolymer gel of acrylamide and sodium 

acrylate (5.3%T, 2.5%C, 10.0%1) and a cationic copolymer gel of acrylamide and 

3-(methacrylamido)propyltrimethylammonium chloride (6.2%T, 2.2%C, 10.0%1) is 

summacized in Table 6.1 in terms of the distribution coefficient. This table also 

shows the swelling ratios for cach gel. For a nonionic solute, polyethylene glycol, both 

anionic and cationic gels gave similar distribution coefficients. The higher molecular 

weight PEG was excluded more completely. For proteins the anionic and cationic gels 

gave markedly different values of Kd' At pH 5.8, which is above the isoelectric point 

(pl), both proteins carry a net negative charge. The interaction between the positively 

charged network and the negatively charged proteins is controlled by the global charge 

of the proteins. These results imply that the cationic gel is not suitable to concentrate 

protein solutions, although it showed desirable swelling characteristics-see Fig. 5.2. 

Table 6.1: Exclusion behavior of anionic and cationic copolymer gels of acrylamide. 

Solute 

PEG· 
PEG-

Ovalbumin {pI= 4.6)t 
Bovine albumin (pI= 4.8)t 

-CF=25 g/L, pH=6.1 
tCF=l g/L, pH=5.8 

MW 

8000 
18500 
45000 

66000 

Anionie gel Cationic gel 
M/Md Kd M/Md Kd 

380 0.85 246 0.82 
172 0.30 120 0.28 
113 0.07 115 0.73 

157 0.82 113 0.73 

Ovalbumin was more excluded, i.e. had a lower Kd, than bovine albumin, even though 

the latter has a higher molecular weight. One factor which may contribute to this 

behavior is the extended shape of ovalbumin which has dimensions of 33 x 33 x 96Â 

(Haurowitz, 1963). In spite of the high molecular weight of bovine albumin and its net 

negative charge at pH 5.8, its distribution coefficient was near unit y for the anionic 

gel. This resuIt suggests that nonuniform charge distribution on the surface of the 

protein control::: the behavior (patch-controlled behavior). To test this hypothesis, 

cylindrical gel particles t)f different length to diameter ratios were used to concentrate 

protein solutions at different pH-values. The results are given in Table 6.2. Knowing 
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that the area to volume ratio for a cylinder is 

area 4 1 1 
volume = d[ + 2(L/d)J (6.6) 

the ratio of (area).lacwt!(area)/ong cylinders was about two. The distribution coef

ficient of ,8-lactoglobulin at pH 5.8 was the same for short or long gel particles, 

indicating that the net charge of the protein was responsible for the interaction be

tween solute and ionic network. At pH 2.9, however, the net charge of the protein 

was positive and it adsorbed on the surface of the negatively charged hydrogel. This 

surface adsorption increased the distribution coefficient al'ove that at pH 5.8. 

Table 6.2: Exclusion behavior of NIPA gels for prote, n concentration-. 

N onionic gel Ionie gel 
Solute MW pH .1!!.. 

Md Kd J!! h"d Md 

~-5 ~ -0.5 _~ '" .5 ;r '" 0.5 

{3-Lactoglobulin 37000 5.8 - - - 1.50 0.19 0.19 
(pI= 4.5-5.5) 2.9 - - - 52 0.66 3.22 

Ovalbumin 45000 5.8 - - - 132 0.01 0.01 
(pI= 4.6) 3.5 - - - 53 5.01 7.20 

Bovine albumin 66000 11 28 0.0 0.0 105 0.05 0.07 
(pl= 4.8) 5.8 28 0.0 0.0 127 0.82 1.85 

3.8 26 0.0 0.0 60 3.82 8.30 

·CF= 0.25 g/L; do=0.24 cm; lome gel: NIPAtR-S03 H+ (8.4%T, 1.6%C, ,).0%1) 

In addition, the surface adsorption yielded increased f(d for the low length-to

diameter ratio particles. Similar behavior was exhibited by ovalbumin. Bovine albu

min was completely excluded by the nonionic NIPA gel for both short and long gel 

particles, thus indicating no surface adsorption. With ionic gel at pH 5.8 the distribu

tion coefficient of bovine albumin was larger for the shorter particles, indicating that 

the nonuniform charge distribution on the surface of the protein (patch-controlled 

mechanism) was important. At pH 3.8 the net charge of the bovine alburnin was 

positive and there was strong adsorption by the negativcly charged nctwork. The 

distribution coefficient increased with decreasing length-to-diarncter ratio bccausf~ 

more surface area wa.., available. However at pH Il, well above the isoclectric point 
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of bovine albumin, the solute was almost completely excluded, but there existed sorne 

surface adsorption whieh might be due to hydrophobie interactions. The efFect of net

work charge on the exclusion behavior of cytochrome C (MW = 12330, pl = 9.3) with 

copolymer gels of NIPA and R-SOi" H+ is shown in Fig. 6.9. At pH 5.5, which was 

weil below the isoelectric point of solute, positively charged cytochrome C exhibited 

high affinity toward the ionic and nonionic gels which increased with increasing the 

amount of ionizable rnonomer. The large distribution coefficient of the solute for the 

nonionic gel (i.e. 0.0% ionizable monorner) indicates that in addition to the electro

statie interaction, hydrophobie interactions were involved between eytochrorne C and 

the gel network. 

6.5 Effect of Solute Concentration 

It is of practical importance to show to what extent dilute aqueous solutions of bio

logieal products can be eoncentrated efficiently, The effect of solute concentration on 

the distribution coefficient of ovalbumin is shown in Fig. 6.10. At low concentrations 

(i.e. CR ~ Ig/ L) ovalbumin was completely excludecl by eopolymer gel of NIPA and 

R-SOi" H+ (8.6%T, 1.3%C, 7.5%1). However, the distribution coefficient increased, 

i.e. the efficiency of 'iolute exclusion decreased, with increasing ovalbumin concen

tration in the feecl even though the swelling ratio decreased. This result implies that 

dilute solutions can be more concentrated in consecutive cycles, but that exclusion 

efficiency decreases as cycles continue. The increased distribution coefficient is at

tributed to the entrainment of small amounts of the retentate between gel particles 

due to the increased viscosity of more concentrated solutions. Increasing the gel bead 

size and washing the swollen gel should reduce the effect of solute entrainment. 

6.6 Enzyme Concentration 

The swelling and exclusion behavior of nonionic NIPA gel (8.1 %T, 1.6%C} :!nd copoly

mer gel of NIPA and R-S03" H+ (8.4%T, 1.6%C, 5.0%1) for concentration of 0.25 g/L 

lipase (wheat germ) solution at different pHs and salt concentrations are compared in 

Table 6.3. The swelling ratios, M / Md, for both nonionic and ionic NIPA gels, swollen 

in enzyme solutions having salt concentrations typical of fermentation broths, 
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Figure 6.9: Charge effect on the exclusion behavior of NIPA gels . 
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Figure 6.10: Effect of solute concentration on the swelling and exclu
sion behavior of copolymer gel of NIPA and R-S03 H (7.5%1). 
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were essentially equal, but the lipase was more excluded by the nonionic gel. 

Table 6.3: Swelling and Exclusion behavior of NIPA gels for concentration of lipase 
(wheat germ) at 6°C (±l°C). 

pH NIPA gel NIPA+R-SOi H+ ~el 
M/Mtl Kd M/Md Kd 

8.0· 24 0.25 27 0.32 
6.0· 23 0.20 24 0.38 
4.0· 23 0.20 23 0.73 
4.St 27 0.27 28 0.77 
4.4t 22 0.20 24 0.75 

• - t TriS HCI buffer 0.1 M NaCl + 0.005 M CaC!, 
tO.1 M KH 2P04 + 0.004 M MgS04 

Table 6.4 gives the swelling and exclusion behavior of nonionic NIPA gel (8.1 %T, 

1.6%C) and ionic copolymer gel of NIPA and sodium vinylsulfonate (8.2%T, 1.6%C, 

5.0%1) in solutions of different enzymes in the presence of salts which are frcquently 

encountered in buffered enzyme solutions. 

Table 6.4: Exclusion behavior of NIPA gels for concentration of 0.25 gjL enzyme 
solutions at 6°C (±l°C). 

NIPA 
Solute MW gel 

H Krl 

o-AmyldSe$ '" 52500 20 0.21 
o-Amylaset '" 52500 18 0.17 

Lipase" '" 100000 19 0.02 
(Candida cylindrocea) 

Lipasef unknown 19 0.27 
(wheat germ) 

.B-Gala.ct06idase$ 466140 24 0.00 

.B-Galactosidase t 466140 17 0.00 

-distilled water at pH 5.8 

t9.3 x 10-2 M KH2P04 + 3.9 X 10-2 M MgS04 

*5.6 X 10-2 M KH2P04 + 2.3 X 10-2 M MgS04 
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NIPA + N a-vinylsulfonate 
gel 

~. Kd 

57 0.40 
19 0.20 
37 0.20 

23 0.28 

70 0.00 
20 0.00 
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The j1-galactosidase was cumplct.cly excluded by both ionic and nonionic gels. Lipase 

(whcat germ) was only partially cxcluded by both ionic and nonionic gels. Lipase 

(CuT/,hda cY/171druCf..a) was excluded almost completely by the nonionic gel. but it was 

partially (I\'d = 0.2) excluded by the ionic gel. a-Amylase was more excluded by the 

nOllionic g(·I, but complet(· exclusion was not achieved with either gel. 

One crit.erion wlllch must. be met by a successful exclusion process is that the 

proces5 ilOt. affect the activity of the enzyme upon concentration of dilute aqueous 

~olution. To t.est the cffect of the process on the activity of enzymes, the retentate 

(rafTinat.l') concentrat ion was d<>tl'rmined and then this solution was diluted to yield 

a solutIOn with a concentration equal to that of the feed. The activity of the diluted 

retentat,(· and that. of the fecd were measured using standard assays as described 
. f 1 b Somogyi Units 1 1 ilJ Chal)t.el' 2. The aC\,)\'lt\ v Q-amvase was a out 720 rd 111 lOt 1 ,. mg so 1 

fl'('d alld retentat.(', The lipase élctivit.y in both feed and raffinate \Vas about 12.4 
Si,gTWt-Tietz lhllts TI ... f 1 j3 l 'd 105 Units mg solIt! 1f' ellzyP1atlc a.ctlvlty 0 t le -ga actosl ase was mg solid 

in both feed and the retentate. These results indicate that the concentration pl'Oces~ 

m,ing NIPA gels has no adverse effect on the activity of these enzymes. 
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Chapter 7 

CONCLUSIONS AND 
RECOMMENDATIONS 

7.1 Conclusions 

The present st.udy was related t.o the pot.ential application of h~'(lIop,('b 10 COIl( <'III lak 

dilute aqueous solutions of biological products in a gel-based filtl "t J()II '1'1)(' -.11< «('''':

of the proposed process i~ hea\'ily depelldcllt upml the s\\'t'Illllg fille! l'~.< 11l~1()11 111'1111\ iOI 

of crosslinked polymer gels which are used a~ extrctCtioll ~OIV<'III~, ('OPOIYII)('1 gl'I ... 01 

acrylamidc and its derivative, WCI(' plepared and fact.or~ aff{'( tlllg \.I\(,I/ ~wI'lhllg alld 

exclusion behavior \Vere studied. 

Crosslinked polymcl' gels. w hose swelling i~ ~clIsi t.i v(' 10 Il)(' 1 ('1111 )('1 cl t 1111' 01 

concentration of the surrolll1ding medium. can )(> exploitC'd to COtH'('llt l'al (' dilllll' 

aqueous solutions of mactomoleculal solute~ includlllg protCIIl:- (l'IIZyllH':-) 111 cl gl'I 

extraction process, The cffinenry of solt:le cxclu&ioll. ba~('d 011 1111' ~IZ(' of III<' ~()IIIII' 

and the pore size of the Ile! work. iIlCl'ea~ed as the pol~ 1llf'1 volullI(, fi il( 1 iOIl 11111 ('cI:-I'd 

The variable with the Idrgest dfcct on the slze exclu..,lOn I)('h cl \'1 (lI of hydlOg<'h, WiI" 

the monomer concentration at gel formation, 

The simple ionic solute~ were more excluded by poly{'I<·( t./'olyte g('l~ ba:"C'c! 011 

the Donnan equilibtium The mcchanism of int('lélctioll hct\\'f'('11 )iologiCiaJ I)lodllct... 

and polyelectrolyte gel& \\'a~ not ~olely determill<,d by the 1)('1 charg(' of tlw ...,01111('. 

but the nonuniform charge di~tl'lbution on the surfac(' of blolop,lcal !lldC IOIlI<JI<'C'ldc'" 

plus hydlOphobic interact ions ilia)' play ail important IOle 111 il g('l- bcl:,,('d "'<']><ll',t! jOli 

processes . 

.l\'onionic N-Isopropylacrylamidc (l\'IPA) g<>l. w!Iic!I cxhibit('d III<' J<'<1..,1 illl<'I

action with biological materials. appeared promi&ing hecausp it i~ eaflily I<'gell(,l'aU'd 

at 35°C without contamillation of the gel by c!Iemical addit ive:" TIJ(' JO\\' <'ll<'l'g\ 
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requirements, low equipment cost and reusability of this gel might be exploited to 

develop a separation process which seems competitive with widely used ultrafiltra

tion and precipitation methods. The potential superiority of the gel-based filtration 

can he easily imagined for the concentration of dilute aqueous solutions of biological 

products which are highly sensitive to process condition, e.g. enzyme concentration 

while the activity of the microorganisms are preserved. However, gel-based filtration 

have sorne limitations. Swelling of NIPA gels decreases in the presence of appreciable 

amount of organic solvents (Hirokawa and Tanaka, 1984; Otake et aL, 1990) or small 

solutes (Freitas and Cussler, 1987). Multiple swelling which is required to get more 

concentrated solutions of large solutes is limited because of corresponding loss in yield 

at each cycle. 

The solution pH had a profound effect on the swelling equilibrium of gels 

containing weakly acidic groups. The degree of swelling of an ionic gel in a salt 

solution was determined largely by the concentration of the mobile counterions. At 

a fixed composition counterions of higher charge caused a larger shrinkage of the 

gel. Complex formation increased this effect. Small concentrations of counterions, 

present from acid or base added to adjust pH determined the swelling behavior. 

NIPA gels exhibited larger volume changes from the collapsed state upon swelling in 

10-3 M Ca(N03h solution than acrylamide gels, although the latter exhibited larger 

equilibrium degree of swelling. The cationic copolymer gel of acrylamide and 3-

(methacrylamido)propyltrimethylammonium chloride exhibited irreversible swelling 

at pH > 8. The monomer concentration (%T), crosslinking ratio (%C) and pro

portion of ionizable monomer (%1) at gel formation affected the swelling behavior 

of hydrogels. The degree of swelling decreased with increasing monomer concentra

tion or crosslinking ratio whereas it increased with inereasing amounts of ionizable 

monomer at gel formation. 

A thermodynamic model based on Flory's theory and on an additivity rule 

for the osmotic pressure of polyelectrolyte-salt solutions described the effect of salt 

on the swelling of ionic gels. 'T'heoretical predictions agreed with the experimental 

results for swelling of ionie gels in mono-monovalent salt solutions. Assuming the 

osmotic coefficient equal to unit y and neglecting the non-Gaussian distribution of 

chain extension gave predictions well above the data at low salt concentrations. The 

effect of bivalent counterions on the swelling of ionie gels was also weIl represented by 
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the theory if no complex formation occurred. The effect of a salt solution containing 

both mono- and bivalent counterions on swelling behavior was predicted at low l'aIt 

concentration using ideal Donnan equilibrium. 

The volume of anionic copolymer gels of acrylamide and NIPA swollen in 

distilled water at pH < 9 aCter preparation, went through a maximum followed hy 

a graduaI approach to equilibrium. The maximum value of the swelling ratio in an 

unstirred solution exceeded that in a stirred solution, thus indicating that cxtcrnal 

film diffusion had sorne influence. Anionic gels containing weakly acidic monomcrs 

exhibited a maximum volume upon swelling in a finite volume of solution of initial 

pH of 5.7, followed by a decrease in volume and then a graduaI incrcase to the 

equilibrium value. Preswollen copolymer gels of aerylamide and sodium aerylate 

which were partially collapsed by subjecting them to a centrifugaI force went through 

a maximum during the sweUing step, which was about twice the former equilibrium 

value, followed by a graduaI approaeh to equilibrium stat~. 

Deformed and undeformed NIPA gels exhibited Fickian behavior upon swclling, 

but the rate of solvent uptake was higher for the deformed gel. Although the swelling 

of NIPA gels was Fickian their shrinking at 35°C was non-Fickian. The rate of 

sweUing was slower than the rate of collapse. The swelling of copolymer gels of 

acrylamide was non-Fickian but faster than that of NIPA gels. 

Pattern formation on the surface of the ionie gels was observed upon swelling. 

Buckling of a thin film of the gel during confined swelling was so intense it resultcd 

in tearing of the gel. 

A Fickian mathematical model, which describes kinetics of swelling and col

lapse, was developed through the use of a material coordinate and a chemical potential 

driving force. By an approximation, explicit relationships between diffusion coeffi

cients in polymer material coordinates (Lagrangian) and in laboratory coordinates 

(Eulerian) for eylindrical and spherical geometries were obtained. The thcoretical 

predictions agreed well with experimental data for swelling of gels which exhibitcd 

Fickian behavior. 
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7.2 Contributions to Knowledge 

The contributions to knowledge resulting from this study are: 

(1) - Concentration of dilute aquoous solutions of the following enzymes with no 

effect on the enzyme activities: 

(a) - a-amylase 

(b) - lipases from wheat germ and Candida cylindmcea 

( e) - (l-galactosidase 

(2) - Preparation of the following polymerie gels: 

(a) - copolymer gels of acrylamide and 2-acrylamido-2-methyl-l-propanesulfonic 

acid (R-SOj" H+) 

(b) - copolymer gels oC N-isopropylacrylamide (NIPA) and R-SOj" H+ 

(e) - copolymer gel of NIPA and sodium vinylsulfonate 

and studying their swelling anc:l exclusion behavior. 

(3) - Demonstration of anomalous behavior of deformed hydrogels upon swelling as 

follows: 

(a) - copolymer gels of acrylamide and sodium acrylate, which were collapsed 

by applying centrifugai force on gels at equilibrium swelling, went through a 

maximum during the swelling step which was about twice its former equilibrium 

value. 

(b) - the rate of solvent uptake was higher for deformed NIPA gel. 

(4) - Observation of Collowing phenomena upon swelling of anionic gels: 

(a)-anionie copolymer gels of NIPA and sodium acrylate exhibited a volume 

overshoot, upon sw~Iling in a fini te volume of solution of initial pH of 5.7, 

followed by a graduai increase to the equilibrium value. 

(b )--buckling of the surface of a thin film of copolymer gel of acrylamide and 

sodium acrylate upon confined swelling was so intense which resulted in tearing 

of the gel. 

(5) - Extension of a thermodynamie model for swelling of polyelectrolyte gels using 

Flory's theory and an additivity ru le for the osmotic pressure of polyelectrolyte

salt solutions with the inclusion of the effect of: 

(a) - noncomplexing bivalent counterions 

(b) - d. salt solution containing both mono- and bivalent counterions 
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...... (6) - Development of a mathematical model for the kinetics of the swelling and 

shrinking of planar (slab), cylindrical and spherical gels, using polymer mate

rial coordinates (PMC), with the following features: 

(a) - simple mathematical derivation 

(b) - explicit expressions of diffusion coefficient in PMC for cylindrical and 

spherical gels 

7.3 Recommendations 

The results of this work suggest the following avenues for further research. 

- Study of elastic and swelling behavior of nonionic NIPA gel and anionic and 

cationic copolymer gels of NIPA with different amOU&lts of monomers, crosslinking 

agent and ionizahle monOlner at gel forrnd.tion in the presence of mono- and 

bivalent counterions at different pHs. Comparison of resulting experimental data 

with thermodynamic and kinetic theories presented in this work. 

- Determination of the phase hehavior of ionic copolymer gels of N-isopropylacryl

amide (NIPA), particularly cationic copolyrners which can he prepared with wf'akly 

basic rnonomers. 

- Study of the effect of pH on the irreversible swelling of cationic gel at pli > 8 

which can be started by investigation of physical properties of the linear copolymer 

solution. 

- Study of the effect of an electric field on the swelling behavior of cationic gels and 

on the swelling behavior of anionic gels prepared with highly acidic monomers. 
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ru = initial half thlckness of the slab and/or the initial 
radius of the cylindrical or spherical gel. in laboratory coordinates 

r.; = correlation coefficient 
r(O) = inItial gel radius 
r(0O) = gel radius at equilibrium 
r(t) = gel radius at lime t 
T = absolute temperature 
T9 = glass transition temperature 
%T = percent (w / v) of total monomers at preparation 

= time 

U~ = veloclty of solvent relative to the matnx 

u) = superficial veloclty of each phase 
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u, = superficial velocity of solvent 
V = gel volume 
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Z, = charge 01 specle:, . i' 
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= t.he positiw' root~ of the z{'ro orelf'! Be~s('1 fllBetloI! of t Iw lir~t klnd 
= < no! >In 1,-1/l1l-1/2 

° = < oo! >In TI-ln 
° 

:-'IMtlal IIltt',!?,ratioll \'al'labl(> 
= fi ,tctlOlI of ..,olute t~'\c1\1d{'d 
= plf'ctrochell1l('ct! potl'lltial of paeh plectrolyte in tlw external sollltion 
= {·le('troc!H'lllical (>Ot.f'lltlcll of f'ach t'lectlOlyte ln t.1lt' gel 
= \'olllnw fraction of (·(teh phasf' 
= \'OlllllW l'rat t hHl 01 polynwric matrix 

voluIlle Iral tlOn of :-.ol\'t'nt 
~oh't'nt ratio 

1 l:! 



do = initial value of solvent ratio 
de = equilibrium value of solvent ratio 

,' .... do solvent ratio at gel formation -
d( r, t) = spatial distribution of solvent ratio at a specifie time 

in Eulerian coordinate 
d(x,t) - spatial distribution of solvent ratio at a specifie time in PMe 
dTheor ,, ( t) = ratio of total volume of the solvent t,o that of polymer matrix 
p - chemical potential of solvent 
pO(PO) - chemical potential of solvent in the standard state 
p, = chemical potential of species 'i' 
p~(PO) = chemical potential of species 'i' in the standard state 
Vd - concentration of constituent chains per unit volume in dry state 
Vo = concentration of constituent chains per unit volume at gel formation 
Il - osmotic pressure of po lyelect roly te/salt solution 
1r = osmotic pressure 
1r,dea/ = ideal osmotic pressure 
1rp - osmotic pressure of salt-free polyelectrolyte solution 
1r. = osmotic pressure of polyelectrolytc-free salt solution 
1rI = osmotic pressure of polymer solution 
1rz = elastic component of osmotic pressure 
1r3 = osmotic pressure of mobile ions 
Pg = gel density 
Pp = polymer density 
17 = shear modulus 
T = time integration variable 
c) = osmotic coefficient of gel phase 
<P = osmotic coefficient of external solution 
<pp = osmotic coefficient of salt- free polyelectrolyte solution 
<P. = osmotic coefficient of polyelectrolytc-free salt solution 

X = polymer-solvent interaction parame ter 
\II = optical rotation of solution 
t/J = electric potential of external solution 

t/J = electric potential of gel 
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Appendix A 

DERIVATION OF EQ. (4.13) 

Since 19 = d(m,t), 

(A.1) 

Because m = m(r,t), 
am am 

dm = (ar ),dr+ (Tt)rdt (A.2) 

Substitution for dm from Eq. (A.2) iuto Eq. (A.1) yiclds 

ai) ôm ôi} ôm ôt') 
dd=(-a )'(-ô ),dr+(-a ),(n-)rdt+(-a }mdl (A.3) 

m r m ot t 
or 

ad ad am iH) 
di} = (ar ),dr + [( am ),( ai )r + ( al )m]dt (AA) 

Since 19 = d(r,t), Eq. (A.4) is an exact differential and it follows that 

ad ai) am ôv 
( at )r = ( am )t( 7it )r + ( al )m (A.5) 

or 
ai) ail ar am al} 

( ôt )r = (ar ),( am),( Dt )r + (Ft)m (A.6) 

Substitution for (;:), and (~';)r from Eqs. (4.14) and (4.15) into EC]. (A.6) yi('lds 

(A.7) 

Equation (A.7) is identical to Eq. (4.13). 
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Appendix B 

NUMERICAL SOLUTION 
TECHNIQUES 

The implicit finite difference method was used to solve the non-linear partial differ
ential equation expressed by Eq. (5.7). 

B.I Implicit Method 
Since stability problems may develop in Explicit fini te difference method, small time 
steps must be employed resulting in long computational times. The use of an Implicit 
method is more practical. In this method ail spatial derivatives were differenced at 
time level n+ l and the central difference scheme was used. The difference between 
the Explicit and the Implicit methods is that the spatial df"rivatives are differenced 
at the time level n in the former method. 

Equation (5.7) for a spherical geometry is rearranged to 

ô19 = ~D(19/H) + ~[D(19)ô191 
ôt x 8x ôx ôx 

(B.1) 

Since ~ 1%=0 = 0, the first term on the right-hand side of Eq. (B.I) must be de ter
mined by L'Hopital's rule: 

. ô{} ô2f) 

l~(ôx/x) = ôx2 

lIence, for x = 0, Eq. (B.l) becomes 

ôd = 2D(19)ô
2

{} + ~[D(19)ôdl 
ôt ôx2 ôx ôx 

For x -F 0, Eq. (B.1) can be written in a finite difference form as follows. 

where 

and 

A - Dn+l .an+l (Dn+1 + Dn+l )_l]n+1 + Dn+l .I]n+l 
- '+1/2u'+l - '+112 ,_1/2 U

' '-1/2 u'-1 

Dn+1 = !(Dn+l + Dn+l) 
'+1/2 2' .+1 
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(B.3) 

(BA) 

(B.5) 

(B.6) 



and 
DR +1 = !(D"+1 + D,!+I) 

t-l/2 2 t t-l (B.7) 

The subscript i and superscript n correspond to the x-direction and time index, 
respectively. For x=O, Eq. (B.3) can he written in a finite difference form as follows . 

• OR+1 _ {J" iJn+1 2iJn+l + {Jn+l A 
u. • = 2D"+1 ttl -. .-1 

6t • (6x)2 + (6x)2 
(B.8) 

The boundary condition at x=O implies that {J~:" = ar:!l, hence Eqs. (B.6)-(B.8) 
can he written as 

DR +1 - Dn+1 - !(Dn+1 + Dn+1) (8.9) 
'+1/2 - .-1/2 - 2' .+1 

and 

iJ:+1 - {Jn = _4_Dntl ({Jntl_ {J"tl) + _l_[(Dn+l + Dn+l)({Jn+l _ {J"+I)] (8.10) 
6t (6x)2' .+1 • (6x)2' .+1.+1 • 

In the ahove equations, 6x and 6t are the step length and the time interval, l'e
spectively. By rearrangement of the above equations, the following expressions are 
ohtained. 

(8.11 ) 

where for x " 0 

(D"+1 + D"+1) • .-1 

2(6x)2 
(B.12) 

_ .!.. D:+1 (D':.!/ + D':t/ ) 
BT, - 6t + (6x)2 + 2(6x)2 (8.13) 

(8.l /1) 
D ntl (D"+! + D"+I) 

CT. • • .+1 
• = - (x.6x) - 2(6x)2 

DT. = v:/6t (B.1.rs) 

and for x=O 
AT. = 0 (B.16) 

1 D"+1 Dn+l 
BT, = 6t + 5 (6~)2 + (6;)12 ( 8.17) 

D"+l Dn+l 
CT, = -5 (6~ )2 - (6;)12 (8.18) 

DT. = {J~/fJt (B.19) 

Applying Eq. (B.ll) to ail nodes, a system of nonlinear algebraic equations in tt'rms of 
the solvent ratios at time level n + 1 is obtained. These equations can be solvcd by the 
Thomas-algorithm (Lapidus, 1962) with iteration to obtain the spatial distribution 
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of solvent ratio at a specifie time, t?(x, t). The numerical values of aTheof'l/(t) in Eq. 
(5.28) for a sphere are obtained by 

(B.20) 

where x is the radius of each grid point and Xo is the maximum value of x, both in 
polymer materiaJ coordinat es. This integration is performed using Simpsons' rule. 

B.1.1 Thomas-algorithm with Iteration 

The following steps were followed. 
1- Cuess the initial values for solvent ratios at time step n + 1. Applying 

initial and boundary conditions is the most appropriate guess for the first time step. 
2- For ail nodes, determine the coefficients AT., BT" CT, and DT, in Eq. 

(B.12) based on the guessed values in step 1. 
3- Solve the system of algebraic equations obtained by the application of Eq. 

(B.ll) to ail nodes lIsing the Thomas-algorithm for a tridiagonal system of linear 
equations. 

,1- Use the ca\culated solvent ratios at t,ime level n + 1 from step 3 as a new 
glw~s starting from :-.tep land then continue until convergence is achieved. 

B.1.2 Convergence and Accuracy of N umerical Results 

Conw'rgcnce for calculation of solvent ratio of each grid point (node) by Thomas
algorithm was achicved with ~ 4 iterations. To test the global convergence of the 
numerical procedure differer.t step lengths, hx, and time intervals, 8t, were used. 
The nurm'f\cdl results for the fractional approach to equihbnum [Eq. (5.28)], F, 
obtaincd with dJffcrcnt b.r-values are given in Table B.l. These results indicate good 
convergeuce allileved at bx = 2.175 X 10-3 cm. The largest relative devlation betwœn 
F-valut's cakulctted wlth thi., bx and the smallest hx was 0 .. 52% at t= 5 min. Table 
U.2 gIV('S the numencal values of F for different time mtervals. Convergence was 
satisfadory at bt = lOs with the largest relative deviation equal to 0.24% ai t = 5 
I1UIl. 

To check the accurMy of the numerical method, tht· ~Jmputational results 
with constant dt/fUSIOn coefficient were compared with exact analytical solution, [Eq. 
(5.27)] in Table B.3. The pcrcentage relative deviations between the nnmerical results 
and the exact soluti('n were less than 0.07. Based on these results the lime interval 
and step length for the subsequent computations were set equal to 10 sand 1.4.5 x 10-3 

CIll, respectivcly. 
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t Table B.I: Comparison of numerical values of the fractional approach to eql1ilibriurn 
for different step lengths·. 

Time F F2Ft l 

(min) 62: 1 = 1.45 x lO-"cm 6x2 = 2.175 x 10-.1 cm DZ3 = 4.35 x 10 '''cm x 100% 

5 0.2122 0.2133 0.2195 0.52 
10 0.2922 0.2929 0.2962 0.2·1 
15 0.3506 0.3511 0.3550 0.14 
20 0.3977 0.3980 0.4000 0.08 
25 0.4376 0.4379 0.4395 O.Oi 
30 0.4724 0.4726 0.4 7-10 o .().t 
35 0.5033 0.5035 0.5046 O.O·t 
40 0.5312 0.5314 ().532:l O.O·t 
45 0.5566 0.5567 0 .. 557.') 0.02 

. - - -~. -Dt - lOs, D - 2.8 x 10 cm / s, :Co - 0.0435cm 

Table B.2: Comparison of numerical values of the fractional approach to eql1ilibrilllll 

for different time intervals t. 

Time F F,-F2 

FI 
(min) bt t = 5s bt 2 = lOs bt3 = 20s x 100% 

5 0.2127 0.2122 0.2113 0.2·' 
10 0.2926 0.~922 0.2916 0.14 
15 0.3508 0.3.506 0.3·500 0.06 
20 0.3979 0.3977 0.3972 0.0.5 
25 0.4378 0.4376 0.4372 0.0.5 
30 0.4726 04724 0.4 720 0.04 
35 0.5035 0.5033 0.5030 0.04 
40 0.5314 0.5312 0.5309 o.o~ 
45 0.5568 0.5566 0.5563 0.04 

t, = -3 - X 0-scm2 S' X = 0.043.1crn -bx 1,45 x 10 cm, D 2.8 1 /, 0 
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( Table B.3: Comparison of the numerical results with the exact analytical solution t 

Time F (FA - FN)/FA 
(min) Analytical Numerical* x 100% 

5 0.2122 0.2122 0.00 
10 0.2924 0.2922 0.07 
15 0.3507 0.3506 0.03 
20 0.3979 0.3977 0.05 
25 0.4378 0.4376 0.05 
30 0.4726 0.4724 0.04 
35 0.5036 0.5033 0.06 
40 0.5314 0.5312 0.04 
45 0.5568 0.5566 0.04 

t = -8 2 D 2.8 x 10 cm / s 
·&r = 1.45 x 1O- 3cm; 8t = lOs 

The computer programs on a floppy diskette are available frem Professor M. E. 
Weber. l 
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