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ABSTRACT: A biopolymer based electrolyte system
has been developed using NaI as dopant salt and
Arrowroot starch as polymer matrix. Problem of fungal
growth in such system has been removed by the addi-
tion of Glutaraldehyde (GA). The conductivity of the
Arrowroot þ NaI electrolyte system is of the order of
6.7 � 10�4 S cm�1. Starch without crosslinker GA seems
to be highly unstable and prone to fungal growth
whereas the GA crosslinked electrolyte is quite stable.

Color of the material as well as its conductivity data
indicate that presence of GA affects the salt dissociation
and multiplets formation. Ionic transference number of
system is �0.95 indicating that prepared system is ionic
conductor/electrolyte. VC 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 121: 1–7, 2011
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INTRODUCTION

Since 1970 polymer electrolytes are widely studied
because they show favorable properties of soft con-
ducting network and solid shape/size. Scientists are
continuously looking for a better polymer host
which could assist salt dissociation and ion transport
along with being cost effective and eco-friendly.1–7

Biopolymers being cost effective, biodegradable and
easily available in nature have an edge over the syn-
thetic polymers and hence are receiving great atten-
tion these days. Chitosan, Agar-agar, Starch etc.8–10

are few in series. Starch is an excellent alternative
for electroactive polymers which is abundant in na-
ture, cheap and biodegradable. The hanging OH in
its structure is supposed to help salt dissociation
and ion transport. Recently many reports are seen in
the literature exploring starch as electroactive
polymer. These studies vary from the pure starch
systems to the modified starch and use. These modi-
fications vary from plasticization to functional
groups modification. Different techniques such as re-
active extrusion11,12 solution casting of gelatinized

starch2,9,10 etc. are being used to get films of starch-
based electroactive polymers. Spectral studies of
these systems have shown that water in starch
makes strong hydrogen bonding. Both doped cation
and Hþ are mobile in system. High water content in
these materials is supposed to help dissociation of
salt as well as movement of cation. Chemical modifi-
cations are reported to modify the Tg values. The
low Tg values obtained by these methods are impor-
tant to ensure good ionic conductivity. The physical
modifications were made by the plasticization pro-
cess of starch and cellulose derivatives with glycerol
and ethylene glycol etc.
We have tried a simple solution cast technique, to

prepare starch based electroactive material, which is
commonly used for synthetic polymers. However
starches being very sensitive to preparatory condi-
tions (such as amount of solvent, cooking tempera-
ture, and cooking time)13 required optimization of
these preparatory conditions to get homogeneous/
granule free morphology of complex system.
In our laboratory methanol (protic solvent), ace-

tone (aprotic solvent) and water are being used as
solvents for solution cast technique. From physical
handling point of view, the water has been found
best solvent among the three studied solvent. Water
containing starch-salt complex are soft films hence
can be cut into desired shape and size but fungus
can be seen within two–three days for low salt
concentration (wt % <35). Materials with high
salt concentration are stable but multiplet form-
ation is known to decrease conductivity at high
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concentration in polymer electrolytes.14 In this work
we have tried to get fungal free electrolyte by cross-
linking it with Glutaraldehyde (GA). Success has
been achieved and fungal free/stable electrolyte
even with small salt concentration has been pre-
pared which has shown no degradation even after
24 months. The present article discusses the prepara-
tion and characterization of GA crosslinked
arrowroot starch complexed with NaI. Adopted pre-
paratory condition resulted in granular free mor-
phology which is confirmed from Scanning electron
microscopy. Salt choice is biased by the fact that
‘‘iodine and starch’’ have well-studied relationship.15

Moreover Naþ ion conductors are receiving great
attention as cheap and safe alternative to Liþ ion
electrolyte.16–25

EXPERIMENTAL

Starch (Jyoti Chemical laboratories, India), NaI (Loba
Chemie, India) and GA (Loba Chemie, India) has
been used for the study. The material has been pre-
pared by the solution cast techniques. In a glass
beaker different wt % of salt has been taken with 0.5 g
of the starch. Distilled water is used as solvent. Starch
along with salt was cooked in water at 60�C for 30
minutes with continuous stirring on a magnetic stir-
rer. Solvent was evaporated till the material dried. For
GA crosslinked complexes, GA has also been added
in the solution at the initial stage. GA crosslinked
materials were soft films with smooth surface. Hence
they were cut into pieces of required shape/size for
further studies. Silver foil has been used as electrode
material.

Optical photographs of the samples were taken by
Sony Cyber shot (DSC-S730). The FT/IR of the sam-
ples was recorded from a Jasco FT/IR 5300 in KBr
from 400 to 4000 cm�1. SEM micrographs have been
taken using JEOL JXA 8100 Electron Probe Microana-
lyzer. A.C. Conductivity measurements have been
carried out using Hioki HiTester LCR meter (3522-50)
in the frequency range of 10 Hz–100 KHz. Bulk con-
ductivity of material has been estimated by Cole- Cole
plot using sample dimension by the formula

r ¼ 1=Zreal ðL=AÞ

Where Zreal is real part of impedance and L and A
are sample thickness and area respectively. Ionic
transference number has been measured from the
polarization experiment by using Graphtec XY re-
corder (WX 3000). A constant voltage is applied
across Ag/StarchþGAþNaI/Ag cell and current is
monitored as a function of time. During polarization,
current decreases with time until it become constant.
Using initial and final (constant) values of current
tion is calculated using following equation

tion ¼ ðIinitial � IfinalÞ=Iinitial

RESULTS AND DISCUSSION

For morphological investigations, SEM studies
have been carried out. Figure 1(a,b) show SEM
micrograph at 200 magnifications. The micrographs
do not show any granules. Some features are seen
in these micrographs which are observed to
increase with increasing salt concentration from
30% [Fig. 1(a)] to 40% [Fig. 1(b)]. Thus the feature
can be correlated with excess salt coming out of
the system.12

Figure 2 shows optical photographs of electrolyte
(starch þ NaI system) pure and crosslinked with
GA. Pure electrolyte (i.e., ‘‘without GA’’) is dark

Figure 1 SEM micrograph of (a) starch doped with
30%NaI and 2 mL GA (b) starch doped with 40%NaI and
2 mL GA.
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blue/blackish colored material. Material crosslinked
with GA has yellow hue. Beside the color differ-
ence fungal growth (a white branched structure) is
also found in the ‘‘without GA’’ system. Amylose
in starch is responsible for the formation of a deep
blue/blackish color in the presence of iodine. The
iodine multiplets slip inside of the Amylose coil. It
is well established that Amylose form helical struc-
ture. When iodine goes inside this helical structure
it gets enough space and environment to make
multiplets.26 If enough space and oxidizing agents
are available in helices to accommodate higher
multiplets then materials goes to blackish blue oth-
erwise it can have any thing from blackish blue to
yellow hue.27 A possible correlation between the
color and presence of GA in the system can be pro-
posed according to available chemistry of Starch
and GA and information relating starch iodine
behavior. Figure 3 shows the chemical bonding of
GA and starch.28 Accepting this chemical structure
we can say that presence of GA changes the hang-
ing AOH and oxygen of OH get attached to the C
through covalent bonding by releasing water. This
will certainly reduce the oxidizing power of this O
resulting in reduced chances of the iodine multiplet
formation. Presence of GA, also, decreases the free
space between the starch molecules which will
again reduce the chances of multiplet formation
(multiplets will require more space in comparison
to single ions).

The most important factor for ion transport in
polymer-salt complex is the acceptance of salt in
polymer matrix. If the polymer matrix supports the

Figure 2 Photo of starch-salt complexes (a) without Glutaraldehyde (b) with Glutaraldehyde. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3 Chemical bonding of (a) starch (b) starch cross-
linked with Glutaraldehyde.
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salt dissolution then salt loses its characteristics. The
simplest method to check this is IR spectral studies
of pure matrix, pure salt, and the complex prepared.
Table I shows the IR spectral data for NaI, Arrow-
root starch (AS), ASþNaI and ASþNaIþGA and
GA. NaI has lost all its original peaks in the ASþNaI
or ASþNaIþGA system (except one at 1154 for
which we cannot comment as a peak at the same
position is present in the pure AS also). This con-
firms that salt (NaI) is fully dissociated in the starch
matrix. Hence starch seems to be a good biopolymer
host matrix, ready to accept the salt and remain sta-
ble for long time when crosslinked with GA. A new
peak at 2855cm�1 is found in ASþNaI system. This
can be associated with bonding of salt elements to
the starch molecule. There are only two possibilities
of starch and salt interaction, i.e., Naþ ion getting
attached with the AOA available in the starch or
I- and its multiplets are associating with the starch
molecule. No spectroscopic peaks near 2855 cm�1 is
found in literature for starch and iodine interaction.29

Hence the probability of Na getting attach to the -O-
of starch seems to be more feasible interaction. There
are many probable sites where Naþ ion can get asso-
ciated with starch as shown in Figure 4. The peak at
2855 cm�1 is drastically modified in the presence of
GA system and it occurs at 1714 cm�1. This indicates
that GA is strongly influencing the starch and salt
interaction and now Naþ attached motion of starch is
resulting in restricted and slow vibration of molecule.
Besides this many IR spectral peaks of native starch
are modified in presence of the salt confirming the
association of salt with starch.

Material without GA is prone to fungal growth
and degradation hence electrical characterization has

been carried out only on GA containing materials.
Conductivity of a system depends upon the avail-
ability of charge carriers and mechanism (or path)
for its transport. Grotthus mechanism of ion trans-
port is well-accepted mechanism in many polymer
systems. In this mechanism movement of ions are
associated with the flexibility/movement of the
polymer chains30 especially having moieties to
which ions are connected. For present system we
may propose this mechanism as shown in Figure 5
in which Naþ is getting associated with hanging
hydroxyl oxygen whose vibrational motion will
assist cation movement. The proposed mechanism,
along with the chemical bonding of starch and GA
shown in Figure 3 suggests that increasing amount
of GA will suppress the transport phenomenon. To

TABLE I
IR Spectral Data of Different Constituents

Peak position for (cm�1)

NaI AS ASþNaI ASþNaIþGA GA

462 523 475 524 968
601 [M] 575 678 578 1003
1154 707 794 1025 1109
1619 [M] 765 915 1153 1151
2025 [M] 857 1079 1377 1358
3382 [M] 929 1431 1648 1442
3566 [M] 1014 1576 1714 1646

1081 1654 2937 2097
1156 2855 3407 2957
1378 2923 3403
1460 3422
1516
1651
2928
3422

M, peaks which are present in pure NaI are missing in
complexed system.

Figure 4 Probable attachment of Naþ ion with starch
molecules.

Figure 5 Possible mechanism of Naþ ion transport
assisted by oxide ion of starch.
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confirm our hypothesis we have prepared two series
of starch and NaI complex: (i) GA ¼ 2 mL in 1 g
starch and (ii) GA ¼ 3 mL in 1 g starch.

Figure 6 shows the conductivity versus wt % of
salt concentration graph for both the series. Values
of conductivity for both the system are listed in
Table II. Each series in itself follow the well under-
stood trend in polymer-salt complex where conduc-
tivity shows two peaks when salt concentration is
varied. At low salt concentration conductivity
increase with increasing salt concentration is due to
increased number of charge carrier. Formation of ion
pairs at moderate concentration is proposed to
explain the minima in the conductivity Versus wt %
of salt graphs.10 For explaining the subsequent
increase in conductivity, scientists have different
opinions. Fuoss theory of triplet ion formation31,32

proposes the formation of triplet ion and their move-
ment, whereas the other theory emphasis that charge
carriers are still single ions which are available
because of redissociation of triplets/ion-pairs.33,34

Comparison of the two series indicates that
increased amount of GA is decreasing the conductiv-
ity. The minimum in the conductivity peak is shifted
towards the higher salt concentration. Both these
results can be explained on the basis of our hypothe-
sis that Naþ is moving with the support of oxygen
in hanging hydroxyl group through ‘‘Grotthus mech-
anism.’’ With increased amount of GA more AO of
hanging hydroxyl group are being engaged by
GA resulting in decreased chances of Na getting
attached to them. The bonding of Starch and GA
also results in restricted movement and decreased

mobility of side chains of starch. The salt dissocia-
tion depends upon its interaction with host matrix
hence has to be affected by addition of GA.
Decreased salt dissociation means less number of
free charge carrier. Since the available number of
free ions are decreased for the same salt concentra-
tion. Hence ion-pair formation will also be decreased
resulting in minima shifting towards high salt con-
centration for 3 mL GA. In consequence the redisso-
ciation/multiplet ion formation will also shift
towards higher salt concentration in 3 mL GA con-
taining complex. Plot shown in Figure 6 is exactly of
the same nature as predicted by our hypothesis.
Thus the amount of GA has brought two important
changes (i) in materials with 3 mL GA the position
of conductivity maxima is shifted to a higher salt
concentration and (ii) the r is always greater for 2
mL GA with respect to 3 mL GA except for 30%
NaI. Addition of GA seems to prohibit the formation
of higher multiplets which is in accordance to our
hypothesis. Increased value of GA decreased the
available free space and hence the salt remains dis-
sociated even at high salt content and multiplets for-
mation is shifted for higher concentration.
Water absorption is a known phenomenon in

starch. Hence we expected rise in conductivity with
increase in Relative humidity. Materials showing
smooth variation in its characteristics with humidity
are very important for fabrication of humidity sens-
ing devices. We have used a closed chamber having
electrical outlets to study these characteristics. The
saturated salt solution of different salts and silica gel
has been used to achieve different humidity level.
Hygrometer is used to measure the Relative humid-
ity in the chamber. Figure 7(a) shows the set up.
Humidity dependence of impedance is shown in

Figure 7(b). We have preferred to express the data
in terms of impedance instead of resistivity or con-
ductivity because area and thickness of material
changes as it absorbs the water. Also from the de-
vice fabrication point of view impedance/conduct-
ance are more important parameter than resistivity/
conductivity. In the starch þ NaI electrolyte system
Impedance is decreasing exponentially with

Figure 6 Bulk conductivity of the Starch-Salt complex
Versus wt % of NaI.

TABLE II
Conductivity vs. Concentration for Different GA

Containing Samples

Wt %
of salt

Conductivity
for 2 mL

GA containing
system (S/cm)

Conductivity
for 3 mL GA
containing

system (S/cm)

10 2.4e-5 7.5e-6
20 2.5e-4 2.0e-4
30 1.4e-4 4.9e-4
40 6.7e-4 3.7e-4
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increasing RH which signifies the importance of pre-
pared material from application point of view.

Ionic transference number (tion) shows the fraction
of conductivity due to ion transport. For any electro-
lyte system it is very important parameter. There are
many methods to measure this parameter.35 In pres-
ent paper we are using Wagner’s Polarization
method in which dc voltage is applied across the
sample and initial and final current is noted. Circuit
arrangement used for this is shown in Figure 8(a).
Figure 8(b) shows the current Versus time plot
drawn using Graphtec XY recorder (WX 3000).
Value of Resistance used in the setup should be
comparable with that of sample. Hence before carry-
ing out the measurement impedance of material is
measured so that suitable R can be selected. Ionic
transference number estimated by Wagner’s polar-
ization is � 0.95 for 2 mL GA where as for 3 mL GA
it is � 0.91. The decreased value of tion is in accord-
ance with our hypothesis regarding effect of GA on
the starch based electrolyte. Figures 3 and 5 clearly
suggest that increased amount of GA will obstruct

Naþ getting attached to oxygen of hanging hydroxyl
group (which is supposed to assist ion transport).
Hence movement of Naþ will be hindered resulting
in decreased ionic contribution to the conductivity of
system. Increased value of GA will increase obstruc-
tion and decrease flexibility of polymer chain as well
as the oxygen sites available to assists the Naþ trans-
port hence tion has a lower value in higher GA con-
taining system.

CONCLUSIONS

Success has been achieved in developing the fungal
free/stable starch based electrolytes with the help of
GA as crosslinker. IR spectroscopy confirms dissocia-
tion and dissolution of NaI in Starch. The conductivity
is found to be � 6.7 � 10�4 S cm�1 which is good in
view that prepared electrolyte can be easily cut in the
desired shape and size. The ionic transference number

Figure 7 (a) Setup for Humidity Dependence (b) Humid-
ity dependence of impedance (for electrolyte with 40% salt
and 2 mL GA).

Figure 8 (a) Circuit arrangement for Wagner Polarization
(b) Current Versus Time curve. (On the time scale ‘00 is
the point when the voltage has been applied to the
sample).
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up to 0.94 is achieved in prepared system , confirming
that starch is a very good candidate to develop electro-
chemical materials. Being biodegradable it will prove
to be environment friendly also. Exponential depend-
ence of impedance on humidity makes it interesting
for fabrication of humidity sensing devices.

References

1. Kang, X.; Wang, J.; Tang, Z.; Wu, H.; Lin, Y. Talanta 2009, 78, 120.
2. Jiang, H.-J.; Zhao, Y.; Yang, H.; Akins, D. L. Mater Chem Phys

2009, 114, 879.
3. Zhang, Y.; Zheng, J. Electrochimica Acta 2008, 54, 749.
4. Pradhan, S. S.; Sarkar, A. Mater Sci Eng C 2009, 29, 1790.
5. Mallick, H.; Sarkar, A. J Non Cryst Solids 2006, 352, 795.
6. Wu, Y.; Geng, F.; Peter, R.; Chang, J. Y.; U.; Ying, X. M. Carbo-

hydrate Polym 2009, 76, 299.
7. Diogo, F. V.; Cesar, A. O.; Pawlicka, A. Electrochimica Acta

2007, 53, 1404.
8. Idris, N. K.; Aziz, N. A. N.; Zambri, M. S. M.; Zakaria, N. A.;

Isa, M. I. N. Ionics 2009, 15, 643.
9. Raphael, E.; Cesar, A. O.; Manzolli, B.; Pawlicka, A. Electrochi-

mica Acta 2010, 55, 1455.
10. Khair, A. S. A.; Arof, A. K. Ionics 2010, 16, 123.
11. Finkenstadt, V. L.; Willett, J. L. Adv Biopolymers, ACS Sym-

posium Series, Vol.935 2006, Chapter 17, p.256.
12. Xiaofei, M. A.; Jiugao, Y. U.; Kang, H. E. Macromol Mater Eng

2006, 291, 1407.
13. Peter, A. M. S.; Albert, J. J. Woortman Food Hydrocolloids

2009, 23, 394.
14. Deepa, M.; Sharma, N.; Agnihotry, S. A.; Chandra, R. J Mater

Sci 2002, 37, 1759.
15. Baldwin, R. R.; Bear, R. S.; Rundle, R. E. J Am Chem Soc 1944,

66, 111.

16. West, K.; Zachau-Christiansen, B.; Jacobsen, T.; Skaarup, S.
J Power Sources 1989, 26, 341.

17. Sreekanth, T.; Reddy, M. J.; Ramalingaiah, S.; Subba Rao, U.
V. J Power Sources 1999, 79, 105.

18. Park, C. W.; Ryu, H. S.; Kim, K. W.; Ahn, J. H.; Lee, J. Y.;
Ahn, H. J. J Power Sources 2007, 165, 450.

19. Bhide, A.; Hariharan, K. Eur Polym J 2007, 43, 4253.
20. Kim, T. B.; Jung, W. H.; Ryu, H. S.; Kim, K. W.; Ahn, J. H.;

Cho, K. K.; Cho, G. B.; Nam, T. H.; Ahn, I. S.; Ahn, H. J. J
Alloys Compounds 2008, 449, 304.

21. Kim, T. B.; Choi, J. W.; Ryu, H. S.; Cho, G. B.; Kim, K. W.; Ahn,
J. H.; Cho, K. K.; Ahn, J. H. J Power Sources 2007, 174, 1275.

22. Paula, G. Mater Today 2007, 10, 17.
23. Subba Reddy, C. V.; Xia, H.; Quan-Yao, Z.; Li-Qiang, M.;

Wen, C. Eur Polym J 2006, 42, 3114.
24. Bhide, A.; Hariharan, K. J Power Sources 2006, 159, 1450.
25. Kim, J. S.; Ahn, H. J.; Ryu, H. S.; Kim, D. J.; Cho, G. B.; Kim,

K. W.; Nam, T. H.; Ahn, J. H. J Power Sources 2008, 178, 852.
26. Saenger, W. Naturwissenschaften 1984, 71, 31.
27. Swanson, A. M. ‘‘Studies on the Structure of Polysaccha-

rides, I. V.; Relation of the iodine color to the structure’’
Department of Biological Chemistry, Washington University
School of Medicine, St. Louis (Received for publication,
July 28 1947).

28. El-Tahlawy, K.; Venditti, R. A.; Pawlak, J. J. Carbohydrate
Polym 2007, 67, 319.

29. Singh, N.; Belton, S. P.; Georget, D. M. R. Int J Biol Macromol
2009, 45, 116.

30. Xie, W.; Xu, P.; Liu, Q.; Xie, Y. J Appl Polym Sci 2001, 80, 2176.
31. Fuoss, R. M.; Kraus, C. A. J Am Chem Soc 1933, 55, 2387.
32. Kraus, C. A.; Fuoss, R. M. J Am Chem Soc 1993, 55, 21.
33. Kenausis, L. C.; Evers, E. C.; Kraus, C. A.; Proc Natl Acad Sci

USA 1962, 48, 121.
34. Kenausis, L. C.; Evers, E. C.; Kraus, C. A.; Proc Natl Acad Sci

USA 1963, 49, 141.
35. Huggins, R. A. Ionics 2002, 8, 300.

EFFECT OF GLUTARALDEHYDE 7

Journal of Applied Polymer Science DOI 10.1002/app


