
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

Elastic Modulus of the Gel made from
Interpenetrating Polymer Networks in Phase
Separated State

Xu, Zhe
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University

Takahashi, Yoshiaki
Institute for Materials Chemistry and Engineering, Kyushu University

Takada, Akihiko
Institute for Materials Chemistry and Engineering, Kyushu University

https://doi.org/10.5109/1440968

出版情報：Evergreen. 1 (1), pp.1-5, 2014-03. Green Asia Education Center
バージョン：
権利関係：Creative Commons Attribution-NonCommercial 4.0 International



/�8

'7'���''������������	�
�����
������
	���������	���������������	�������
���	
������F��(�-/��3����-/��""(�/8G�*
	(�,-/H

Elastic Modulus of the Gel made from 
Interpenetrating Polymer Networks 

in Phase Separated State 

Zhe Xu1
, Yoshiaki Takahasht2, Aldhiko Takada2 

1 Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, Fukuoka 819-0395, Japan 
2 Institute for Materials Chemistry and Engineering, Kyushu University, Fukuoka 81~8580, Japan 

•Author to whom correspondence should be addressed. Email: ytak@mm.kyushu-u.ac.jp 

(Received January 22, 2014; accepted February 18, 2014} 

Interpenetrated polymer network (IPN) of gelatin (Git} and sodium polyalginate (Alg) is studied to prepare Alg gel, 
which is expected to be more uniform than that prepared directly at high added salt (NaCl} concen1rations, C1. The 
mixed solution and IPNs are homogeneous at lower Cs. It was found that the mixed solution get phase separated around 
Cs =0.35M. The gels made from the phase separated solution were also investigated. The roughness of Alg gels 
prepared via IPN and directly at higher Cs is almost the same. It can be summarized that the phase separation was 
brought by higher Cs and it is not suitable to prepare uniform Alg gels with high.er Cs. It was pointed out that the Alg 
gels prepared with lower Cs via IPN shows narrower elastic modulus distribution than the higher ones. 

1. Introduction 

The crosslinks in three-dimensional polymer network 
can be clarified into two categories. One is chemical 
crosslink formed by covalent bonds between polymer 
chains and the other is physical crosslink by coagulation 
of small parts of polymer chains due to ion complex 
formation, microcrystalline, and so on. Gel is a swollen 
state of three-dimensional polymer network containing 
solvents stabilized by thermodynamic interaction 
between polymer and solvent. Usually, the physical 
crosslink is weaker than the chemical crosslink. As a 
result the physical gel is also weaker than the chemical 
gel. However, the physical gels have reversibility in 
sol-gel transition at certain conditions. With such 
characteristics physical gels are widely used in foods, 
medical treatments, pharmacy, and etc. 

In order to create new high performance materials, the 
research for multi component systems are carried out for 
polymeric materials. 1> 2> In the case for polymer networks, 
interpenetrated polymer networks (IPN), in which 
individual component polymer chains are connected with 
the same species by physical or chemical crosslinks, 
have been studied for expectation of better properties by 
interlocking of different polymer species. 

When two polymers having different crosslinking 
mechanisms are employed for components of physically 
crosslinked IPN, it is expected that the crosslinking of 
components can be controlled independently. It was 
reported that polyvinyl alcohol (PVA)/sodium 
polyalginate (Alg) system with low Alg content 
composes IPN and the final structure does not depend on 
the gelation order of components. 3-7)Nakamura8J studied 
gelatin (Git)/ A1g systems with a low added salt 

concentration Cs. It was reported that by removing the 
Git from the IPN, more uni.form A1g gel can be obtained 
than the gel prepared directly from Alg solution. 

We attempted to study elastic properties of IPN of 
Glt/ Alg system and Alg gel via IPN with high Cs to 
examine the effects of added salt and found that phase 
separation takes place for Git/ A1g at high Cs. In this 
study, phase diagram for Git/ A1g solutions with fixed 
Cm and CAis at a typical concentration used for IPN 
preparation with varying Cs is reported 1D examine the 
phase separation behavior of this system. The effect of 
phase separation on elastic property also examined for 
samples prepared with Cs=0.5M. 

2. Experimental 

2.1 Materlalll and sample preparation 
Sodium poly alginate (Alg: weight average degree of 

polymerization 650; the ratio of j3-D-mannuronate (M) 
and a-~guluronate (G); M:G= 1:1.3} is purchased from 
Nakalai Tesque, Inc. Cooking gelatin is purchased from 
Morinaga & Co., Ltd. These polymers are used without 
further purification. Weighted amounts of the Alg and 
Glt are dissolved into deionized water with added salt, 
NaCl. Then the mixed solutions are prepared by simply 
mixing prescribed amount of two solutions and kept at 
60'C for 2 days. Intrinsic viscosity [q] of the prepared 
Alg/Glt solutions are measured by the Ubbelohde 
viscometer at 25 "C to determine the degree of 
overlapping of polymer chains. Concentration C of 
components are determined by initial weight of samples 
and total weight of final samples. In this paper, the 
subscripts Alg and Git are used for C and [q] to specify 
the polymers. 
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2.J OhHrn.lio11 of phlle RplJ'lltloo and platio• 
Tho well dissolvod mixed solutions of Alg.IGlt 

(CA1.e"'().Swt%, Co!FSwt".4) with difti:rart Cs an: 
tnmafm:ed to te&t t1lhea and b:pt at 60'C in the own fCll' 
4 moro hours. Tho!I, Cho !Ost lllbes aro put illto a w8la: 
blllh. The initial tempendllre of water bllh was SO'C. 
Then !he tr:mpamure waa ~to 2S'C w.ith S'C 
dec1-.t to obd«vo Cho ~s ill. dio lest Who • .At 
-h lllDll'O'ihn, obmvation was done eftel' 10 min• 
dunllion.. Fimllly, the llcat t1lhca are put into remgerator 
and bpt at 4 'C f(lf 4 hours. Tb.Oil dio test lllbes llrT> Ulkeo. 
out to 1\irthe:r ob5CllVO tho i;lump in samplOll and to 
measmedasticity. 

2.3 Prepan#oo orlPN ud gd •"'P'a 
Olt-&mi-IPN (alt gel conWnin,g Alg) was pxqienld 

&om. dio mixed soludon by 'oollag ill retlgemtor for 12 
hours at 4 'C, IPN WU pnpared ftom the Ofl..somi·IPN 
by 1oeking it in IM CaCl2 aqueout solution for 2 d&yB. 
dimgfng dio CaCia 901u!io:o. ee.cli day. 'J'bo Alg pl WU 

~ ftom the JPN by ~in& the JPN at 40'C fot' 
20 d&ys in NaCl aqueous solution, changing the solvmt 
for 9ml:llll timos to t\illy dlnolvo and l'elll(M) tho Git. 
Noto 1hat Cs WM bpt c:o:nsllltlt in theso ~ Mia' 
above tR:lllmclll, the Als gel - n::movcd fi:om the 
soM!lt 111111. bpt at room te:mpemtu:re for about 4 hoUl'I 
'bofbro tilO ~ The room te!llpCll'aUn WU 

kqlt at annmd 25 'C. 

FJ,J. t ScMmac!c lllumlon of .:o:Dlai:t 1*weGn a 

1phcic and m da.ttic body. 

Indentlltion ~ ill uaed to meume !he elulic 
modul111 of lPNs 111111 gels. Whllll. llll .,lie sphlll'O of 
l1ldi1ls R is mdet•!M illtO an olu1ic half-tl*O to deplh d, 
u shown in Figure 1, the 11pp!ied fom: Fill RblM to R 

anddby 

F= {I) 

When: If C1111 be related to the elulic moduli E1 and E;i 

ad tbe Poisson's ratio v,. 8Dd v.,<lf-h bod)' by 

_l = (1 - v:> + (1 - v;) (2) 

9° E1 E8 

Let lho S{lfJ.ero be material 1 wt be a rigid body, so !hat 
wo cai a.ssume Et'='• Thim, by evaluatin&' F and d, the 
daslic maclulus of SSl!lllle Bi, C1111 be derived mim 
~om (I) and (2). 

Fi&\n 2 iihom our hornoir e.ilo simplo olastic DIOda1uJ 
mclc!:. It ill conaiBled of 4 pmlll: main pole, shaft, 
mlclo:mom, alld cloctfOll!e b6hm.I» to - F. Tbe:re 
ia a valve on the top (If the main polo to c:omrot tho 
height of !he shaft, on which the micromm:r is fix£d.. 
lb tip hllviDg a half spherical end cazi. go up wt down 
by lUmin& tho valve on the mictvmetcr. Tho mie1ome1111t 
ill wied to obtain d, the mjtrimnm diaplw:cmcm of which 
ill O.OOlmm. The ~~ ~ ii with O.Olg 
~and 1200& m"" imhl'l load is UllOd to obtain F. 

3. Result and dilaulsiom 

3.l lntrilule \'lamt!ty 

00000 

J11s. 2 Ilhaltn!ioJl of b omi:imde llilllplc clmlic 

mocllll118 -

Figure 3 &haw. plot of the imrinaic visooaily [1/] 
against woi¢1.t hc1ioll. of Alg in wbolo polymm 
(Aljrt-Olt) with Cs-<).5M. The imrin.ric viloosity of the 
mi:&ed aollllion ill simply the average of two componmlB 
implyiDg Chai OllCb. ~ is liot jnflnMi;ed by lho 
other comporu:m. That is, there ia no apccific ildu ... 1ion 
betwen the two kinda of polymin in dillllc aolulion 111 
ZS'C. By us~ Cwt [q] for oadi. polymcn, tbe degreo 
of coil ovalapp:ing of polymer dlairu. an: ohtaiw:d to 
diacuaa the E valu.ea. 
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0.0 0.2 QA Q.8 Q.8 1.0 

Weight fradion of Alg 

nc. J W<llght :hodcm ""' ' I oflbo lmrlndt 'fioco8lly 

fllr11M!Als'Gll miDcl solllli• (~.SM) II MS'C. 

3.1 OIMerntloa of Mmple 111h.tlon 
Figuzl: 4 ahowa pblltagnrpha of tlz homopeaua 

aolulion md the phue llCISpGted aolulion at zs'C. It ia 
~leu that high. Ca solution is turbid. Figure 5 allows the 
NSlllt of e)"t obaervalion ftJr miDd sollllioD with 
diffiaeut c.. Tho mlo den.olm the homopieouJ sta1e 
while i= =et cli::Dot>cs the phi.le ~ .-, At 
4 'C, all the llDlulim becan.e gd md llllU:IOICOpically 
pbue aqianled gd ..., ubwww val for mp C,, u iihawn in 
Figure 5. The phue boundary In Fl&ure S MelDI tu bo 
not a&c:tled by plalioll. 

I.a brit11y lllllllll&riDd llld repodOd by Yowo5l, Ille 
molt ICdout pnJblem for ~ multiwmpomlt 
b.ydrogc:la is the pi-: IC:plllGion OCC1llRd by mixina 
tM> polym.c:n or dudng plalion JllOCCIL Al 1. .-It, gels 
prepared with cllfrerent COllOelllNdoM Gld oonipoGtiom 
Wnred complicated e1utic bebavion. - fir Nch 
piece ot =-Piclll1 phu• 111panc.d pis. eo-, 
thia iii not the cut ftir tbt J)'lm1 •nmined 1-e u 
llhDWll later. It c.m be cmicladlod tbat the bigllOr Cs wu 
dz main &ctm which C8UICd the phuc aqmalion while 
pbue scpmmion iii - indaced by platioll. 

l!1g. 4 l'llotopph ofhomnlP""""lt IOlulion Ind~ IClp8lmcl 

solution It 25'C . From lolt to r!Pt. C. • 0.1; 0.25; O.SM. 

' . 
80 OIWHC9i118CUS I° 0 D D 0 IX x 

x r 
50 0 o o o o l x X ' 

0 0 o o (;}x )( 

40 Q 0 0 Q I< x )( 

0 0 0 o,x x " . 

~ 30 Q 0 0 9 x x )( 
0 0 0 ,x " x " .... 31 

10 I . 
0 0 rJ x " x )( 

0 

-02 O:o 02 0,4 

c. 

3.3 Elude propertlel 

Figure 6 showa an eumpk far time t do:pmdcnoc 
bc:havior of F IDl:8lllRd by elcca.mic b&lanile. Tbiii 
obkll'Vlllion la reproducible denoting 1he viacoelu!W 
DllUro of Cho semples. Tllo zelaDlio11 behavior of F can 
bo expreNed by. •izlclo apo!lllllial decay eqlllliml. 

F(t) = A exp(-t Ii-) + F. (3) 

H«o ..4 is tbo prefactur, r is tho reluatioll time, ml F.,, 
ia the equihOri:am ftlue of tbo indntatioa force. Wt 
tmploy F. to c;alculalioE from eqDlliOll (1). 

1 ------ ----------F --.. 

0 1 2 3 
t(min) 

ftc. 6 Time clepm4moo af in.t.mdim1 wlWF. Solicl lino 

ia nla:qjion _...,of F 6W to oq (3), Brobl Jim iJ Iii» 

equilibtium Y1111u1, F.., of F. 
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Figure 7 llhows plota of the elaltic modulm E of 
Glt-Semi-IPN against degree of chain overlapping 
Con('7b at Cs=<J.SM. (Note that only Glt undergoes 
gelation..) The data fur single Glt gel pniparM fi:om Glt 
solutions (Olt simple gel) are also shown for comparison. 
Since the gelatio11 is ki.nctically comrollcd by dynamics 
of pre-gell, the formed geJa conlBin heterogeneity in 
some ex1ent. Glt-Semi-IPN gela are alightly tmbid due to 
the mt:aoacopic heterogeneity caused by plwc separation. 
To oxamino non-uniformity in IDllCIOIQOJric 9C81o. E are 
w:asured at llCVera1 dUfi:rent poinll per a 11111Ple and the 
nnge of tbc data uc ahown by error bcJ in Figure 7. It 
ii clear in thU figure that tbc elm for the Glt-Semi-IPN 
and Git lillg1e gel are almost the wne. It is concluded 
fhat the phase 111pmation did not influmce gelation of Git 
in Olt-Semi-IPN at lllllc:I'08COpio level IO that E values 
are not ~. Note that Con(11lor3 is 1he loftl' 1imil 
to form macroscopic geL 

• 

f 

rtg. 7 Double logarithmie plots ofE vs CG.C 'l]CDI 

fiJr Oit-Semi-IPN llld Gh siugle pl with C,=O.SM. 

Figure 8 Bhowa lhe elastic modulus of AJg Bingle gels, 
pn:pan:cl. by mixing Alg solution and CaCl2 solution, 
against degree of chain overlapping CA11['7]AJr During 
gelation procll8t, synarmis oix:unid. 10 that C All is 
determined as 1he fi:oal ~n cakula~ fi:om 
final weight. As judged from m appeanmce, A1g single 
gel u much 111me 11011-unifmm compmd to 1he Git 
single gel ml Gli-Semi-IPN gel. Alg gel la pretty rough. 
As a rcautt, E value fur each sample measured at 
di1Jcnmt points has much wide dis1ribulion as deno~ by 
emir bm. Macroscopic Alg pls are obtained at 
CAJJ17]~3.6. 

D sirgegel 
fO (C=0.5M) 

0 ~ 
D 

~. 1i, 
~ ~ 

~ 
0 

y 

J!la. I Daahlo logarithmic pl ob of E VB C ~ '1 lAJa 
for Alg pl prcpmcd diiectly with C.;=0.SM. 

As shown in Figure 9, the IPN ma.de from 
Glt-Semi-IPN wid1 Cs=(l.5M was maa:oacopically plwe 
aepanted. 

IO!uticm. 

To check the rougbnesa of IPN, E are plotted agaimt 
initial value of degree of chain overlapping CAJJ '7lAJa 
(CAJa is the initial concentration in the mixed solution of 
Alg) in Figure 10. Hore we first mea.suml E on both 
sides of the aample to analyze the di&rences of E. Note 
that when CAJt(q]~6.3, the IPN separated iDlo two 
per11 by itself. The upper ii.de has larger Ethan the lower 
side denoting that Alg la highly cotttained in the upper 
side. After the 1118U11R11D01rt IPN was sepmited to upper 
and lower piec:es. Then Glt was removed fi:om eepara~ 
samples to obtain Alg gel via IPN. For upper pieces. Gh 
can be removed by aoaking it in the NaCl solution at 
40'C and macroecopic Alg gels are obtained. For lo'MI' 
pieces, when Olt was removed :liom IPN, only a small 
particlo like Alg pls remained. Thareforo, wo can 
conclude that upper and lower parts of IPN are A1g rich 
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and Git rich phase, respectively. Coincidence of E data 
for lower side at CA1g[17]~6.3 in Figure 10 and E data 
in Figure 7 also support this conclusion. 

The remained Alg gel was dried to measure the weight 
and the weight was subtracted from the initial weight of 
Alg to calculate C Als of Alg side assuming that there is 
no weight loss in this process. 

Fig. 10 Double logarithmic plots of E vs C Alg[ 17 ]Alg 

for Alg gel prepared via IPN with Cs=0.5M. Broken 

line denotes the gel separation boundary of the IPN. 

Finally, E data for Alg gel obtained in this work 
(C8=0.5M) are compared with the data examined at data 
C8=0.1M8>. Figure 11 shows E of Alg gels plotted against 
degree of chain overlapping CAig[7]]Alg· Here the final 
concentration calculated by weight is used. The data for 
Alg single gel and via IPN falls on a straight line with 
slope 2, assuming simple collision of 2 chains. The 
roughness of Alg gels prepared via IPN and directly at 
higher Cs is almost the same. Alg via IPN only shows 
better appearance than the directly prepared ones. The 
Alg gels prepared with lower Cs via IPN shows narrower 
elastic modulus distribution than the higher ones. AB a 
result, the lower Cs turned out to be the better condition 
to prepare uniform Alg gel via JPN. 

100 • \Ila IPN (q,=<l.5 M) 
• Alg lil!1lie gel (q,=<l.5M) 
.a \lie IPN (C,,-0.1 M) 

a1~~~~~~~~~~~~~ 

1 w ~ 

c Alg[ 17] Alg 

Fig. 11 Double logarithmic plots of of E vs C Alg[ 17 ]Alg 

for Alg gel prepared under different conditions. 

4. Conclusions 

The macroscopic phase separation of Alg and Glt 
system is due to the high Cs. The roughness of Alg gels 
prepared via IPN and directly at high Cs is almost the 
same. The Alg gels via IPN prepared with lower Cs 
showed narrower elastic modulus distribution than 
higher ones. The lower Cs turned out to be the better 
condition to prepare uniform Alg gel via IPN. More 
systematic studies of Alg/Glt systems with different Cs 
will be reported elsewhere in a near future. 
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