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Abstract

Dielectric measurements were first carried out on suspensions of ion-exchange resin beads dispersed in primary alcohols and water–ethanol
mixtures in the frequency range 40 Hz–110 MHz. Due to the large bead radius, only Maxwell–Wagner (M–W) dielectric relaxations were observed.
Regular dielectric behaviors were observed and phase parameters concerning constituent phases’ properties were determined through dielectric
analysis, which revealed that the properties and the dispersing state of the bead are strongly dependent on the properties of dispersion medium. It is
also found that dry beads cannot be completely soaked by alcohols with long aliphatic chain, and that suspension in water-rich mixture has similar
dielectric behavior as in pure water due to the mixture’s molecular construction. Then the dielectric behaviors of the following suspensions were
measured as a function of time: suspensions of beads that have been equilibrated with water/ethanol redispersed in ethanol/water. The dielectric
behaviors showed remarkable time dependency, characterized by distinct transitions on the curves of time dependent relaxation parameters. Based
on the above understandings, the time dependent dielectric behaviors were analyzed in detail. It is showed that the time dependency directly
reflected such processes as ion diffusion, solvent diffusion and solvent uptake that the systems undergo.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Maxwell–Wagner (M–W) polarization [1–3] and counterion
polarization (concentration polarization) [4–6] are two most typ-
ical polarization mechanisms for particle suspensions subject to
an oscillating field. The former is owing to the famous M–W
effect [1,2] extended by O’Konski [7] by introducing the con-
cept of surface conductivity, typically occurring at frequency of
the order of megahertz. While the latter arises from the diffu-
sion of ions in the bulk solution adjoining the electric double
layer (EDL) according to the recent understandings [6,8–12],
which may occur at frequency down to a few hertz or up to
several kilohertz resting with the size of the dispersed parti-
cle. Due to the development of theoretical [8–12] and numerical
[13–16] treatment in the last 40 years, dielectric relaxation spec-
troscopy (DRS) based on these mechanisms has become one
of the most practical methods used for the characterization of
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particle suspensions, offering valuable information about the
electrical properties of particle, dispersion medium and their
interfaces [17–22].

Despite a number of successful applications, experimental
investigations still lag seriously behind theoretical studies.
Furthermore, these theories cannot be applied to most actual
systems due to their theoretical restrictions, and actual systems
usually involve more complicated polarization processes, for
example porous materials [23,24]. This situation demands that
more experimental investigations on actual systems should
be carried out. On the other hand, DRS has some unique
advantages: (1) it is rather sensitive to the properties of con-
stituent phases and interfaces, which guarantees that even tiny
changes of the system under measurement can be identified;
(2) it is non-invasive, making in situ dielectric measurement
on the systems in their working state to be possible; and (3)
dielectric measurement can be completed very quickly so that
non-equilibrium systems can be instantaneously monitored.
Therefore, even without theoretical schemes it is still possible
to obtain valuable information about actual systems by means
of DRS.

0927-7757/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.colsurfa.2006.06.001
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Suspensions of macroporous ion-exchange resin (IER) beads
were studied through DRS in this work. A number of polar-
ization processes may contribute to the dielectric response of
charged porous particle suspensions in a wide frequency range,
as shown in the works of Chelidze et al. [17,23,24]. However, in
the frequency of the order of megahertz, M–W effect or interfa-
cial polarization dominates. Our previous DRS studies [25,26]
on aqueous IER beads suspensions showed that the M–W type
dielectric relaxation was mainly decided by counterion associ-
ation and electromigration on the bead/solution interface. Since
these interfacial properties change markedly with the dielec-
tric constant of the dispersion medium [27], and it is hoped
that the change may be detected by DRS, we first measured
the dielectric behaviors of equilibrium suspensions dispersed
in primary alcohols and water–ethanol mixtures. It will show
that the dielectric behaviors are close related to the properties of
the solvents and the configuration of the bead. Particle suspen-
sions in non-equilibrium state are rarely investigated by DRS.
However, non-equilibrium processes in any phase of a suspen-
sion will end up with a variation on the interface, therefore these
processes are also hoped to be monitored by DRS due to its afore-
mentioned advantages. To this end, on-line dielectric measure-
ments were carried out on the following suspensions: (a) beads
that have been equilibrated with water redispersed in ethanol
(for the convenience of expression we call it water-equilibrated
beads hereinafter) and (b) beads that have been equilibrated with
ethanol (ethanol-equilibrated beads hereinafter) redispersed in
water. It will show that the time dependency of the dielectric
behaviors directly reflects these non-equilibrium processes such
as ion diffusion process, solvent diffusion process and solvent
uptake process.

2. Experimental and methods

2.1. Dried beads in Cl-form

The IER beads used here are D301 macroporous anion-
exchange resin beads commercially available from ZhengGuang
Resin Ltd. in HangZhou China, which corresponds to Amber-
lite IRA-93 in U.S.A. The beads are 0.28–0.45 mm in diameter
and contacting tert-ammonium group to matrix of styrene-
divinylbenzene copolymer. The beads were transformed by satu-
rated NaCl solution by allowing them to be dispersed in saturated
NaCl solution for at least 48 h. Then they were washed by dis-
tilled water several times until the conductivities of the supernate
were reduced to the values of distilled water. Finally, the sed-
iments of the beads were collected to dry in vacuum dryer for
about 8 h.

2.2. Preparation of suspensions

2.2.1. Beads in primary alcohols and water–ethanol
mixtures

Before dielectric measurement, copies of dried beads of equal
weight were, respectively, immersed in 50 mL primary alcohols,
including methanol, ethanol, n-propanol, n-butanol, n-pentanol
and n-hexanol, and water–ethanol mixtures for 48 h. The vol-

Fig. 1. The preparation process of the suspensions of water-equilibrated
beads redispersed in ethanol (a) and ethanol-equilibrated beads redispersed in
water (b).

ume fractions of ethanol in the mixtures were ranging from 0
to 100%, with 20% intervals. When in dielectric measurement
the dielectric cell was charged with slurry of the beads with the
electrodes being totally submerged by the slurry. The slurry in
fact was densely packed sediments of the resin beads in solu-
tion. The supernates (see Fig. 1) are measured independently to
obtain the values of dispersion medium’s dielectric constant εa

and conductivity κa.

2.2.2. Water-equilibrated beads in ethanol and
ethanol-equilibrated beads in water

Fig. 1 shows the preparation process of the suspensions.
After IER beads had been equilibrated with water, 3 mL admix-
ture was taken into the dielectric cell with 1 mL slurry. Then
all the bulk water was extracted by a microinjector and only
bare water-equilibrated beads were left. After that, ethanol was
quickly added into the cell until the volume of the admixture
reached 3 mL. This time was taken to be zero (t = 0), and dielec-
tric measurement on slurry started then. The dielectric behavior
was recorded every 100 s during 0–30 min, every 10 min dur-
ing 30 min–2.5 h and every 1 h during 3–24 h. It was observed
that when ethanol was added, the volume of slurry increased
to 1.4 mL at t = 0 and 1.5 mL at t = 24 h, while the whole vol-
ume reduced to 2.8 mL at t = 24 h, as shown in Fig. 1(a). Similar
preparation was done to the suspension of ethanol-equilibrated
beads redispersed in water as shown in Fig. 1(b).

2.3. Dielectric measurement

Dielectric measurements were carried out with a precise
impedance analyzer Agilent 4294A from Agilent Technologies
at frequency ranging between 40 Hz and 110 MHz. The dielec-
tric cell used in our study consists of concentrically cylindrical
platinum electrodes [28], and the cell constant and stray capac-
itance that have been determined by use of several standard
liquids were 0.67 and 0.12 pF, respectively. The experiments
were carried out at 30 ± 0.5 ◦C and all experimental data were
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subjected to certain corrections [29] for the errors arising from
residual inductance due to the cell assembly.

2.4. Determination of relaxation parameters from
experimental spectra

The dielectric relaxation parameters were obtained by fitting
the following equation, which includes one (i = 1) or two (i = 1,
2) Cole–Cole’s terms [30] and an additional term considering
the electrode polarization [22], to the experimental dielectric
spectra:

ε∗ = ε − j(κ − κ1)

ωε0
+ Aω−m

= εh +
∑

i

ε1 − εh

1 + (jωτi)βi
+ Aω−m (1)

where ε* = ε′ − jε′′ is complex permittivity, ε dielectric constant,
κ electrical conductivity, ω angular frequency, ε0 the permittivity
of vacuum, β the Cole–Cole parameter (0 < β ≤ 1) and j2 = −l.
τ(=1/(2�f0)) is characteristic relaxation time, where f0 is char-
acteristic relaxation frequency. The subscripts l and h denote
the low and high frequency limit value, respectively, and A and
m in the electrode polarization term are adjustable parameters.
During the curve-fitting, the Levenberg–Marquardt method was
used to minimize the sum of the residuals for the dielectric con-
stant and electrical conductivity [22].

χ =
∑

i

[εe(ωi) − εt(ωi)]
2 +

∑
i

[κe(ωi) − κt(ωi)]
2 (2)

where the subscripts e and t, respectively refer to the experimen-
tal and theoretical values, and ωi is ith angular frequency.

2.5. Dielectric analysis for IER bead suspensions

While relaxation parameters represent the collective proper-
ties of a suspension, phase parameters represent the individual
electrical properties of constituent phases. According to Hanai
et al. [31–33], phase parameters can be calculated in principle
from relaxation parameters in light of Wagner’s equation [2]

(for dilute suspension) or Hanai’s equation [31] (for concen-
trated suspension). The IER bead suspensions under research
are concentrated suspensions as shown in Fig. 1, and thereby
their M–W dielectric relaxation can be excellently simulated by
Hanai’s equation:

ε∗ − ε∗
i

ε∗
a − ε∗

i

(
ε∗
a

ε∗

)1/3

= 1 − φ (3)

where φ is the volume fraction of the disperse phase, and the sub-
scripts a and i denote the continuous medium and the dispersed
particles, respectively. The phase parameters (φ, εi, κi and κa)
thus are approximately related to the relaxation parameters (εl,
εh, κl and κh) as [22,33]:

εh − εi

εa − εi

(
εa

εh

)1/3

= 1 − φ (4)

εl

(
3

κl − κi

− 1

κl

)
= 3

(
εa − εi

κa − κi

+ εi

κl − κi

)
− εa

κa

(5)

κh

(
3

εh − εi

− 1

εh

)
= 3

(
κa − κl

εa − εi

+ κl

εh − εi

)
− κa

εa

(6)

κl − κi

κa − κi

(
κa

κl

)1/3

= 1 − φ (7)

Since the values of εa and κa can be obtained by directly mea-
suring the supernate, the phase parameters can be determined
from the relaxation parameters by using Eqs. (4)–(7), and the
value of κh, which is generally hard to be determined by fitting
dielectric spectra, can be also determined.

3. Results and discussion

3.1. IER beads suspensions in primary alcohols

Fig. 2 shows the dielectric spectra of IER beads suspen-
sions dispersed in 1–6 primary alcohols, where ε′′ = (κ − κl)/ωε0
is imaginary part of complex permittivity or dielectric loss.
Marked dielectric relaxations with characteristic relaxation fre-
quencies ranging from 104 to 107 Hz are shown in the spectra.

Fig. 2. Frequency dependences of the dielectric constant (a) and dielectric loss (b) of the IER beads suspensions in different primary alcohols. The solid lines are the
best fit curves calculated from Eq. (1).
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Table 1
Relaxation parameters and phase parameters for suspensions of IER beads dispersed in primary alcohols

Suspension �l (εl1) �h (εl2) εh (εh2) κl (κl1)
(mS/m)

κh1 (κl2)
(mS/m)

κh (κh2)
(mS/m)

τl (ns) τ2 (ns) εa κa (mS/m) εi κi (mS/m) φ

Methanol 82.7 26.9 9.11 21.3 45 32.5 2.12 22.3 34.0 0.52
Ethanol 33.9 17.6 2.06 3.77 98 24.6 0.924 10.0 6.14 0.40
n-Propanol 28.4 14.2 0.471 0.960 384 20.6 0.231 5.73 1.56 0.36
n-Butanol 24.0 22.0 11.9 0.210 0.213 0.351 6356 761 17.4 0.115 4.10 0.655 0.33
n-Pentanol 22.3 18.7 10.7 0.0800 0.0824 0.152 13645 1355 14.7 0.0450 4.01 0.262 0.31
n-Hexanol 20.7 17.8 9.38 0.0400 0.0409 0.0724 28177 3105 12.7 0.0211 3.80 0.153 0.31

Note: The subscripts 1 and 2 denote lower- and higher-frequency relaxation term, respectively. The values of εa and κa were obtained by directly measuring the
supernates.

These relaxations are of M–W type because counterion polariza-
tion relaxation contribution falls outside the frequency window
investigated due to the beads’ large radius [25]. From Fig. 2(b)
it is clear to find that suspensions in methanol, ethanol and
n-propanol exhibit only one relaxation while the remainders
exhibit two partially overlapping relaxations.

The configuration of macroporous IER bead is pretty well
understood nowadays [34,35]. Simply speaking, a dried bead is
a combination of copolymer matrix and air-filled pores that have
a broad size distribution ranging from a few angstroms up to sev-
eral thousands of angstroms in radius [35,36]. Beads swell when
dispersed in a solvent, including two separate processes, namely,
filling of pores by the solvent and solvation of the copolymer
matrix [35]. Accordingly when dried beads are dispersed in
solvents, almost all pores can be filled by small molecule sol-
vents, but only part of the pores (those big enough) can be filled
by big molecule solvents. Considering the chainlike structure
of alcohols because of hydrogen bond, methanol, ethanol and
n-propanol are small enough to fill all pores, while the other alco-
hols can only partially fill the pores. It follows that three phases
and hence two interfaces, say air/gel and bead/solvent, present
in IER beads suspensions dispersed in n-butanol, n-pentanol
and n-hexanol. This explains why these suspensions exhibit two
relaxations [28]. Interestingly, in the recycle process when we
redispersed the beads that had been equilibrated with the latter
three alcohols in water, it was observed that air bubbles were
adhering to the surface of each bead, obviously indicating that
not all pores are filled by these alcohols.

M–W polarization in colloid suspension is ascribed to the
space charge arising in the electrolyte layer adjacent to the par-
ticle surface whose thickness is of the order of the Debye length
κ−1 [37]:

κ−1 =
√

εaε0KT

e2
∑

iCiZ
2
i

(8)

here K, T, C and Z are Boltzmann constant, absolute temperature,
number concentration of free charge and valence of electrolyte
solution. The time of M–W polarization thus can be estimated
by

τMW = κ−2

D
(9)

where D is the ion diffusion coefficient. This is also approxi-
mately equal to the ratio εm/κm where the subscript m denotes
the medium in which the space charge is formed. Accordingly,
for suspensions in the latter three alcohols the lower frequency
relaxation is associated to the air/gel interface while the higher
one is associated to the bead/solvent interface.

In light of Eq. (1), the dielectric spectra for dielectric con-
stant were curve-fitted, and the best fit curves (solid lines) are in
good agreement with the experimental curves as shown in Fig. 2.
The obtained relaxation parameters were listed in Table 1, from
which the phase parameters concerning the properties of IER
bead and bulk alcohols were determined through dielectric anal-
ysis. They were also listed in Table 1. For suspensions with two
partially overlapped relaxations, εh1 = εl2 and κh1 = κl2 where the
subscripts 1 and 2 represent lower- and higher-frequency relax-
ation term, respectively. Since the higher-frequency relaxation
corresponds to bead/solvent interface, its relaxation parameters
were used to calculate phase parameters. From Table 1 it can
be seen that εa decreases with increasing chain length of the
alcohols. Since εa > 10, analogue electrokinetic behavior to that
observed in aqueous systems can be expected in these suspen-
sions [38]. κa decreases with decreasing εa because diffusivity
and concentration of simple ions like Cl− in these alcohols
decrease markedly with decreasing εa. Nevertheless, the ion
concentration is still high enough to support an EDL similar
to that formed in water [39]. The properties of EDL have impor-
tant consequences for M–W polarization mechanism as shown
in a number of investigations [6–12,17–24].

Fig. 3 shows the εa dependences of dielectric increment
	ε(=εl − εh), conductivity increment 	κ(=κh − κl) and relax-
ation time τ. As can be seen, with increasing εa the relax-
ation intensity, characterized by 	ε or 	κ, increases while τ

decreases. Since ion concentration and D markedly decrease
as εa decreases, bead in lower dielectric constant alcohol has a
thicker EDL (hence a bigger κ−1) and thereby a bigger τ accord-
ing to Eq. (9). Different from regular St-DVB copolymers, the
IER beads under study carry fixed functional groups, and a coun-
terion association equilibrium of the following form exists [25]:

[CH2NH(CH3)2]+ + Cl− → [CH2NH(CH3)2]+·Cl− (10)

where [CH2NH(CH3)2]+ is the fixed functional group and Cl−
is the counterion around it. The counterion association occurs
through direct complexation in accordance with the present
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Fig. 3. Relaxation parameters for suspensions of IER beads dispersed in primary
alcohols as a function of alcohols’ dielectric constant. 	ε(=εl − �h): dielectric
increment; 	κ(=κh − κl): conductivity increment.

understandings [40,41], analogous to weak ion-pair formation.
Many factors such as counterion concentration may induce an
equilibrium shift of counterion association and then change the
association degree between [CH2NH(CH3)2]+ and Cl−. The
counterion association degree (CAD) decides how many coun-
terions (Cl− ion) will be left as free charges in diffuse layer and
hence decides dielectric intensity for M–W dielectric relaxation
as discussed in a previous work [25]. Since a high dielectric con-
stant is in favor of having ions separated whereas a low dielectric
constant will tend to have them paired [27], the CAD in alco-
hol with lower εa is higher than that with higher εa, leading to
increasing 	ε and 	κ with increasing εa as seen in Fig. 3.

The properties of IER bead are changed with different alco-
hols as seen in Table 1, which is definitely due to the swelling

process. An equilibrated bead is a combination of gel matrix and
interstitial solvent (and air, for beads dispersed in the last three
alcohols). And the gel matrix is an admixture of alcohol and
copolymer because alcohols can swell copolymer matrix due
to their lipophilic character. The εi thus can be approximately
expressed as:

εi = faεa + fgelεgel + fairεair (11)

where f is volume fraction, and fa + fgel + fair = 1. Since εgel
decreases with decreasing εa, εi evidently decreases with
increasing εa. The values of φ also decrease with increasing
chain length. This is probably due to the fact that a longer
aliphatic group favors a better dispersion of hydrophobic copoly-
mer particles due to the negative free enthalpy of mixing; in other
words, IER beads dispersed in alcohols with longer aliphatic
group are less compact than in water or alcohols with shorter
aliphatic group. Fig. 1(a) shows that the volume of slurry appar-
ently increased right after ethanol being added into the bare
water-equilibrated beads. Now that ethanol uptake by the beads
cannot be completed so soon, this experimental phenomenon
evidently indicated that beads in ethanol, which has aliphatic
group, are much less compact than in water. Therefore, the
change tendency of φ shown in Table 1 is reasonable. The Cl-
form IER beads were dried after being equilibrated with aqueous
solutions, which means that hydrated counterions (mainly Cl−
ions) exist on the wall of the inside gel matrix. As the result, the
concentration of free charges is bigger inside the bead than in
bulk solvent and hence κi > κa as seen in Table 1.

3.2. IER beads suspensions in water–ethanol mixtures

The dielectric spectra for dielectric constant and dielectric
loss of IER beads suspensions in water–ethanol mixtures
with different ethanol volume fractions (vol.%) are shown in
Fig. 4(a) and (b). As can be seen, the suspensions undergo
well marked dielectric relaxations with characteristic relaxation
frequency ranging between 106 Hz and 107 Hz. With increasing
vol.%, dielectric relaxations gradually shift to lower frequency
region and the relaxation intensity decreases. The relaxation
parameters obtained by curve-fitting as well as the phase

Fig. 4. Frequency dependences of the dielectric constant (a) and dielectric loss (b) of the IER beads suspensions in water–ethanol, mixtures. The solid lines are the
best fit curves calculated from Eq. (1).



Aut
ho

r's
   

pe
rs

on
al

   
co

py

Z. Chen, K.-S. Zhao / Colloids and Surfaces A: Physicochem. Eng. Aspects  292 (2007) 42–50 47

Table 2
Relaxation parameters and phase parameters for suspensions of IER beads dispersed in ethanol–water mixtures

Vol.% �l �h 	ε �l (mS/m) �h (mS/m) 	κ (mS/m) τ (ns) �a κa (mS/m) εi κi (mS/m) φ

0 219.5 47.8 171.7 15.8 50.0 34.2 56.9 76.2 3.45 27.1 72.1 0.51
20 223.2 45.4 177.8 11.1 36.1 25.0 76.0 67.5 2.14 29.4 54.0 0.52
40 194.6 41.3 153.3 8.06 24.0 15.9 88.3 57.3 1.46 30.2 35.9 0.54
60 154.5 33.9 120.6 6.42 23.2 16.6 91.8 45.3 1.30 24.2 38.0 0.49
80 100.9 26.4 74.5 4.80 13.9 9.20 92.9 34.4 1.06 19.7 23.2 0.50

100 33.9 17.6 16.3 2.06 3.77 1.71 97.7 24.6 0.924 10.0 6.14 0.40

Note: The values of εa and κa were obtained by directly measuring the supernates.

parameters determined through dielectric analysis are listed in
Table 2.

The directly measured values of εa and κa decrease as vol.%
increases, which means that with increasing ethanol content κ−1

and the CAD increase. Accordingly τ increases while 	ε and
	κ decrease as vol.% increases, basically coinciding with the
conclusion in the preceding section. However, it is noticeable
that, when vol.% increased from 0 to 20% 	ε is barely changed
even though τ changes obviously, signifying that 	ε can hardly
be influenced by the added ethanol when vol.% ≤ 20%. This is
possibly due to the molecular structure of water–ethanol mix-
tures. About the structure, microwave dielectric analysis [42]
demonstrated that cluster of pure water only appears when
xw > 0.83 for water–alcohol mixtures, where xw is the mole
fraction of water; and adiabatic compressibility investigation
[43] indicated that ethanol molecules are essentially dispersed
and surrounded by water molecules at low ethanol concentra-
tion. When vol.% ≤ 20% (correspondingly xw ≥ 0.928), ethanol
molecules are believed completely hydrated and cluster of pure
water is the main structure form in these mixtures, therefore sus-
pensions in these mixtures have equivalent CAD as compared
with those in pure water, leading to a comparable 	ε.

It is reported [44,45] that when porous St-DVB copolymer
bead is dispersed in water, water is just accommodated in the
already existing air-filled pores and cannot swell the copolymer
matrix, while ethanol can both fill the pores and swell the matrix.
Therefore, IER beads dispersed in ethanol–water mixture are
somewhat “fatter” than in pure water, and their properties and
dispersing state will change in principle with the constitution
of ethanol–water mixtures. Fig. 5 shows the phase parameters
as a function of ethanol’s volume fraction. As can be seen, κi

and κa basically decrease as vol.% increases and κi > κa, this
is mainly because of the same reason discussed in the preced-
ing section. However, εi increases before the point vol.% = 40%
while decreases after that with increasing vol.%. This is defi-
nitely due to the swelling process: according to Eq. (11) (the
added term of air in the pores no longer exist here), when
vol.% < 40%, although εa and fa decrease with increasing vol.%,
εgel and fgel increase because of ethanol uptake, the net result is
that εi increases with increasing vol.%; when vol.% > 40%, the
amount of ethanol in bulk solvent may has exceeded what the gel
matrix can absorb so that εgel no longer increases, while εa keeps
decreasing, consequently εi decreases with increasing vol.%. A
similar result can be observed with reference to φ: the highest
value of which also shows up when vol.% = 40%. Although φ

decreases with increasing εa as aforementioned, ethanol uptake

of the gel matrix can, to some extent, increase the size of the
beads, therefore φ increases until the gel matrix is no longer
able to absorb ethanol, say when vol.% > 40%.

3.3. Suspensions of water-equilibrated beads redispersed in
ethanol and ethanol-equilibrated beads redispersed in water

The dielectric behaviors of the above suspensions were mea-
sured in their equilibrium state, so the properties of these systems
did not change with time during measurement. In what follows,
the suspensions under study are in non-equilibrium state; never-
theless it is believed that these non-equilibrium processes can be
detected by DRS. Fig. 6 gives us the three-dimensional represen-
tations of time dependency of dielectric constant spectrum for
suspensions of water-equilibrated beads redispersed in ethanol
(a) and ethanol-equilibrated beads redispersed in water (b). As
can be seen, both suspensions display apparent time depen-
dences with distinct M–W dielectric relaxations. Since εa and
κa change with time, the phase parameters cannot be determined

Fig. 5. Phase parameters for suspensions of IER beads dispersed in ethanol–
water mixtures as a function of ethanol’s volume fraction.
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Fig. 6. Three-dimensional representations of time dependency of dielectric constant spectrum for suspensions of (a) water-equilibrated beads redispersed in ethanol
and (b) ethanol-equilibrated beads redispersed in water.

in line with Eqs. (4)–(7), and only relaxation parameters will be
discussed in this section.

Fig. 7 shows the variation of dielectric relaxation parame-
ters for suspension of water-equilibrated IER beads redispersed
in ethanol as a function of time. It is noteworthy that an obvi-
ous transition shows up in each curve at t ≈ 100 min, before
which the parameters change intensely with time while after
which they are almost held fixed. This seems to imply that equi-
librium was reached within 100 min for the present case. As
discussed above, τ is mainly a function of κ−1 and D, and 	ε

is basically decided by CAD. The Cole–Cole parameter β rep-
resents relaxation time distribution: the bigger the value of β

is the fewer mechanisms are implicated. The values of β are
ranging between 0.80 and 0.84, definitely indicating that the
dielectric relaxations are mainly attributed to one mechanism,
namely M–W polarization. The variation of these parameters
with time is believed to arise from the non-equilibrated pro-

Fig. 7. Relaxation parameters for suspensions of water-equilibrated beads redis-
persed in ethanol as a function of time. The arrows are drawn for guiding eyes.

cesses that the suspension was undergoing. These processes are
mainly as follows: (1) ethanol uptake by the gel matrix; (2) dif-
fusion of bulk ethanol to water inside beads; and (3) diffusion of
inside water to bulk ethanol. They should occur simultaneously,
but may be completed at different moment.

At t = 0, κ−1 is large and D is relatively small since the dis-
persion medium was substituted by ethanol, accordingly τ is
initially big as seen in Fig. 7. 	ε is initially big too, this is a
little surprising because the CAD should be much high when in
ethanol and a small amount of free charges should exist in the
interface. It should be remembered that the beads have been equi-
librated with water, therefore an aqueous membrane is believed
to present on their surfaces even though the bulk water has been
removed. This aqueous membrane is actually the EDL formed
in water, basically including a compact layer (stern layer) and a
loose diffuse layer. When ethanol is added, the diffuse layer can
be immediately interfered while the compact layer can barely be
influenced at the very beginning. Therefore, κ−1 is apparently
increased while the CAD varies not so distinctively, resulting
in a big initial 	ε. As seen in Fig. 7(b) and (c), 	ε = 142.9 and
� = 116 ns when t = 0, while for suspension in 40% water–ethanol
mixture 	ε = 153.3 and τ = 88.3 ns as Table 2 shows. The values
of 	ε are comparable while the value of τ is much bigger of the
former than the latter, which signifies that the phase constitution
in compact layer (water prevails) is much different from that in
diffuse layer (ethanol prevails) when t = 0.

As time elapses the above mentioned processes are occur-
ring, consequently εa and the bulk ion concentration increase
with time due to process (3). At the same time, the water mem-
brane is gradually destroyed. As a result, κ−1 and CAD decrease
and hence τ and 	ε decrease with time for t < 100 min. The
present dielectric behavior is opposite to those of equilibrium
suspensions for which an increasing τ always corresponds to
a decreasing 	ε as seen in Tables 1 and 2. This result implies
that for suspensions in non-equilibrium state it is the proper-
ties of interface instead of those of constituent phases that count
most for M–W polarization. According to Fig. 7, these processes
are all completed within about 100 min, and then equilibrium is
reached, so the relaxation parameters almost no longer change
with time. When t > 100 min, it is noticed that 	ε ≈ 75 and
τ ≈ 80 ns. These values are equivalent to those of suspension in
80% water–ethanol mixture as shown in Table 2, evidently indi-



Aut
ho

r's
   

pe
rs

on
al

   
co

py

Z. Chen, K.-S. Zhao / Colloids and Surfaces A: Physicochem. Eng. Aspects  292 (2007) 42–50 49

Fig. 8. Relaxation parameters for suspensions of ethanol-equilibrated beads
redispersed in water as a function of time. The arrows and solid lines are drawn
for guiding eyes.

cating that equilibrium has been reached. As for β, the diffusion
processes definitely cause a more complicated bead/solution
interface, therefore more polarization mechanisms exist in the
non-equilibrium state, giving rise to an increasing β with
time.

Fig. 8 shows the variation of dielectric relaxation parameters
for suspension of ethanol-equilibrated IER beads redispersed in
water with time, from which we can judge that more complex
processes are occurring in this suspension. Three obvious tran-
sitions show up in each curve, indicating four distinct stages
during the swelling process. Considering that the beads are ini-
tially ethanol-equilibrated, when they are dispersed in water
the following processes are mainly about to happen: (1) dif-
fusion of Cl− and other simple ions from inside bead to bulk
solution. Since the beads are originally ethanol equilibrated,
the CAD is rather high. When water is added, the fixed func-
tional groups as well as their counterions, both on the surfaces
and inside the beads, will be directly exposed to water. As a
result some counterions will be released as free ions due to
the decrease of CAD, and will diffuse to bulk solution through
ion-exchange; (2) diffusion of ethanol in the pores to bulk
solution; (3) diffusion of bulk water to inside beads; and (4)
diffusion of ethanol in the gel matrix to bulk solution. Simi-
larly these processes occur at the same time, but they are def-
initely completed within different period of time judged from
Fig. 8.

An ethanol membrane will also exist when bulk ethanol is
removed. However, it must be almost drastically destroyed as
soon as water is added, which may be due to the fact that the
EDL formed in ethanol is far less compact than that in water. We
justify this because 	ε is rather big (	ε = 186.5) and τ is small

(τ = 68.7 ns) at t = 0 as seen in Fig. 8(b) and (c), and these values
are comparable to those of suspension in water–ethanol mixture
with vol.% < 20%. Once the ethanol membrane is destroyed, a
number of Cl− ions will be set free due to directly exposure
to water, therefore 	ε is initially big. The first stage shown in
Fig. 8, at which τ and 	ε sharply decrease with time while β

increase with time, is mainly a result of process (1) even though
other processes happen at the same time. With diffusion of Cl−
ions from beads to bulk solution, the concentration of Cl− ions
in diffuse layer decreases, therefore 	ε decreases with time; On
the other hand, ion concentration in the bulk solution adjoining
the EDL increase with time, giving rise to a decreasing κ−1

according to Eq. (9), therefore τ also decrease with time at this
stage. β increases with time because the ion diffusion is less and
less intense. The ion diffusion process is completed within about
17 min judged from Fig. 8.

The second stage is dominated by the process (2), which
is completed within about 40 min. The diffusion of water into
beads is sure to enormously increase the concentration of Cl−
ions inside the beads, however, most free Cl− ions have to stay
inside to keep neutrality because [CH2NH(CH3)2]+ is fixed
on the gel matrix. In accordance with the principle of Donnan
equilibrium, more water is needed inside the beads under this
condition, which will lead to an urgent exclusion of ethanol at the
same time. Therefore, the diffusion of ethanol from inside beads
to bulk is comparably quick. Due to this process, the content of
ethanol in bulk solution will increase with time, giving rise to
a decreasing bulk Cl− concentration and a decreasing εa with
time. Now that the amount of ethanol is rather small as compared
with that of water, ethanol content is pretty small so that most
ethanol molecules are totally hydrated as discussed in Section
3.2. In this respect, a decreasing bulk Cl− ion concentration
will result in a decreasing CAD according to Eq. (10) and an
increasing κ−1 according to Eq. (8), so both 	ε and τ increase
with time at the second stage. It is noticeable that β decrease
with time at this stage. Since the diffusion of ethanol has to
pass through the interface region, this result seems to imply
that a complicated phase constitution can obviously influence
relaxation distribution.

When the process (1) and (2) are completed, the diffusion of
bulk water to inside beads continues due to Donnan equilibrium,
this will cause the bulk counterion concentration to increase to
some extent. Consequently τ and 	ε decrease with time as a
result of a decreasing κ−1 and an increasing CAD, respectively.
This process is comparatively mild as shown in Fig. 8 and lasts
about 500 min. The last stage corresponds to process (4), which
is a long-lasting process because ethanol in the gel matrix is
close solvating with the copolymer matrix. Its diffusion to bulk
solution has a similar result as process (2) dose, but with much
less intense of the former than the latter.

The actual swelling process is much more complicated
because the above processes interact with one another during the
process. Nevertheless, at one time and another certain process
prevails so that the dielectric behavior of the whole suspension
displays certain corresponding characteristics, and these char-
acteristics can be detected by DRS and then be used to monitor
these processes as demonstrated in this section.
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4. Conclusion

Suspensions of IER beads dispersed in 1–6 primary alco-
hols exhibited distinct M–W type dielectric relaxations. Two
partially overlapping relaxations were observed for suspensions
in n-butanol, n-pentanol and n-hexanol, possibly because their
molecules are too big to fill all the bead’s pores. The phase
parameters were determined by means of dielectric analysis,
indicating that a smaller εa is in favor of a better dispersion of
the beads and of a higher counterion association degree on their
surfaces.

The dielectric behaviors displayed a regular dependence on
the volume fraction of ethanol for IER beads suspensions dis-
persed in water–ethanol mixtures. Basically, 	ε decreased while
τ increased with increasing vol.%. However, suspension in
water-rich mixture (vol.% < 20%) exhibited an exceptive dielec-
tric behavior: 	ε was nearly equal to that in pure water even
though τ was much bigger. This is may be due to the fact that
in water-rich mixture ethanol molecules are totally hydrated,
and this kind of mixture thus behaves analogously to pure water
in some ways. The phase parameters indicated that εi and φ

increased with increasing vol.% for vol.% < 40% due to ethanol
uptake by the gel matrix, while they decreased with increasing
vol.% for vol.% > 40% as a result of decreasing εa.

Equilibrium was reached within about 100 min when water-
equilibrated beads were redispersed in ethanol. This non-
equilibrium process included three processes according to the
above understandings. When ethanol-equilibrated beads were
redispersed in water, more complicated processes occurred. It
was concluded through analysis that, although four processes
occurred simultaneously, the diffusion of counterions to bulk
solution was completed within about 17 min, the diffusion of
interstitial ethanol to bulk solution was completed within about
40 min, the diffusion of water to inside beads lasted about
500 min and the diffusion of the ethanol solvating with copoly-
mer matrix to bulk solution was not completed even after 24 h.

As a conclusion, the extraordinary sensitivity as well as some
other advantages of DRS has not been enough realized; more and
wider applications of DRS to actual systems including those in
non-equilibrium are fairly deserved to obtain information about
systems in their working state.
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