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Abstract: Problem statement: The study described rigorous dielectric modeling Rolyvinyl
Alcohol (PVA)-water hydrogel mixture at microwaveequenciesApproach: A commercial open-
ended coaxial sensor was used to measure thetdieleanstant, loss factor and ionic conductivity,
of PVA-water hydrogel mixture ranging concentrataf80-100% water conteriResults: The sensor
was operating between 0.13 and 20 GHz at and abiok@om temperature (25+1)°C. Indirectly, the
relaxation time,T, activation energy, Q and entropy chang& of the hydrogel mixtures are
determined based on linear fitting of measured damg Debye and Arrhenius approaches.
Conclusion/Recommendations. Two main relaxation processes were found rangii® znd 10-20
GHz, respectively. Dielectric dispersion is suggdsto describe by combination of Cole-Davidson
(CD) and Debye (Dy) processes. The results areiségea! qualitatively based on bound states of water
in hydrogel mixtures.

Key words: Dielectric constant, loss factor, PVA-water hydzhgelaxation times

INTRODUCTION Kohlrausch-Williams-Watts  (KWW)  distribution
function, in order to represent and describe the
Recently, the Polyvinyl Alcohol (PVA)-water properties of the polymer hydrogel.
hydrogel was used on medical application, such as In this study, a detailed macroscopic dielectric
healing agent, due to the composition of the hyekréy relaxation behavior of water in a PVA hydrogel was
very similar to the human body skin. In addititt,ere  investigated and reported. The variable of
are non-toxic, non-carcinogenic and bioadhesiveenvironmental conditions considered are the water
characteristics. Because of those properties, P¥A icontent, m.c, frequency, f under several tempesaflir
capable of simulating natural tissue and can bdilsea conditiors. Then, the dielectric properties as a function
accepted by human body. In general, this medicabf frequency and percentage water content in hyarog
application was interest for water content in thewere formulated. Finally, the bonding states ofewat
hydrogel is about 80% and the temperature is betweemolecules in hydrogel were discussed based on

25-65°C. relaxation timey and mean activation energy, Q.
In macroscopic observation, the mechanical
characteristics, such as dielectric of polymer mualies MATERIALSAND METHODS

are often considered. The dielectric properties loan
used to explain the orientation of the molecules OrPreparation of PVA-Water mixtures Up to 11

relaxation mechanism in the polymer hydrogel . .
(Sengwa and Kaur, 2000). However, the polarizationd_Ifferent samples — of Polyvinyl - Alcohol ~(PVA),

molecules in polymers are complex due to many bodyMn = 7200C weights (1-15 g) were mixed with 60 g of
interactions between binding molecules. Thus, afot water in a small beaker, respectively. During the
the dielectric equation was modified from the idealprocess of preparation sample, the water was Igeatin
Debye theory, such as Cole-Cole (CC), Davidson-Coléndirectly between 65-90°C by mixing the PVA
(DC) and Havriliak-Negami (HN) as well as continuously little by little until dissolution is

Corresponding Author: You Kok Yeow, Department of Radio CommunicatiorgiEeering,
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completed. After that, the mixture samples weretlatp Dielectric measurements. The HP 85070B open-
room temperature (25+1)°C. The percentage of wateended coaxial sensor was used to determine the
content in PVA-water mixture is calculated from the dielectric properties of PVA-water mixtures. The
apparatus consists of a computer
Network Analyzer
(VNA). In this study, air, metal short and deionize
water were used as three dielectric references for
calibration at aperture of open-ended coaxial senso
ranging 0.13-20 GHz at (25+1)°C. After calibration,
the sensor was immersed into the hydrogel sample to

formula:

mWater
mP\/A + mWater

m.c= x 100%

where, mya and My are the weigh of PVA and

water (in g), respectively.

Dielectric constant ()
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measurement
controlled HP 8720B Vector
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measure its relative permittivity.
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Fig. 1: Variation in measured of (a) dielectric stamt, ¢’ ; (b) loss factore” with frequency at room temperature
(25+1)°C for various water content, m.c in PVA hygel; (c) The measured permittivity of Polyvinyl
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RESULTSAND DISCUSSION (&s relaxation time 1( and Ty

. . ... .. corresponding to various percentage of water conten
Analysis of data: In general, the relative permittivity ., ~ ore revealed in Table 1

of water (g, =80) is far greater than PVAg[=1.6)

(Fig. 1c), consequently, the dielectric propert®s Finding Optical Permittivity, €5: In general, the
water content in PVA-water mixture is dominated. gptical permittivity, e is independent of frequency, f
Figure 1a and b show the variation in dielectriostant,  ang temperature, T (Nyfors and Vainikainen, 1989).
e and loss factorg] of hydrogel with frequency at Thus, thee, of hydrogel is assumed as mixture
room temperature, (25+1)°C for various percentagexpression:

water content, m.c. In general, the curve of dielec
constant, g, of hydrogel mixtures is disperse broader ¢ =y
and showed lower maxima of loss factef, compared

with pure water. The decrease in relative complexvhere,<"™ = 4.9 ands""* = 1.6 are the infinite optical

displacement of polymer PVA molecules in water. respectively. The fraction volume of pure Watgfer
is calculated from:

and g) and

PVA
water) €

water
watefw T (1 -V

(4)

Dielectric  modéding: The relative

permittivity, €, of hydrogel may be calculated by using

complex

a sum of two relaxation processes, which is the, _ m.c{Pevs) (5)
combination of Cole-Davidson (CD) and Debye (Dy) "™ 1000,.e+ MAP pya = Prae)
processes. However, dispersion also exists at legry
frequencies2 GHz) for dielectric constant, which 75
has not been investigated in this study. Moreothes, o 92% m.c
loss factor, ¢! at lowest frequencies<8 GHz) is 601
assumed entirely caused by conductivity, and w508 =48
characterized asel =o/2me f. Finally, the relative
. . Measured data
complex permittivity of hydrogel is expressed as: ___ Linear fitting
_ _ . 05 1 05 0
g =g + €& . o9 .SW _Jo (2) e %1012
[1+(ijlTl)] @ 1+ (jor,) 2mef 70
where,A; and A are the empirical constant, which are 5o B me
determined by optimized with measured data. . SoF
 lea=a
Finding relaxation time, T, static per mittivity, & and aor
€. The static permittivitygs and relaxation timeg of 3ol
hydrogel mixture can be predicted easily bydmne e I Y S R — T
Eq. 2 (Robert, 1988): - 101
601
g, =—(we)T+e, 3)
30 80% m.c
From (3), we observed that the gradient of ol e
variation in € with -we/ is represented by the - €= 34 -
relaxation timeg, as well as the point af -axis, when 30%
-we' =0 gives the value ofs The height of the P i ‘ ‘ . ; |
-2.8 25 -2 -1.5 -1 -0.5 0

intermediate plateau from the line in Fig. 2 repreéed
as €. The intersection between the line asdaxis

gives the value of,. However, the Fig. 2 contains two Fig- 2: Thee, versus-we; for various water content,

»1012

linear slopes represented two major dispersiong;twh
is broad low-frequency dispersion and high-freqyenc
dispersion. The estimated values of dielectric tamis

272

m.c, which plotting slope is represented the
relaxation time,t of PVA-water hydrogel at
(25+1)°C
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Table 1: The estimated values of dielectric stéi@nde;), relaxation timet; andt,) and conductivityg for various percentage of water
content, m.c at room temperature based on fittatg th Fig. 2 and 3

Water (@) PVA (9) m.c (%) o(Qtm™ 11 (ps) (1st fitting) 1, (ps)(2nd fitting) €1 € (1st fitting)
60 1.0 98 0.04 11 8.9 73 78
60 2.0 97 0.10 12 8.8 68 77
60 3.0 95 0.15 12 8.5 55 76
60 4.0 94 0.19 12 8.9 48 73
60 5.0 92 0.20 13 9.1 48 72
60 6.0 91 0.28 13 9.0 47 72
60 7.0 90 0.30 14 9.0 45 71
60 8.0 88 0.34 14 8.7 41 69
60 10.0 86 0.41 14 9.0 39 68
60 12.0 83 0.50 15 8.4 37 65
60 15.0 80 0.60 18 9.0 34 61

*: 1st fitting of measured data is from 2-10 GHmgZitting of measured data is from 10-20 GHz

Where:

Pwater = 0.9959 g mL*

Peva = 1.26 g crit® are the apparent density of water
and dry PVA powder at room temperature,
respectively and m.c is the percentage of water
content in the PVA hydrogel

Finding conductivity, o: The conductivity termg is
determined by optimizing with measured loss factor,
e at low frequency<5 GHz) with (1). The estimated

values of conductivityg are listed in Table 1, as well
as plotted as Fig. 3. The conductivity data inczeas 45 85 50 o3 b0

linear form with water content, m.c in the mixtures Water content, m.c (%)

revealed in Fig. 3. However, the apparent condifgtiv

itself is independent of frequency. The linear scop Fig. 3: Variation in conductivityg with percentage of
may be calibrated directly in percent of water eoit water content, m.c in PVA-water hydrogel with
m.c. The obtained fitted parameters as a functibn o linear fit

water content, m.c (%) for (1) are listed in Table

Conductivity, s (82 m ™

Table 2: The relationship between each of paraméteEq. 1 with

. . water content, m.c (%
M acroscopic analysis: The measurement results by y— (%)

. . ¢ parameters of PVA-water hydrogel in Eg.
using HP coaxial sensor and calculated values of (1580%5m.(598'5%; 100%); (0.13 GH<20 GHz): 25°C

can be compared between Fig. 1a and b and 4 _775g33x18(m.c}-0.330562(m 3 31.4052 (m.c)+944.058
Clearly, the calculated values in Fig. 4 are quiteg, = .9.15419x10(m.cf +0.341051 (m.&)47.3823 (m.d
consistent with measured data in Fig. 1a and b. The +2.91189x1¥m.c)-6.67939x19

values of relaxation time;, obtained from Fig. 4 are &, =V, e +(1-V yae) €57
available in Table 1. The relaxation timeis higher  where:e%r=49 ¢?A=16
at low frequencies (below 10 GHz) and decrease with 05( mE Bl 3
water contenn.c, in hydrogel due to the orientation &= 252953 10°(mf+ 68438 15( rjc-  6.18M4
polarization of polar molecules is slowed down bg t (mc)+188378 10 s

binding of water molecules and PVA in the mixtures. 1,=85x10"s; 0=-2.9609% 10°( mp+ 2.95783 Q' h

The water molecules are directly attached by smglli A, = 5.61583x10 (m.c} + 0.0893697(m.c)+4.311717

into the groups of polymer molecule in the mainA:=0.0535328(m.c)+6.687

chain and replaces cross-links between PVA

molecules. It is a main factor to limit its moverhen However, the relaxation time of hydrogel is
and relaxation timeg increase compare with free approximately equal to the relaxation of free wiged
water molecules. In addition, the water moleculas ¢ ps) for frequencies above 10 GHz. Obviously, energy
also be hydrogen bonded with hydrophilic groups (-above 10 GHz is large enough to break the hydrogen
OH) in the side chain of the PVA molecule. Thisayp bond between water molecules and hydrophilic groups
of bond is caused by predominantly Coulombic force®f PVA. In fact, the overall effect on water stiwre is

and has little effect on the rigidity of teucture.  extremely complex.
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+ Measured data ~
—Linearf{itting Water

Diclectric constant (£,")
ot
&

013 2 4 6 8 10 12 14 16 18 20 LR
Frequency (GHz)

(C)

-4 -3.5 -3 25 -2 -1.5 -1 0.5 0
g x10t2
—mz]

Fig. 5: The measured versus-we’, which plotting slope

40 is represented the relaxation timef water at 10,
— 15, 20, 25, 30, 40, 50 and 60°C
Table 3: The estimated values of relaxation timéor pure water
r;r and PVA hydrogel under several temperature, T
E (ps) Kaatze, Hasted,
2 Sample T (°C) This study (2005) (1973)
b Water 10 13.0 12.68 12.60
= 15 11.0 10.84 -
20 9.6 9.37 9.30
25 8.4 8.28 -
30 7.6 7.31 7.20
B 40 6.3 5.82 5.80
5 50 4.8 4.75 4.80
O i L L 1 | 1 Il i
013 2 4 6 8 10 12 14 16 18 20 60 38 4'.01 3.90
97% m.c This study
Frequency (GHz) Hydrogel
(b) 2-10 GHz 10-20 GHz
25 12.0 8.80
. o . . 30 9.5 8.00
Fig. 4. Variation in calculated of dielectric coast, ¢’ and 35 8.9 7.40
loss factor,e” with frequency at room temperature jg ?-g g-?g
(25+1)°C for various water content, mic PVA 50 7.9 5.80
hydrogel 83% m.c This study
hydrogel
- 2-10 GHz 10-20 GHz
Temperature effects analysis: Figure 5 shows the! 25 16.0 8.30
versus-we; plot for pure water at various temperature, g’g ii:g ?_'28
T. The measured relaxation time, of bulk water 40 13.0 6.60
. . ) o 45 13.0 6.40
ranging 25-60°C can be obtained from fitting of.Fsg 50 13.0 6.20
by using (2) are tabulated in Table 3. It is expddhat  80% m.c This study
the hydrogen bonds are broken at high temperaturd@ydrogel
- ; ; o : . 2-10 GHz 10-20 GHz
which leads to increase in mobility of side chaars o5 18.0 9.70
decreases of the relaxation timeThe relaxation time, 30 17.0 8.90
1 of water and PVA hydrogel are plotted as Arrhenius > 120 850
(Hasted, 1973) plots in Fig. 6. The linear relasiaips 45 14.0 750
in Fig. 6 indicate that the temperature dependearice 50 14.0 7.50
the relaxation time can be described by (6):
Where:
In(t)=Q s In(t,) (6) T, :Lexp(—A SR (7
R(T+273 k(T +273
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Where: This condition will cause the relative permittivity of
R = the gas constant (R = 8.3143 JTh&[™) PVA hydrogel are evident less sensitive to higher
k = The Boltzman constant (k = 1.38066 0 K™ temperature (> 30°C), especially for PVA hydrogéhw
h = The Phanck constant (h = 6.62608%10 sec") low water content (< 80% m.c) as shown in Fig. 7.

The linear slope in Fig. 6 represents the mean - Paa(lable ) gc
activation energy, Q of bulk water andiveg 252 ) 157e
18.3 kJ mol' compare with literature (Nyfors and 254 ’
Vainikainen 1989) value18.8 kJ mol'. While, the R
estimated value of Inf) is -32.877 on, = 5.27x10% £ -6
sec. Indirectly, the entropy changeAS can be ss 40c
determined from 1, The similar procedures are
implemented in PVA hydrogel and the mean activation -26.0 5 oc Wt
energy, Q for 96.8 and 80.0% m.c hydrogel are e
estimated between 12.1 and 5.45 kJ Tébr 2-10 62 §.0°C""
GHz and 14.2 and 5.84 kJ molfor 10-20 GHz, -264 . : A . .
respectively, as listed in Table 4. This mean that I _lf{?(ml;\_‘ R
energy, Q released (or absorbed) per mole for the (a)
hydrogen bond are formed in PVA hydrogel, are less e
than the hydrogen bonds formed in pure water for .| .2i0cm e

+10-20 GHz 96.8% m.c hvdrogel

entire frequency. In other word, the lower valueQof
the more stable of the hydrogel. In additional, a 253
negative value oAAS indicates a decrease in entropy,
the less random in saturated hydrogel system.

Figure 7 shows the variation in relative permityiy
g, of PVA hydrogel with frequency for various
temperature, T. As mention earlier, the bindingveen
PVA chain and water molecules are very stable iigh h 251
concentrated hydrogel, thus the slight higher
temperature or energy is not significant to potaitize

Inity
L

molecules in the hydrogel compared to the puater. 255l . . = —
B B -1 RT-[;nc\l Y] B >1E';'-
Table 4 The estimated values of mean activation energyan@ (b)

relaxation coefficient, for pure water and PVA hydrogel

for frequency range of-20 GHz . 0 .
f Q T AS 2480+ 1020GHz sC
Sample  (GHz) (kImd) InT) (PS)t)  (°C) (I (K moly?) s
Water 220 180 -33 0.0053 25 28.0 -
40 28.0 250 s
60 28.0
97% m.c 2-10 12.0 -30 0.0810 25 5.7 251
hydrogel 40 5.3 = s $0.0% m.c hydrogel
60 48 g2
10-20 14.0 -31 0.0280 25 14.0 -
40 14.0
60 14.0 2
83% m.c 2-10 5.1 -27 0.020 25 -21.0
hydrogel 40 -21.0 -255
60  -22.0 .
1020 7.0 -28 0.4900 25 9.3 -
40 9.7 5o ‘ , , , ,
60 -10.0 36 37 38 39 4 4.05
80% m.c  2-10 5.5 27 2.0000 25 -21.0 -URT (mol ) 10
hydrogel 40 -21.0 (c)
60 -22.0
10-20 5.8 -28 0.9000 25 -14.0 . i
40 -15.0 Fig. 6: Arrhenius plots for bulk water and PVA
60 150 hydrogel
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0 " 1 1 1 I 1
013 2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

(@)

§0.00% m.c Hydrogel

L | I L " L I
6 § 10 12 14 16 18
Frequency (GHz)

(b)

Fig. 7: Variationin relative permittivity g, of (a) water

and (b) 80% m.c PVA hydrogel with frequency

for various temperature, T

CONCLUSION

In this study, a linear fitting method was used to
replace complicated numerical routine for findingt o
the calculating dielectric parameters. The linear
polynomial fitting is used to estimate the valuds o
dielectric static, €5 relaxation time, T and mean
activation energy, Q as well as entropy chamg8,
The rigorous dielectric model which is consistsved
relaxation processes, is created successfully goritree
the electric properties of the PVA hydrogel mixture
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