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Polyacrylamide (PAAm)–multi walled carbon nanotube (MWNT) composites were prepared
by free radical cross-linking copolymerization in water. Ammonium persulfate and N,N’-
methylenebis (acrylamide) (BIS) were used as a free radical initiator and a crosslinker,
respectively. The drying and swelling processes of disc shaped PAAm–MWNT composites
were monitored by the steady-state fluorescence technique at various temperatures. Disc
shaped composite gels were prepared with pyranine (P) doped as a fluorescence probe.
Scattered, Isc, and emission light, Iem, intensities were monitored during drying and swell-
ing of these gels. Since the decrease and increase in Isc corresponds to the decrease and
increase in turbidity of the drying and swelling hydrogel, respectively, the corrected fluores-
cence intensity, I was introduced to analyse the drying and swelling processes. The Stern-
Volmer equation combined with moving boundary and Li–Tanaka models were used to
explain the behavior of I during drying and swelling processes, respectively. Results indi-
cated that the desorption coefficient, Dd decreased by increasing MWNT content, until 1
weight percentage of MWNT is reached and then increased above 1 wt% MWNT for a
given temperature during drying. However, cooperative diffusion coefficient, Ds behaved
opposite to Dd during swelling at a given temperature. Supporting gravimetric and volumet-
ric experiments were also carried out during drying and swelling of PAAm–MWNT com-
posite gels.

Keywords: multi walled carbon nanotubes (MWNT); acrylamide; composite; fluorescence;
temperature; drying; swelling

1. Introduction

Carbon nanotubes (CNTs) are closed graphene sheets with a cylindirical shape with end caps.
They have diameters ranging from about a nanometer to tens of nanometres and lengths up
to centimetres. Composites of CNTs in polymeric materials have attracted considerable atten-
tion in the research and industrial communities due to their unique mechanical and electrical
properties. CNT polymer nanocomposites possess high stiffness, high strength and good elec-
trical conductivity at relatively low concentrations of CNT filler [1]. Swelling and mechanical
behaviour of a novel gelatine-CNT hybrid hydrogel was performed by a scanning electron
microscope. This study suggested that the hybrid gelatine hydrogel with CNTs could be used
in biomedical field [2]. Synthesis of the same hybrid hydrogel was prepared by physical mix-
ing method. The results indicated that the novel hybrid hydrogel produced high mechanical
property and used in drug delivery of gelatine-MWNTs gel [3]. Mechanical reinforcement of
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CNT polymer composites was reviewed [4]. Swelling and mechanical behaviours of CNTs/
poly(vinyl alcohol) hybrid hydrogels were investigated as the basis of the application of
CNTs in the field of biomaterials [5]. Modulation of single-walled CNTs photoluminescence
by hydrogel swelling demonstrated that the shift of nanotubes photoluminescence occurred in
a hydrogel matrix. As the hydrogel cross-linking density and hydration state is changed, the
nanotubes experience lattice deformations and a shift in photoluminescence emission maxima
was observed [6]. Poly(N-isoproplacrylamide) (PNIPAAm) containing single-walled carbons
and single-walled nanohorns showed phase transitions[7]. Preparation and characterization of
PAAm/MWNTs nanohybrid hydrogels with microporous structures was presented by mechan-
ical, pH and temperature sensitive response and swelling kinetics [8]. The addition of nano-
tubes produced interesting properties, including tailor ability of temperature responsive
swelling and mechanical strength of the PNIPAAm–MWNT composites. The mechanical
properties of the nanocomposites were studied over a range of temperatures to characterize
the effect of nanotubes addition [9]. Mechanically fragile Poly (N,N-diethylacrylamide)
(PDEA)-co-polyacrylic (PAA) composite hydrogels were studied with respect to temperature,
pH, strength and MWNT rates. The results showed that the synthesized nanocomposites
would be useful in medicine and pharmaceutics [10]. Rheological, thermal and damping prop-
erties were presented in a review study including dispersion and functionalizations of CNTs
for polymer-based nanocomposites [11].

Low and high water sorption properties of hydrogels may be important for the use of sor-
bents in many applications of biomaterials and separation operations in biotechnology, drug
delivery systems, processing of agricultural products, sensors and actuators [12]. Several
experimental techniques have been employed to study the kinetics of drying of chemical and
physical gels e.g. neutron scattering, quasielastic light scattering [13], macroscopic experi-
ments [14] and in situ interferometric measurements [15]. The steady-state fluorescence (SSF)
technique was used to study the drying of PAAm gels with various κ-car contents [16] and
with temperatures [17]. Recently, the fast transient fluorescence technique was used in our
laboratory to study gel drying processes [18,19].

The photon transmission technique was used to study the swelling of PAAm gels with
various crosslinker contents [20,21]. The decrease in transmitted light intensity, Itr, was mod-
elled using the Li–Tanaka equation from which cooperative diffusion coefficients, D, were
determined for various BIS content PAAm gels; the decrease in Itr was attributed to lattice
heterogeneities, which might have originated between microgels and holes in the swelling
gel. It was observed that cooperative diffusion coefficients decreased as the crosslinker con-
tent was increased. We reported the PAAm hydrogel swelling for various temperatures and
crosslinker contents by using SSF technique [22,23]. It was observed that cooperative diffu-
sion coefficients increased and decreased as the swelling temperature and crosslinker content
were increased, respectively. The SSF technique was also used to study the swelling proper-
ties of PAAm-κ-carrageenan composite gels prepared in various κ-carrageenan concentrations
and temperatures, respectively. It has been reported that high κ-car content composites swell
much faster due to having larger of Ds coefficients for all measurements compared to low κ-
car content composites for a given temperature [17,24]. The results presented in this prelimin-
ary works suggest that the fluorescence method can be used to measure diffusion coefficients
at a molecular level during swelling of hydrogel with MWNT.

Here, we firstly report the drying and swelling process of PAAm–MWNT composites by
using the SSF technique. PAAm can be polymerized easily by free radical cross-linking
copolymerization of AAm in the presence of N,N′-methylenebis (acrylamide) (BIS) as the
crosslinker. By combining the Stern-Volmer equation with the moving boundary model
desorption coefficients, Dd, were determined for PAAm–MWNT composites during drying.
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The desorption coefficients, Dd, decreased by increasing MWNT content, until 1 wt% MWNT
and then increase above 1 wt% MWNT for a given temperature during drying. The Li–
Tanaka equation was used to determine the swelling time constants, τs, decreased by increas-
ing MWNT content, until 1 wt% MWNT is reached and then increase above 1 wt% MWNT
and cooperative diffusion coefficients, Ds, behaved in a reverse manner to the drying
behaviour during swelling at a given temperature. Supporting gravimetric and volumetric
experiments were also carried out where similar behaviour was observed for the measured
parameters for PAAm–MWNT composites during drying and swelling processes, respectively.

2. Theoretical considerations

2.1. Stern–Volmer kinetics

This model is based on the variations of quantum yields of photo physical processes such as
fluorescence, phosphoresce and photochemical reactions with the concentration of a given
quencher. The Stern-Volmer type of quenching mechanism can be proposed for the fluores-
cence intensity in the sample under consideration. According to the Stern-Volmer law, fluores-
cence intensity can be written as [25],

I0
I
¼ 1þ kqs0½Q� ð1Þ

Here, kq is quenching rate constant, τ0 is the lifetime of the fluorescence probe with no
quenching has taken place, [Q] is the quencher concentration and I0 is the fluorescence inten-
sity for zero quencher content.

For low quenching efficiency, (s0kq½Q�<<1), Equation (1) becomes

I � I0ðI � s0kq½Q�Þ ð2Þ

If one integrates Equation (2) over the differential volume (dm) of the sample from the ini-
tial a0 to final a1 thickness, then reorganization of the relation produces the following useful
equation.

W ¼
Z a1

a0

½W �dt ð3Þ

In our case, the amount of water diffusion, W is calculated over differential volume by
replacing Q with W as

W ¼ 1� I

I0

� �
t

kqs0
ð4Þ

Here it is assumed that water molecules are the only quencher for the excited pyranine
molecules in our system. Where t is the volume at the equilibrium swelling state, which can
be measured experimentally, kq was obtained from separate measurements by using Equation
(1) where the infinity equilibrium value of water diffusion, W, was used for each sample.
Since τ0 is already known, then the measured values of I, W and V at the equilibrium swelling
condition can be used to calculate kq for each swelling experiment separately.
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2.2. Moving boundary model

The moving interface can be marked by a discontinuous change in concentration as in the
absorption by a liquid of a single component from a mixture of gases or by a discontinuity in
the gradient of concentration as in the progressive freezing of a liquid [26]. When the diffu-
sion coefficient is discontinuous at a concentration c i.e. the diffusion coefficient is zero
below c and constant and finite above c then the total amount, Mt, of diffusing substance des-
orbed from the unit area of a plane sheet of thickness a at time t is given by the following
relation

Mt

Mf
¼ 2

Dd

pa2

� �1=2
t1=2 ð5Þ

where Dd is a diffusion coefficient at concentration c1. Here Mf = ac1 is the equilibrium value
of Mt If one assumes that the diffusion coefficient of polymer segments in the gel is negligi-
ble compared to the desorption coefficient, Dd, of water, then Equation (5) can be written as
follows:

W

Wf
¼ 2

Dd

pa2

� �1=2
t1=2 ð6Þ

Here it is assumed that Mt is proportional to the amount of water molecules released, W,
at time, t.

2.3. Li–Tanaka model

The kinetics of the swelling of a gel is comprehensively described by the behaviour of the
displacement vector, ~u as a function of space and time. Li and Tanaka showed that the equa-
tion of motion is given by [27]

@~u

@t
¼ Dsr2uþ K þ l=3

f
~r� ð ~r�~uÞ ð7Þ

where Ds ¼ ðK þ 4l=3Þ=f is the cooperative diffusion coefficient. f is the friction coefficient
and μ is the shear modulus. Here, t denotes the time and K is the bulk modulus [27]. Equa-
tion (7) can also be solved and written in terms of water uptakes W and Wf at time t and equi-
librium [27], respectively, as follows:

1� W

Wf
¼

X1
n¼1

Bn expð�t=snÞ ð8Þ

In the limit of large t, or if s1 is much larger than the rest ofsn, all higher terms nP 2 in
Equation (8) can be omitted and the swelling kinetics is given by the following relation

W

Wf
¼ 1� B1 expð�t=s1Þ ð9Þ

where B1 is given by the following relation:
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B1 ¼ 2ð3� 4RÞ
a21 � ð4R� 1Þð3� 4RÞ ð10Þ

It should be noted from Equation (10) that
P

Bn ¼ 1 therefore, B1 should be less than 1. B1

is related to the ratio, R, of the shear modulus, l and longitudinal osmotic modulus,
M ¼ ðK þ 4l=3Þ. Once the value of B1 is obtained, one can determine the value of R ¼ l=M
[27]. s1 is related to the cooperative diffusion coefficient, Ds, at the surface of a gel disc by

Ds ¼
3a2f
sa2I

ð11Þ

where a1 is a function of R only[27] and af stands for the half thickness of the gel in the final
equilibrium state. Hence, Ds can be calculated.

3. Experimental

We used MWNT which was analyzed by the Delta Nu Advantage 532 Raman Spectrometer
with 100–3400 wave number spectral range (Cheap Tubes Inc., USA) with a length of 20–
30 nm and a diameter of 10–30 um. The purity of the MWNT was > 95wt%.

Initially, the solution is composed of MWNTs, PVP and water in the proportions of 10
parts MWNTs: 1–2 parts PVP: 2000 parts distilled water at room temperature. The required
dispersion time is approximately 5 or 6min with an interruption of 10 s, every 30 s at full or
high amplitude by using ALEX ultrasonic equipment.

Composite gels were prepared by using 2M AAm (Acrylamide, Merck) with various
molar percentages (0.1–15wt%) of MWNTs stock concentration at room temperature. AAm,
the linear component; BIS (N,N’-methylenebisacrylamide, Merck), the crosslinker; APS
(ammonium persulfate, Merck) the initiator and TEMED (tetramethlethylenediamine,
Merck), the accelerator were dissolved in distilled water. The crosslinker, initiator and pyra-
nine, P concentrations were kept constant at 0013M, 7 × 10�3 and 4 × 10�4M, respectively,
for all samples. The solution was stirred (200 rpm) for 15min to achieve a homogenous
solution. All samples were deoxygenated by bubbling nitrogen for 10min, each pre-
composite gel solution of 5ml was poured into a cylindirical glass tube [28] and injector
for drying and swelling experiments, respectively. Gelation, drying and swelling processes
were performed by a Model LS-50 spectrometer of Perkin-Elmer, equipped with tempera-
ture controller. The beginning of the PAAm–MWNT gelation reaction, only the 512 nm
peak exists, and then the intensity of the new (short-wavelength) peak around 380 nm starts
to increase as the intensity of the 512 nm peak (long-wavelength) decreases during the
course of gelation of PAAm–MWNT composite gels. The increase in 380 nm emission is
due to a C–O ether bond formation between the hydroxyl oxygen of 3sPyOH and a termi-
nal C-atom of the growing AAm chain [29]. As the polymerization proceeds, the maximum
of the short-wavelength peak shifts to some higher wavelength, starting from 380 nm and
ending at 427 nm [30]. The shift in the short-wavelength region between 380 and 427 nm
is probably due to the complexation of SO�

3 groups with protonated amide groups, whether
on the same polymer molecule or on the other polymer strands [29]. The reason for the
shift in the isoemissive (isostilbic) point is the change in the internal morphology of the
system. At the beginning of the polymerization the system is in the ‘sol’ state (all pyranine
are free) and above a certain time it turns into the ‘gel’ state (most of the pyranine are
bonded).
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Before drying was started, composites were cut into discs with 10mm in diameter and
4mm in thickness from the injector. Disc shaped gel samples were placed on the wall of a
1 cm path length, square quartz cell filled with air and water for drying and swelling experi-
ments, respectively. As soon as drying completed, swelling experiment was started. All
measurements were made at 90° position and spectral bandwidths were kept at 5 nm.
Pyranines in the PAAm–MWNT composite gels were excited at 340 nm during in situ experi-
ments and emission intensities of the pyranine were monitored at 427 nm as a function of
drying time. The position of the PAAm–MWNT composite gel which was behind the hole in
the cell and fixed by stainless steel wire and the incoming light beam for the fluorescence
measurements are shown in Figure 1 during drying and swelling of the composite gel in air
and in distilled water, respectively. Here one side of the quartz cell is covered by black card-
board with a circular hole which was used to define the incoming light beam and limits its
size to the dimensions of the gel disc. The drying and swelling experiments of disc shape
PAAm–MWNT composite gels prepared with various MWNT were performed in air and in
water, respectively, at temperatures of 30, 40, 50 and 60 °C. At the same time, a gravimetric
measurement was performed by measuring weight. The distance and thickness of the PAAm–
MWNT composite gels were also measured to calculate the volume of the PAAm–MWNT
composite gels from the formula for a cylinder’s volume. The initial thickness is constant for
the all samples.

4. Results and discussion

4.1. Drying

Figure 2 shows the emission spectra of pyranine from PAAm–MWNT composite gel during
the drying process at 30 and 60 °C for 3 wt% MWNT content samples. It can be seen in
Figure 2 that as the water release increases, fluorescence intensity, Iem, increases and the
scattered light intensity, Isc, decreases with increasing temperature. Since the decrease in Isc
corresponds to the decrease in turbidity of the drying gel, the corrected fluorescence intensity,
I, is defined as Iem/Isc to monitored exact behaviour of the fluorescence intensity i.e. as the
drying time, t, is increased, the quenching of excited pyranines decrease due to an increase in
the water release from the drying PAAm–MWNT composite gel. In order to quantify these
results a collisional type of quenching mechanism may be proposed for the fluorescence

Figure 1. The position of PAAm–MWNT composite gels in the fluorescence cell during drying (in air)
and swelling (in water). I0 is excitation, Iem is emission and Isc is scattered light intensities at 340 and
427 nm, respectively.
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intensity, I from the gel samples during the drying process by using Equation (4). τ0 is
already known for pyranine so W can be calculated by using Equation (4) and the measured I
values, in each drying step.

The plots of W vs. t at various MWNT content samples are presented in Figure 3(a)
where the fit of the data to Equation (6) produced the desorption coefficient, DdI, which are
listed in Table 1. It is seen that DdI values decreased until 1 wt% MWNT is reached and then
increased to a plateau by presenting the different behaviours below and above the critical
MWNT (1 wt%) content, (see Figure 4(a)) at which the conducting percolation cluster starts
to appear [28]. At the critical point, DdI presents a minimum due to the formation of percola-
tion cluster from the MWNT.

On the other hand, by using gravimetric methods water desorption was also measured
from the drying PAAm–MWNT composite gel prepared at various MWNT contents. The
plots of the data are presented in Figure 3(b) at 30 and 60 °C for 10wt% MWNT content
gels. The fits of water release, WW vs. t1/2 to Equation (6) for the various MWNT content
gel dried at various temperatures produce the desorption coefficients, DdW, which are listed
in Table 1, where it is observed that the desorption coefficient decreases up to 1wt%
MWNT content and then increases above 1 wt% MWNT for each temperature as was
observed with fluorescence technique. The variations in volume, V of PAAm–MWNT com-
posite gels during the drying process are also measured. The plots of the volume, V, vs.
drying time for 10wt% MWNT content PAAm–MWNT composite gel dried at 30 and 60 °
C are presented in Figure 3(c). The data in Figure 3(c) is fitted to the following relation
produced from Equation (6)

V

Vf
¼ 2

Dd

pa2

� �1=2

t1=2d ð12Þ

Here it is assumed that the relation between W and V is linear. Then using Equation
(12), the volumetric desorption coefficients, DdV, were determined and listed in Table 1.
Again, it is seen that DdV values decreased from 0 to 1wt% MWNT and then increased
from 1 to 15wt% MWNT at each temperature, similar to the behavior of DdW. It has to
be noted that, DdW and DdV coefficients are found to be much smaller than DdI values at
high MWNT content gels. These differences come from the measurement technique, i.e.

Figure 2. Emission spectra of pyranine from the hydrogel prepared with 3 wt% MWNT content
samples during the drying process at 30 and 60 °C.
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Fluorescence technique measures the DdI values at a molecular level and however, DdW

and DdV values present the bulk behaviour of the gel under consideration. Figure 4 sum-
marized the desorption coefficients, Dd which were obtained from Equations (6) and (12)
and measured by fluorescence, gravimetric and volumetric techniques for various MWNT
content samples, respectively, where it was observed that the desorption coefficient
decreased as the MWNT content is increased up to 1wt% MWNT and then increased and
reached to a plateau.

Figure 3. The plots of water release, W measured by (a) fluorescence, (b) gravimetric and (c)
volumetric methods, vs. drying time, t, for PAAm–MWNT composite gels dried in air at 30 and 60 °C
for 10 wt% MWNT content sample, respectively.
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4.2. Swelling

Figure 5 shows the emission spectra of pyranine from PAAm–MWNT composite gel during
the swelling processes at 30 and 60 °C for 3wt% MWNT content samples, where the reverse
behaviour of Iem and Isc is observed in the PAAm–MWNT composite gel compared to the
drying processes. As the swelling time, t, is increased, the quenching rate of excited
pyranines increased due to water uptake. It should also be noted that quenching became more
efficient for high molar percentage of MWNT content samples. In order to quantify these
results, a collision type of quenching mechanism may be proposed for the fluorescence inten-
sity, I, for the gel sample during the swelling process by using Equation (2). For pyranine, if
τ0 is known, then W can be calculated by using Equation (4) and the measured I values, at
each step of the swelling [25]. Here, it is assumed that the kq values do not vary during the
swelling processes, i.e. the quenching process solely originates from the water molecules.
Plots of water uptake, W, vs. swelling time are presented in Figure 6(a). The logarithmic form
of the data in Figure 6(a) was fitted to the following relation produced from Equation (9)

ln 1� W

Wf

� �
¼ lnB1 � t

ssI
ð13Þ

Table 1. Experimentally measured parameters of PAAm–MWNT composites for various MWNT
content and temperature during drying process.

T (°C)
wt%

MWNT
DdI × 10

�9

(m2/s)
DdW × 10�9

(m2/s)
DdV × 10

�9

(m2/s)

30 0.3 2.46 2.83 3.05
0.6 2.30 2.40 2.90
1 2.29 2.04 2.60
3 2.30 2.60 2.99
5 2.35 2.90 3.29
10 2.46 3.05 3.44
15 4 3.54 4

40 0.3 4.53 4.99 4.76
0.6 3.17 3.15 2.76
1 2.57 2.06 2.72
3 6.23 2.76 3.29
5 8.65 3.11 4.07
10 9.88 4.39 4.14
15 10.4 4.65 4.92

50 0.3 8.56 9.04 8.09
0.6 6.08 8.39 6.64
1 4.70 3.29 3.11
3 8.39 3.41 4.18
5 12.1 3.86 4.51
10 14.3 5.38 5.38
15 16.4 6.52 6.25

60 0.3 9.15 9.15 12.5
0.6 7.37 8.72 11.5
1 5.28 5.67 5.02
3 10.2 6.36 6.16
5 12.7 6.56 6.29
10 14.2 7.47 6.52
15 17.6 8.39 7.69
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Here, τsI is the time constant and B1 is related to the ratio of the shear modulus,μ and lon-
gitudinal osmotic modulus, M, by Equation (10). Using Equation (13) linear regression of the
curves in Figure 6(a) provided us with B1 and τsI values. Taking into account the dependence
of B1 on R, one obtains R values and from the α1�R dependence α1 value was produced.
The experimental determination of these values was based on the method described by Li and
Tanaka [27]. Then, using Equation (11), cooperative diffusion coefficients Ds were determined
for these disc-shaped gels and found to be around 10�9m2/s. Experimentally obtained τsI and
DsI values are summarized in Table 2. It should be noticed that DsI values increased as the
MWNT content is increased until 1 wt% MWNT is reached and then decreased by increasing
molar percentage of MWNT content.

Figure 4. Desorption diffusion coefficients, Dd, vs. MWNT content measured by (a) fluorescence, (b)
gravimetric and (c) volumetric techniques at 30 and 50 °C, respectively.
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The plots of the solvent uptake, W, vs. swelling time measured gravimetrically at 30 and
60 °C for 10 wt% MWNT content gel swollen in water are shown in Figure 6(b). These are
typical solvent uptake curves obeying the Li–Tanaka equation, Equation (9). The logarithmic
forms of the data in Figure 6(b) were fitted to the following relation produced from Equation
(9),

ln 1� W

Wf

� �
¼ lnB1 � t

ssW
ð14Þ

from which B1 and the gravimetric time constant, τsW, were determined. Then, using
Equation (11), gravimetric cooperative diffusion coefficients, DsW, were determined and are
listed in Table 2 with the τsW values. A similar behaviour in DsW is observed as for DsI as
the MWNT contents were increased at the given temperatures.

The variations in the volume, V, of the PAAm–MWNT composites during the swelling
process were also measured. The plots of the volume, V, vs. swelling time for PAAm–MWNT
composites swollen in water are presented in Figure 6(c), which is again typical solvent
uptake curves, obeying the Li–Tanaka equation, Equation (9). The logarithmic forms of the
data in Figure 6(c) were fitted to the following relation as given in Equation (15) produced
from Equation (9).

ln 1� V

Vf

� �
¼ lnB1 � t

ssV
ð15Þ

from which B1 and τsV were determined. Here it is assumed that the relation between W
and V was linear. Then using Equation (11) the volumetric cooperative diffusion coefficients,
DsV were determined and are listed in Table 2. Again, it is seen that the DsV values increased
as the MWNT content is increased until 1wt% MWNT and then decreased at each given tem-
perature; similar to DsW behavior. The DsW and DsV coefficients are found to be much smaller
at high MWNT content gels. The produced Ds values from different techniques are summa-
rized in Figure 7, where it is seen that all Ds values first increase up to 1wt% MWNT content
and reached its highest value at this critical point, where the percolation cluster from MWNT

Figure 5. Emission spectra of pyranine from the hydrogel prepared with 3 wt% MWNT content
samples during the swelling process at 30 and 60 °C.
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starts to form. The percolation cluster formed from CNTs helps water molecules flow faster
in their channels and causes the composite gel swell faster presenting large Ds values for all
samples under consideration. However above the critical point (1wt% MWNT) composite gel
is quite stiff due to the formation of infinite network from MWNT. The formation of inelastic
composite gel above the critical point then lowers the Ds values to the smaller numbers.

The above picture can also explain the behaviour of desorption coefficient, Dd, in Figure 4.
Since composite gel highly swollen at the critical point (1wt% MWNT), then it takes longer
time to dry, resulting lowest Dd values at this point. Above 1 wt% MWNT content, since

Figure 6. The plots of water uptake, W measured by (a) fluorescence, (b) gravimetric and (c)
volumetric methods, vs. swelling time, t, for PAAm–MWNT composite gels swollen in water at 30 and
60 °C for 10 wt% MWNT content samples, respectively.
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composite gel swell less than the gel formed at the critical point, then it takes less time to
dry causing larger Dd values. In other words, stiff gel dries faster compared to the loose gel,
which is formed at the critical point.

5. Conclusion

This study has demonstrated that the fluorescence method can be used to monitor the drying
and swelling behaviours of PAAm–MWNT composite gel prepared with various MWNT con-
tent and measured at different temperatures. A moving boundary model combined with Stern-
Volmer kinetics was used to measure the desorption coefficient, Dd, for drying processes. It
was observed that high MWNT content composites dry much faster, as the result of having
larger Dd coefficients for all measurements. A similar fluorescence method was employed to
measure the swelling time constants, τs, and cooperative diffusion coefficients, Ds, for com-
posite samples prepared with various MWNT contents. The Li–Tanaka Model combined with
Stern-Volmer kinetics was used to measure the cooperative diffusion coefficients for the
swelling process at various temperatures. The results were interpreted in terms of the swelling
time constants; τs (decreased) and the cooperative diffusion coefficient Ds (increased) vs. wt%
MWNT content. It was observed that high MWNT content composites swell much slower
producing smaller Ds coefficients for all measurements at a given temperature.

Table 2. Experimentally measured parameters of PAAm-MWNT composites for various temperatures
and MWNT content during swelling process.

T (°C)
wt%

MWNT
τsI

(min)
DsI × 10

�9

(m2/s)
τsW
(min)

DsW × 10�9

(m2/s)
τsV
(min)

DsV × 10
�9

(m2/s)

30 0.3 58.82 0.6 77.51 0.72 90.9 0.86
0.6 55 0.65 72 1.05 73 0.91
1 48 1 69.44 1.18 69.44 0.99
3 96 0.4 69.93 0.7 81.96 0.79
5 98 0.38 70.92 0.63 95 0.70
10 100 0.36 142.85 0.51 163.93 0.46
15 120 0.32 150 0.48 238.09 0.37

40 0.3 55 1.25 62 0.99 83.33 0.91
0.6 50 1.70 50 1.25 62.11 1.05
1 47.61 2.07 48.78 1.70 60.60 1.10
3 95.23 0.44 58.82 0.71 76 0.89
5 97 0.39 66.66 0.69 85.47 0.74
10 98 0.37 69 0.49 90.90 0.57
15 111.11 0.35 72.99 0.45 100 0.44

50 0.3 35.71 1.73 55.55 1.11 58.82 1.07
0.6 33.33 1.90 47.61 1.29 43.47 1.11
1 32.25 2.44 37 1.80 38.46 1.26
3 90.90 0.68 40.60 0.93 74.07 0.92
5 95.23 0.59 45 0.48 78 0.76
10 95 0.55 53 0.47 88 0.59
15 105.26 0.44 64 0.43 83 0.48

60 0.3 26.31 1.82 46.51 1.25 41.66 1.15
0.6 25.64 2.50 40 1.80 37.03 1.89
1 22.72 2.95 35.08 1.95 32.25 2.08
3 83.33 0.76 35.35 1.48 52.63 1.08
5 89 0.62 38.46 1.13 55.55 0.78
10 91 0.60 45.45 0.58 58.82 0.61
15 103.09 0.46 52.63 0.65 76.92 0.51
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