
Real-Time Monitoring on the Adsorption Process of Salicylic Acid
onto Chitosan Membrane Using Dielectric Spectroscopy: Macroscale
Concentration Polarization and Dynamics
Yuhong Li,† Weidong Gao,† Kongshuang Zhao,*,‡ Gang Yang,† Zhonghe Zhu,† and Rongjing Cui†

†Jiangsu Laboratory of Advanced Functional Materials, School of Chemistry and Material Engineering, Changshu Institute of
Technology, Changshu, 215500, China
‡College of Chemistry, Beijing Normal University, Beijing, 100875, China

ABSTRACT: The adsorption process of salicylic acid (SA)
onto chitosan membrane is monitored in real time by the
dielectric relaxation spectroscopy (DRS) method. A unique
dielectric relaxation, which is related to the macroscale
concentration polarization layers (CPLs) in the SA solution
caused by the adsorption, is observed. By modeling the
measured systems composed of the membrane, the CPLs, and
the SA solution, the dielectric spectra are analyzed systemati-
cally on the basis of the interfacial polarization theory. The
parameters about the constituent phases, i.e., the dielectric
constant εm and the conductivity κm of the chitosan
membrane, the conductivity distribution (κ1 to κ2), and the
thickness dCPL of the CPL, are obtained. The time-dependent
εm and κm give insight into the microstate of the chitosan membrane during the adsorption. Furthermore, the time evolution of
the conductivity gradient of the CPL, Δκ/dCPL, is combined to interpret the adsorption mechanism. It is suggested that the
noninvasive dielectric monitoring may be applied to many adsorption and release processes.

■ INTRODUCTION

Chitosan is an effective biosorbent that has gained wide
attention because of its rich sources and high content of
functional amino and hydroxyl groups.1,2 It is of wide interest
to monitor adsorption processes in situ and in real time to fully
understand their dynamics, and thereby to explore the
adsorption mechanisms (i.e., interactions between chitosan
and the adsorbate). However, the question is how to choose
the experimental method. A common method is to remove a
certain volume of the solution from the adsorption system at
set intervals and analyze the amount of the remaining adsorbate
by appropriate spectrometric detections.3−5 Obviously, this is
an invasive and troublesome method. On the other hand, the
interactions between the membrane and the adsorbates are
usually statically examined by X-ray diffraction (XRD), infrared
spectroscopy (IR), Fourier transform infrared spectroscopy
(FT-IR), X-ray photoelectron spectroscopy (XPS), scanning
electron microscopy (SEM), and atomic force microscopy
(AFM),6−8 independent of the study on the adsorption
dynamics. These methods require the samples to be prepared
specifically. Therefore, they are not suitable for continuously
monitoring heterogeneous and dynamic adsorption processes.
Dynamic properties of adsorption systems can be monitored by
dielectric relaxation spectroscopy (DRS),9−13 because it is
noninvasive, easy to apply, and sensitive to heterogeneous
systems.14,15 On the basis of proper theoretical analysis, rich

information on the adsorption dynamics and mechanisms will
be obtained from the dielectric spectra.
In this study, the adsorption process of salicylic acid (SA) in

aqueous solution onto chitosan membrane has been monitored
by DRS experimentally and discussed theoretically. SA was
chosen as a model organic pollutant because of its typical
carboxyl, hydroxyl, and phenyl groups. In order to analyze the
dielectric spectra and thereby to obtain the information on the
adsorptive dynamics, a dielectric model is presented. This
model considers (i) the interfacial polarization between the
chitosan membrane and the bulk SA solution and (ii) the two
concentration polarization layers (CPLs) developing at both
sides of the chitosan membrane.
The studied system is a typical heterogeneous system

composed of a polymer membrane and weak electrolyte
solutions, and there are interfaces where phases of different
dielectric constant ε and conductivity κ contact with each other.
According to Maxwell−Wagner’s interfacial polarization theory,
dielectric relaxations due to interfacial polarization will be
observed.14,16−18 In detail, for a heterogeneous system with n
phases that have distinct ε/κ values, theoretically, n − 1 Debye-
type dielectric relaxations with different characteristic relaxation
times will be observed. However, if the characteristic relaxation
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times are close to each other, some of these relaxations will
superimpose with each other and fewer dispersed Cole−Cole
type relaxations will be observed.14,15

On the other hand, the concentration polarization concerned
in our dielectric model contains several types in the literature.
First, it is widely accepted as a micrometer-scale double layer
polarization around the surface of particles suspended in
electrolyte solution. It causes a dielectric relaxation in a low
frequency range (usually between 10−7 and 103 Hz, and very
few around 104 Hz).19−22 Besides, Zhao et al.23−26 have studied
the dielectric relaxations caused by a macroscale (about 10−3 m
thick) conductivity polarization layer near a charged membrane.
This conductivity polarization is introduced by the applied dc
bias voltage. The dielectric relaxation originates from the
increase of impedance caused by the decline of one of the two
boundary conductivities, and its characteristic frequency
(between 103 and 106 Hz) depends upon the magnitude of
the boundary conductivities. In addition, they have simulated
another type of concentration polarization, a gradient in
dielectric constant in the porous layer of a composite polymeric
membrane. It also causes an obvious dielectric relaxation.27 In
the present study, the concentration polarization refers to a
macroscale conductivity gradient, which is caused by the
adsorption behavior of the chitosan membrane. The correlation
between the dielectric relaxations and the CPL has been
ascertained in a previous work from phenomenological
discussions.11

The aim of the present study is to obtain the dynamic
parameters about the CPL and to provide a method for
monitoring the adsorption of charged solutes onto the
membrane surface by analyzing time-dependent dielectric
spectra. In addition, we also hope to provide insights into
interpreting the adsorption mechanisms throughout the
adsorption process by analyzing the time-dependent electrical
parameters about the membrane.

1. EXPERIMENTAL SECTION

1.1. Materials. All of the chemicals used are of analytical
grade unless otherwise stated. The chitosan powder, with a
deacetylation degree of 88.63% and MW of 106, was purchased

from Yuhuan Ocean Biochemistry Co. (Zhejiang, China).
Salicylic acid (SA) was purchased from Beijing Chemical
Reagent Co. (Beijing, China). NaOH and acetic acid were
purchased from Beijing Beihua Fine Chemicals Co. (Beijing,
China).

1.2. Preparation of Chitosan Membrane. Chitosan
powder of 0.16 g was dissolved in 10 mL of 2% (v/v) acetic
acid solution. The result solution was dropped on a piece of
horizontal glass, and then left overnight under room temper-
ature (20−21 °C) to evaporate the solvent. The chitosan
membrane that formed on the leveled glass was then peeled off,
immerged in 0.1 mol/L NaOH solution for 5 h, and rinsed with
plenty of distilled water repeatedly, to remove the remaining
acetic acid. Finally, a water-rich chitosan gel membrane was
prepared, and its thickness is about 80 μm, which was measured
with a vernier caliper. This membrane was verified to be water-
permeable and homogeneous by measuring its dielectric
spectrum in distilled water.11

1.3. Dielectric Measurements. Dielectric measurements
were performed using an Agilent 4294A Precision Impedance
Analyzer by applying an ac voltage of 100 mV amplitude, over a
frequency ( f) range from 40 Hz to 4 MHz, under 20−21 °C
temperature. The studied cell system is described as follows:
the chitosan membrane was sandwiched between a pair of
cylindrical chambers, to whose ends two planar platinum
electrodes were attached. Details of the measuring cell are
described elsewhere.28,29 After the measuring cell was quickly
rinsed with some SA solution, the SA solution was injected into
the chambers on both sides of the membrane. The frequency-
dependent conductance (G) and capacitance (C) of the system,
namely, the dielectric spectra, were immediately measured
every 5 min, until the spectra did not change. The area (S) of
each electrode, which is equal to that of the membrane, is 3.14
cm2, and the cell constant (dcell/S) is 0.414 cm−1 (dcell is the
distance between the two electrodes). The initial concen-
trations c0 of SA are 0.1, 0.2, 0.4, and 0.6 mmol/L, respectively.
The dielectric responses of the initial SA solutions (0.1, 0.2, 0.4,
and 0.6 mmol/L) without the membrane were also measured
to obtain the conductivity (κw) of these solutions.

Figure 1. Frequency f dependence of conductance G (A) and capacitance C (B) for the system consisting of chitosan membrane and SA solution of
0.4 mmol/L, as a function of adsorption time t. Symbols denote experimental data, and solid lines are fitting curves according to eq 3. The dielectric
response of the initial SA solution without the membrane is also shown.
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2. RESULTS AND DISCUSSION
2.1. Dielectric Spectra of the SA Adsorption Process

by Chitosan Membrane. Figure 1 shows the dielectric
spectra of the system composed of chitosan membrane and 0.4
mmol/L SA solution, measured as a function of adsorption
time t. It is obvious from Figure 1 that a remarkable dielectric
relaxation can be observed around 105 Hz. A dielectric
relaxation refers to the increase of G and the simultaneous
decrease of C around a same characteristic frequency f 0 (see
Figure 2) as the frequency f increases. The intensity of a

relaxation ΔG (or ΔC) is defined as the difference between the
two limited conductance (or capacitance) values corresponding
to two plateaus of a G−f curve (or a C−f curve), as depicted in
Figure 1. From the insets of Figure 1, it is clear that, when the
adsorption passes about 20 min, both of the relaxation
intensities, ΔG and ΔC, show a maximum value. This will be
discussed in section 2.2. Furthermore, the conductance at the
high-frequency limit (Gh, Figure 1A) decreases over time,
reflecting the adsorption of SA onto the membrane. This is
because Gh is positively related with the concentration of free
conductive materials (i.e., SA for this system) in the
solution.15,29 Another interesting phenomenon is that, when
the adsorption approaches equilibrium after 100 min (the C−f
and G−f curves almost do not vary over time), the dielectric
relaxation tends to disappear (ΔG and ΔC tend to be zero).

Dielectric spectra of the adsorption systems with other initial
SA concentrations show a similar changing tendency with
Figure 1.

2.2. Mechanism of the Dielectric Relaxations. To
examine the characteristics of the dielectric spectra and to
explore the origin of the relaxation, the following Cole−Cole
equations14 were employed to fit the experimental data (C and
G, where the conductance G is converted to imaginary
capacitance ΔC″). Figure 2 shows a representative fitting result.
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where ΔC″ = (G − Gl)/(2πf) and Cl and Ch are the limit values
of capacitances at low (subscript l) and high (h) frequencies,
respectively. Gl is the limit conductance at low frequencies. f 0 is
the characteristic relaxation frequency (see Figure 2), and α (0
≤ α < 1) is the distribution parameter of the relaxation time τ
(τ = (2πf 0)

−1). The mean value of α obtained from the fitting is
0.18 for all membrane/SA solution systems. This means that
the relaxations are not Debye type. For a Debye-type relaxation,
α = 0, which corresponds to a simple relaxation mechanism
such as there is only one kind of interface or two homogeneous
phases.14 Therefore, the dispersed relaxation shown in Figure 1
originates from multiple mechanisms. In other words, maybe in
addition to the conventional interfacial polarization between
the chitosan membrane and the bulk SA solution, there are
other unknown polarization mechanisms that also contribute to
the dispersed relaxation.
In order to reveal these polarization mechanisms, an

independent dielectric measurement was carried out by
replacing the SA with sodium salicylate (SS) of the same
concentration in the membrane/solution systems. Different
from the membrane/SA system, no obvious dielectric relaxation
is observed for the membrane/SS system and the dielectric
spectra do not change over time, as shown in Figure 3. This
shows that no adsorption process could be observed. In other
words, in this work, SS in solution has barely been adsorbed
onto the chitosan membrane. This may be explained as follows:

Figure 2. Fitting with the Cole−Cole equation on the dielectric
spectrum of the adsorption of 0.1 mmol/L SA at 2 min. Symbols
denote the experimental data, and curves denote the fitting result.

Figure 3. Dielectric response of the chitosan membrane−0.1 mmol/L SS system. Conductance G (A) and capacitance C (B) against time t and
frequency f. The slight increase of conductance G over time may be due to the dissolving of CO2 from air.
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SS solution and SA solution have alkaline and acidic pH,
respectively; the −NH2 residues of the chitosan membrane are
less protonated in the SS solution than in the SA solution,
resulting in no adsorption in the membrane/SS system.
Now we return to the main question about the relaxation

mechanism of the membrane/SA system. Comparing the
measuring results for the membrane/SA and membrane/SS
systems, two conclusions can be drawn. First, the relaxation of
the membrane/SA system is not caused only by the interfacial
polarization between the membrane and the solution. If so, a
relaxation should also be observed for the membrane/SS
system, because there is no essential difference between SA and
SS aqueous solutions in ε or κ. Therefore, there must be
another unevenly distributed property that leads to the
dielectric relaxation of the membrane/SA system. Second, the
dielectric relaxation is accompanied by the adsorption behavior.
This can be easily interpreted by introducing the CPL. The
adsorption of SA onto the chitosan membrane causes the
decrease of the concentration of free SA near the membrane
and the directional migration of SA in the solution. This results
in CPLs alongside the membrane, and the CPLs then cause
remarkable dielectric relaxation. In short, the CPLs connect the
adsorption behavior with the dielectric relaxation. This
conjecture is supported by the experimental results shown in
the insets of Figure 1 where the relaxation intensities (ΔG and
ΔC) show an inflection point during the adsorption process.
The relaxation intensities caused by CPL are dominated by two
factors, one of which is the conductivity distribution and the
other is the thickness of the CPL, as reported in our previous
work.11 The complex changes of these two factors during the
adsorption processes lead to the nonmonotonic change of ΔG
and ΔC.
On the other hand, the electrical parameters of the chitosan

membrane (εm and κm) will certainly be changed by the
adsorption, which is a secondary factor that causes the dielectric
relaxation.
On the basis of the above discussions, the dielectric

relaxation of the membrane/SA system can be discussed by
considering both the influence of the CPLs developing
alongside the membrane and the interfacial polarization
between the chitosan membrane and the SA solution.
2.3. Electrical Model and Analyzing Method. In order

to ascertain the relaxation mechanisms, and to examine the
adsorption dynamics, it is necessary to estimate the electric and
architectural properties of each constituent of the membrane/
SA solution system. For this purpose, an electrical model shown
in Figure 4 is established from a dielectric perspective. Figure
4A shows the schematic diagram for the whole system in which
the chitosan membrane with homogeneous dielectric constant
εm and conductivity κm is sandwiched between two SA
solutions with a dielectric constant of εw. Two CPLs exist in
the solutions symmetrically, adjoining the membrane. The
conductivities of both CPLs are κ1 on the membrane side and
linearly increase to κ2 on the bulk solution side. With the
processing of the adsorption, the values of κ2 and κw
(conductivity of the initial SA solution) meet the following
relationships in turn during the initial part and the later part of
the adsorption process, respectively:
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where dCPL is the thickness of the CPL and dcell is the distance
between the two electrodes as mentioned above; the equality
and inequality correspond to Figure 4B and C, respectively.
The total reciprocal complex capacitance of the layered

system Csys* depicted in Figure 4A can be expressed by
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where Cp*( f), Cm*, and Cw* are the complex capacitance of the
CPL, the chitosan membrane, and the bulk SA solution,
respectively. The complex capacitance C* of the whole system
and of each component is defined as

π
* = − ″ = +C C jC C

G
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where C and C″ are the real and imaginary parts of C*,
respectively. C″ = G/(2πf), obviously.
The conductance and capacitance of the bulk solution

(subscript w) and the chitosan membrane (m) in eqs 3 and 4
(Gw, Gm, Cw, Cm) are substituted by functions of corresponding
conductivity and dielectric constant (κw, κm, εw, εm):
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where ε0 = 8.8542 × 10−12 F·m−1 is the vacuum dielectric
constant and d is the thickness of the corresponding layer.
On the other hand, the conductance and capacitance of the

CPL (Gp( f) and Cp( f)) can be expressed by25
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where ω = 2πf is the angular frequency of the applied ac electric
field. A and B are functions of κ1 and κ2, as expressed by

Figure 4. Schematic diagram of the measured membrane/SA system
(A) and electrical model of the CPL (B and C, corresponding to initial
and later periods of the adsorption process, respectively). 0 denotes
the location x at the membrane surface.
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where εw is the relative dielectric constant of the CPL, equal to
that of the bulk SA solution.
The curve-fitting is carried out on the real part C and

imaginary part C″ of the complex capacitance Csys* as a function
of frequency f in eq 3 by the least-squares method to minimize
the sum of the squares of the errors, χ2:
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where N denotes the number of applied frequencies and the
subscripts e and t refer to the experimental and theoretical
values, respectively. The fitting gives the values of εw, εm, κm, κ1,
κ2, and dCPL. κw is a fixed value in the fitting procedure, which is
obtained by measuring the initial SA solution. These
parameters for the system with 0.4 mmol/L initial SA
concentration are shown in Table 1, where the correlation
coefficients of all fittings are higher than 0.99998. The
comparison of the fitting curves to the experimental data is
shown in Figure 1. It can be seen that the fitting curves agree
with the experimental data well, except for some discrepancy
with the C−f data for the first 20 min of the adsorption. This
discrepancy may be attributed to the initial fast adsorption that
makes the property of the membrane surface a little different
from that inside the membrane.
2.4. Dielectric Constant and Conductivity of Mem-

brane and the Adsorption Mechanism. For clarity, the
parameters εw and εm in Table 1 are plotted as a function of
adsorption time t in Figure 5A. As can be seen, the dielectric
constant of the solution, εw, is independent of the adsorption
time and close to that of water at room temperature, 80. It is
reasonable. While the dielectric constant of the membrane, εm,

sharply decreases to the minimum within the first 15−35 min
(varying with SA concentrations c0), it then increases slightly
until it reaches a steady value. The change of εm as the function
of adsorption time t can be interpreted from three aspects as
follows.
First, the contribution of water in pores of the membrane

should be taken into account. The high dielectric constant of
water (around 80) pulls up the values of εm on the whole,
resulting in the dielectric constant of the whole membrane εm
(12−58) being much higher than that of chitosan powder (for
most polymers usually 2−10).

Table 1. Parameters Obtained from Fitting with eq 3 for the Case of Chitosan Membrane Adsorbing 0.4 mmol/L SA

t (min) εw εm κm (μS·cm−1) κ1 (μS·cm
−1) κ2 (μS·cm

−1 dCPL (mm) R2

2 82.0 ± 0.3 37.0 ± 1.7 3.00 ± 0.10 30.7 ± 1.2 94.6 2.4 ± 0.1 0.9999895
7 82.0 ± 0.2 24.0 ± 1.6 2.20 ± 0.10 31.2 ± 1.2 94.6 3.2 ± 0.1 0.9999919
12 81.5 ± 0.3 20.2 ± 1.7 1.71 ± 0.09 22.9 ± 1.0 94.6 3.5 ± 0.1 0.9999954
17 82.5 ± 0.3 16.1 ± 1.4 1.40 ± 0.07 21.8 ± 0.9 94.6 3.9 ± 0.1 0.9999959
22 82.5 ± 0.4 14.4 ± 1.3 1.28 ± 0.07 21.6 ± 0.8 94.6 4.4 ± 0.1 0.9999959
27 83.9 ± 0.4 12.9 ± 1.1 1.21 ± 0.09 22.8 ± 0.8 94.6 4.9 ± 0.1 0.9999964
32 83.9 ± 0.4 12.1 ± 1.3 1.21 ± 0.08 24.8 ± 0.9 94.6 5.7 ± 0.1 0.9999961
37 84.0 ± 0.3 12.4 ± 1.2 1.35 ± 0.10 27.1 ± 0.8 92.0 ± 3.3 6.5 0.9999940
42 84.0 ± 0.3 13.1 ± 1.1 1.47 ± 0.09 28.0 ± 0.8 81.3 ± 3.5 6.5 0.9999947
47 84.5 ± 0.2 13.4 ± 1.2 1.49 ± 0.08 28.0 ± 0.9 72.0 ± 3.0 6.5 0.9999970
57 84.5 ± 0.4 14.0 ± 1.3 1.50 ± 0.08 25.6 ± 0.7 57.9 ± 3.2 6.5 0.9999982
67 84.5 ± 0.3 15.0 ± 1.3 1.50 ± 0.07 21.1 ± 0.6 48.5 ± 2.8 6.5 0.9999987
77 84.2 ± 0.4 16.0 ± 1.3 1.46 ± 0.08 18.0 ± 0.6 39.4 ± 2.6 6.5 0.9999980
87 84.2 ± 0.3 17.0 ± 1.2 1.46 ± 0.06 15.4 ± 0.5 32.8 ± 2.3 6.5 0.9999978
97 84.2 ± 0.3 17.5 ± 1.3 1.46 ± 0.07 13.7 ± 0.4 27.7 ± 2.5 6.5 0.9999993
107 84.2 ± 0.2 17.9 ± 1.4 1.46 ± 0.08 12.1 ± 0.5 23.6 ± 2.4 6.5 0.9999993
127 83.9 ± 0.1 18.4 ± 1.3 1.46 ± 0.08 10.4 ± 0.4 18.4 ± 2.0 6.5 0.9999996
137 83.9 ± 0.4 18.3 ± 1.3 1.47 ± 0.07 10.4 ± 0.5 16.1 ± 1.7 6.5 0.9999996
147 83.7 ± 0.3 18.5 ± 1.4 1.47 ± 0.07 9.9 ± 0.5 14.6 ± 1.3 6.5 0.9999974

Figure 5. Dielectric constant of the solution (εw) and of the chitosan
membrane (εm) (A) and conductivity of the membrane (κm) (B) vs
time t, obtained from fitting with eq 3. Schematic diagram of the
behavior or state of the membrane during the adsorption process (C).
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Second, the double layers of the pores in the membrane also
contribute to εm. In detail, some of the H+ ions from ionization
of SA are immediately adsorbed onto the −NH2 groups of
chitosan molecules to form −NH3

+ due to the protonation
effect of −NH2. This initial process was not observed because it
is too fast. Therefore, the membrane becomes positively
charged, and the double layers appear alongside the membrane
pores. The effective capacitance of the membrane Cm
contributed by the double-layer capacitances Cdi is derived
according to the dielectric model proposed by Nakamura,30

where Cm is considered as the geometric mean of a series
combination and a parallel combination of the capacitances of
each double layer. It is expressed as
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where dm is the thickness of the membrane and N′ is the
number of double layers that are randomly distributed in the
membrane. It is obvious from eq 10 that εm is positively related
to any double-layer capacitance Cdi. Furthermore, according to
the classical Gouy−Chapman double-layer model,31−33 a higher
fixed charge content cf on the wall of the membrane pores
corresponds to a higher double-layer capacitance Cdi. There-
fore, the sharp decrease of εm within the first tens of minutes of
the adsorption process (see Figure 5A) may be due to the
decrease in cf. This shows the membrane rapidly adsorbs more
salicylate anions (denoted as SA− hereafter) than H+ in this
stage due to the electrical potential difference between the
membrane and the bulk solution. As a result, the positive fixed
charges of the membrane are reduced.
Finally, after εm decreases to the minimum, it increases

slightly until it reaches a steady value (Figure 5A). This implies
that the membrane reaches electrical neutrality (i.e., the positive
fixed charges on the chitosan molecules, −NH3

+, are balanced
by the combined SA−) and then mainly adsorbs electrically
neutral SA molecules depending on some weak interactions,
such as van der Waals forces, hydrophobic force, etc. The weak
interactions have been verified due to the fact that a part of the
adsorbed SA molecules can be released into distilled water.11

The slow increase of εm in this stage is ascribed to the
combination of SA molecules, because SA is a compound of
strong polarity.
Figure 5B shows the plots of the membrane conductivity, κm,

against the adsorption time t for various initial SA
concentrations c0. It is obvious that the changing trend of κm
over time is similar to that of Figure 5A. The difference is that
κm is positively dependent on c0, suggesting the permeation of
the solution into the membrane phase. The values of κm for
different initial concentrations c0 drop to the minimum within
the first 15−35 min. This may be ascribed to the following
reason: the combination of SA− by −NH3

+ on the chitosan
chains results in the decrease of the positive fixed charge
content (cf) on the membrane; as a result, the concentration of
the ions in the double layers in the membrane pores decreases.
The slow increase of κm after dropping to a minimum is

because of the adsorption of neutral SA molecules in this stage,
as discussed in the explanation for εm. In detail, the
combination of SA by weak interactions will reach an
adsorption−desorption equilibrium: the more the SA combined
with the chitosan molecules, the more the SA that dissolves in
the solution within the membrane pores.

On the basis of above interpretations about the time
dependence of εm and κm, we suggest an adsorption mechanism
and depict it in Figure 5C. In detail, the H+ from ionization of
SA are adsorbed by −NH2 groups on the chitosan membrane
through a protonation effect, and SA− is adsorbed due to the
electric potential difference between the membrane and the
solution. These two effects exist simultaneously except for a
little advance of the protonation of −NH2. After the membrane
reaches electrical neutrality, the membrane adsorbs SA
molecules by some weak interactions.

2.5. Characteristics of the CPL. Figure 6 shows the time-
dependent structural and electrical properties of the CPL (the

thickness dCPL and the conductivities of both sides of the CPL,
κ1 and κ2) during the adsorption processes. First, we compare
Figure 6A and C. It is clear that dCPL increases monotonously
within about the first 30 min until it reaches the maximum
value dcell/2 and then keeps unchanged. This means that the
CPL becomes thicker until it expands to the entire solution
with the proceeding of the adsorption. Correspondingly, in
about the first 30 min, the values of κ2 keep invariable (equal to
κw), and then decrease gradually. This is because the influence
of the adsorption on κ2 is buffered by the expansion of the
thickness of the CPL.
Now we turn to Figure 6B to discuss the conductivity κ1 of

the CPL on the side adjoining the membrane. It is clear that κ1
fluctuates sharply in the first 40 min and then decreases
gradually. This is because κ1 is influenced by two factors. One is
the adsorption of the membrane, which decreases κ1; the other
is the migration of the SA molecules in CPLs from bulk
solution toward the membrane, which increases κ1. In the initial
period of the adsorption process, the adsorption rate is very
quick and decreases fast, as can be seen in Figure 7. Therefore,
the CPLs are unstable, which results in the sharp fluctuation of
κ1. In the later period of the adsorption process, the adsorption
rate slows down and the structure of the CPLs becomes stable.
As a result, κ1 gradually decreases.

2.6. Adsorption Rate and Dynamics. By using the
structural and electrical parameters of the CPL, the parameters

Figure 6. The time dependence of the thickness dCPL (A), the
conductivity at the side adjoining the membrane κ1 (B), and that at the
side adjoining the bulk solution κ2 (C) of the CPL, in SA solutions of
various concentrations.
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correlated to the adsorption rate can be estimated according to
Fick’s diffusion law:

=m
t

DS
c
x

d
d

d
d (11)

where dm/dt is the diffusion amount through a cross section
(with an area of S) of the CPL in unit time; dc/dx is the
concentration gradient; D is the diffusion coefficient. In this
study, because the intrinsic reason of the diffusion of SA across
the CPL is the adsorption effect of the membrane, the diffusion
rate dm/dt can be considered as the adsorption rate
approximately. In addition, since the concentration c of the
SA solution in this study is proportional to the conductivity κ
(see the inset in Figure 6C), the following relationship will be
observed:

κ∝ Δm
t d

d
d CPL (12)

where Δκ = κ2 − κ1. This equation shows that the change of the
conductivity gradient Δκ/dCPL over time reflects the character-
istics of the adsorption behavior.
Figure 7 shows the time dependence of the conductivity

gradient, Δκ/dCPL, for different SA concentrations c0. As can be
seen, Δκ/dCPL decreases at a different rate in three stages
separated by two flex points at about 7 and 40 min, respectively.
In the first 7 min, the adsorption rate is the fastest. This is due
to the intense protonation of the −NH2 groups on the surface
of the chitosan membrane and the simultaneous fast
combination of SA− due to the large potential difference
between the membrane and the solution caused by the fixed
charges (−NH3

+). In about 7−40 min, the adsorption rate is
still fast but noticeably slower compared with the first 7 min.
This is because in this stage the adsorption is dominated by the
protonation of −NH2 groups and subsequent adsorption on
SA− inside the membrane, so the adsorption rate is restrained
by the diffusion of the solute in the membrane. In addition, the
decrease in the amount of the −NH2 residues due to the
continuous adsorption also account for the decrease of the
adsorption rate. After 40 min, the adsorption rate becomes still
smaller and gradually tends to 0, suggesting that the adsorption
reaches equilibrium. The low adsorption rate is ascribed to the
weak interactions between chitosan and SA that dominate in
this stage.

3. CONCLUSIONS
Dielectric spectroscopy is used to monitor the adsorption
process of salicylic acid (SA) onto chitosan membrane. To
analyze the dielectric spectra theoretically, a multilayer electric
model is proposed by modeling the studied system composed
of chitosan membrane, CPLs, and bulk solution. On the basis of
this model, the time-dependent dielectric constant and
conductivity of the chitosan membrane (εm and κm), thickness,
and conductivity distribution profile of the CPL (dCPL, κ1 to κ2)
are obtained.
By analyzing the time-dependent εm and κm, the adsorption

mechanisms are estimated: the protonation of −NH2 groups on
the chitosan molecules gives rise to an electric potential
difference between the membrane and the solution; the SA− are
simultaneously combined by the membrane due to this electric
potential difference; after the membrane reaches electrical
neutrality, SA molecules are adsorbed by some weak
interactions. Furthermore, the time-dependent conductivity
gradient of the CPL, Δκ/dCPL, indicates that the adsorption
processes can be divided into three stages at different
adsorption rates. The adsorption mechanism of each stage is
interpreted.
It is worth mentioning that the formation of CPL is the key

to monitoring the adsorption process. The dielectric spectros-
copy method can sensitively detect the presence and change of
CPL, regardless of the molecular structure of the concerned
charged solutes (if only a CPL forms). The dielectric analysis
can give the structural and electrical properties of the CPL,
which contributes a lot in discussing the adsorption dynamics
and mechanisms. Since CPL associates with most mass transfer
processes in liquid systems, such as adsorption and enrichment
of heavy metal ions by water treatment reagent, sustained
release of drug or fertilizer from carriers, etc., this study
suggests that dielectric spectroscopy is very promising to be
applied to most adsorption or release systems, both for real-
time monitoring and for exploring the dynamics.
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