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Physical organogels: mechanism and kinetics of evaporation of the
solvents entrapped within network scaffolding
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Abstract

A series of hydrocarbon gels (based on leaded petrol and decalin) using physically crosslinked networks have been prepared using Al-
salt of fatty acid as the physical gelling agent. The effects of gel network scaffolding on the mechanism and kinetics of evaporation of
the solvents from the gels were investigated using conventional, isothermal and modulated thermogravimetric analysis. It has been clearly
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bserved that the evaporation of solvent from gels followed a complex evaporation pattern compared to the pure solvent. It appea
ncrease in network scaffolding the maximum rate of evaporation of the solvent decreases and its distribution become broader. Th
nergy of evaporation for these solvents was found not to be dramatically dependent on the concentration of the gelator and tigh
etwork scaffolding. Amongst different methods employed, isothermal measurements provided reliable information about the m
f evaporation. Modulated thermogravimetric analysis proved to be an efficient method to achieve kinetic parameters of evapora
ingle dynamic experiment. Scanning electron microscopy was used to probe for both dry gelator and gel network after evapora
olvents for evaluation of their surface morphology.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The gels are two-phase non-fluid systems formed by dis-
ersion of a micro molecular liquid in a three-dimensional
pongy network formed by supramolecular matrix. The ma-
rix molecules may be linked together by strong intermolec-
lar bond/association among the gel structural elements
forces of physical nature) or may form chemical bond as a re-
ult of crosslinking. Irrespective of the nature of the crosslinks
ormed, gel differs from solution in that it possesses no flu-
dity, as the local bonds among the matrix molecules form a
upramolecular three-dimensional network structure, which
oes not allow them to move relative to one another[1].
he physical aggregation mechanism may involve a vari-
ty of interactions such as: H-bonding, organometallic co-

∗ Corresponding author. Tel.: +61 8 8302 3546; fax: +61 8 8302 3755.
E-mail address:Naba.Dutta@unisa.edu.au (N.K. Dutta).

ordination bonding, Van der Waals forces, electron tran
between donor and acceptor moieties of the gelator, etc[2].
Because of the transient and reversible nature of the
ciations, the physical gels exhibit self-healing capacity,
sensitivity to external stimuli (pH, salt, temperature, sh
etc.) that can modulate the self-association propensity
modify the strength of the connections. Owing to their un
behavior they are receiving significant recent interest as
cosity modifiers in applications such as paints, coatings
recovery, control drug release and a variety of pharmace
and hygienic applications. The hydrogels (water-based g
either made from polymers, (biopolymers and synthetic
by different surfactants are of great importance in e
day life and attracted significant research interests. In
ticular, pharmaceutical applications of a variety of biop
mer gels have been known for centuries[3–5]. However
only a few remarkable investigations have been condu
on non-aqueous (solvent) based gels, on their different
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thesis methods, characterization techniques and applications
[6,7].

The gelation of spilled fuels and/or dangerous solvents
hold significant promise in preventing post-spillage disasters
by easier cleaning of the affected areas and subsequent recov-
ery of the liquid phase; and have attracted attention since 70s
[8–10]. Many investigations on the synthesis of the gelling
agents (both physical and chemical types), characterization of
the gel network structures, mechanism and kinetics of forma-
tion of three-dimensional network, etc., have been published
[11–14]. Amongst other physical properties, the thermal be-
haviour of the gels including the ultimate evaporation of the
solvent from the gel network structure is of significant scien-
tific interest and of wide industrial importance. This behavior
could also be useful in the understanding of the changes of the
gel network structure (scaffolding) of these systems. In this
respect hydrogels have been investigated for kinetics of evap-
oration of water, determination of the different states of water
in the gels, degradation of the gels, etc.[15–17]. Important
research work also has been carried out on evaporation rates
and kinetics from commercial perfumes, explosives, urethane
amides, poly(amic acid)s, etc. using TGA[18–21]. Despite
some attention and specific studies of the hydrocarbon gel
systems for different applications, no detailed investigations
on the mechanism and kinetics of evaporation of the solvents
f
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of saturated and unsaturated hydrocarbons and could be clas-
sified as flammable class IA with flash point <22.8◦C, Tb
<37.8◦C and density around 0.72 g ml−1. The solvent de-
calin was a mixture ofcis- andtrans-forms, flash point of
57◦C, Tb of 185–195◦C and density of 0.888 g ml−1 [30].
The organogelator used was Calford G-760©, an aluminium
salt of fatty acids, procured form Blachford LTEE, Canada
and used as received (‘ALSP’).

The gels were obtained from both hydrocarbons by an in
situ method without heating/cooling of the samples. Addition
of ‘ALSP’ powder ‘S’ (g) into a known volume of solvent (ml)
whilst mixing for a specified time (between 1 and 2 min) was
performed at ambient temperature (RT). The gels were left
for ∼24 h into tightly closed containers to complete forma-
tion of equilibrium network. The details of the formulations
are presented inTable 1. If the kinetics of gelation is consid-
ered qualitatively (at ambient temperature of preparation),
different patterns are observed for petrol-based compared to
decalin-based organogels. The gelation time for the former
range from few seconds to few minutes but for the later it
varies from few minutes to few hours depending mostly on
the concentration of gelling agent used.

2.1.2. Preparation of xerogels
All petrol organogel samples (Table 1) were exposed to air
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rom such complex systems have been undertaken[22–24].
In our previous investigations detailed information ab

he state of the solvent within the physical network st
ure has been extracted from the DSC investigation of
erent hydrocarbon gels[22,23]. Rheological investigatio
as also provided much in-depth information about the
etwork structure, morphology, mechanism, kinetics of

ormation and properties[25]. The aim of the current inves
ation is to evaluate the mechanism and kinetic paramet
olvent evaporation from the gel matrix using conventio
nd isothermal thermogravimetric analysis (TGA) as we

emperature modulated TGA[26,27]. Two hydrocarbon g
ystems has been considered for this investigation: one
ery volatile (petrol organogels) and another more stable
alin organogels). The dried gel networks, after evapor
f all the solvents (xerogels), were examined using scan
lectron microscopy (SEM) combined with energy disper
-ray analysis (EDX) to achieve morphological informat

28,29].

. Experimental

.1. Samples

.1.1. Gel sample preparation
The hydrocarbons used for this investigation were c

ercially available leaded petrol (gasoline or Super
ctane No. 98) and decalin (decahydronaphthalene)
ldrich, USA. Both the hydrocarbon liquids were used w
ut further purification. The commercial petrol was a mix
or seven days for slow drying and minimum disturbanc
he surface. After that they were kept under vacuum (1
or additional seven days until completely dry. The sur
orphology and elemental analysis of such xerogels

xamined using SEM and EDX.

.2. Thermogravimetric analysis (TGA)

In TGA the mass of a sample is continuously monito
hile it is subjected to controlled temperature program
well-defined atmosphere. All the TGA experiments w

arried out using TA Instrument’s H-Res/modulated TG
950 using dynamic (constant heating rate, d-TGA), iso
al (i-TGA) and modulated temperature thermogravim

MTGA) modes. The TGA 2950 instrument is character
y vertical balance system with sensitivity of 0.1�g and heat

ng range from room temperature (RT) to 1000◦C. Prior to
he experimental runs, temperature calibration of the in
ent was performed using the Curie point of Ni[31]. The

able 1
ormulations of petrol and decalin physical organogels

elator ALSP,
(g)

Petrol organogels Decalin organogels

Petrol
(wt.%)

Sample
label

Decalin
(wt.%)

Sample
label

0 100 P100 100 D100
1 99 PS1P 99 PS1D
2 97 PS2P 98 PS2D
0 88 PS10P 90 PS10D
0 78 PS20P 82 PS20D

00 0 ALSP100 0 ALSP100
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sample weight for all the tests was between 10 and 20 mg,
and the samples were placed into an open Al-pan just be-
fore inserting into the furnace. The TGA furnace was purged
with high-purity N2 with a flow rate of 50 ml min−1. All the
TGA runs were performed in triplicate and the standard error
observed to be within 8% in total.

The conventional TGA involved heating the sample from
RT, with heating rates of 2, 5, and 15◦C min−1, up to the
required final temperature. In isothermal TGA experiments
the samples were quickly heated from the ambient to the
required temperature and maintaining at the specific temper-
ature until evaporation was completed. For isothermal TGA
experiments the temperatures chosen were 50, 60 and 70◦C
for petrol, and 70, 80 and 90◦C for decalin gels for different
duration of times.

In modulated TGA (MTGA®) an oscillatory temperature
program is employed to obtain kinetic parameters in a sin-
gle experiment. MTGA® was performed with an underlying
heating rate of 2◦C min−1, modulation amplitude of±5◦C
min−1 and oscillation period of 120 s.

2.3. Scanning electron microscopy (SEM)/energy
dispersive X-ray analysis (EDX)

The SEM images on the xerogels were obtained using
C oper-
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p
e ce.
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action by[32]:

r = dα

dt
= k(T )f (α) (1)

wheref(α) is the reaction model,α is the extent of reaction,
k(T) is the temperature dependent rate constant,T is the tem-
perature,t is the time, andr is the rate of degradation. The rate
constant,k(T) is the normally assumed to obey the Arrhenius
equation:

k(T ) = A exp

(−E

RT

)
(2)

whereE is the activation energy of the kinetic process,A is the
pre-exponential factor, andRis the universal gas constant. If it
is assumed that the degradation is a simplenth order reaction,
the conversion dependent term can be expressed as

f (α) = (1 − α)n = Wn (3)

whereW is the weight-fraction remaining, andn is the or-
der of reaction. Most of the published methods for deriv-
ing kinetic parameters from TGA are based upon these three
equations.

3.2. Modified single heating run method

for
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amScan Model 44 FE scanning electron microscope
ting in an accelerated voltage of 10 kV. The dried sam
ere sputtered with carbon. The elemental mapping of th
erimental samples was performed using EDX[28] to obtain
lemental analysis of the sample surface and sub-surfa

. Results and discussions

.1. Theory

The kinetics of thermal transformation of a solid-s
hemical reaction is generally described for a single ste

Fig. 1. Weight changes and derivative weight changes (inset) a
Fig. 1shows the typical plots of the weight loss curves
he experimental decalin organogels, in d-TGA mode
onstant dynamic heating rate of 5◦C min−1. After complete
olvent evaporation, weight plateau at the level of ‘AL
resent in sample was reached. The differential thermog
etric (DTG) curves are also presented as inset of the

gure. From the DTG curves indication of the complex ev
ration behaviour (at least two component) of the sol

rom the network gel structure is clearly evident. It is
ortant to note that from the petrol gels solvent starte
vaporate immediately after the start of the run (not
ented); however, decalin gels showed some temperatu
up to 330 K). From the DTG curves the peak temperatur

nction of temperature for decalin organogels (heating rate of 5◦C min−1).
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Fig. 2. Linear regression fit of experimental data using Chan-Balke method (decalin organogels) and determination of activation energy E for all ALSP
concentrations.

evaporation could be determined as the maximum in deriva-
tive weight change. These DTG curves maxima for decalin
gels are generally sharper and at higher peak temperatures, if
compared to petrol gels (for the same level of ‘ALSP’). The
gels show strong dependence on concentration of gelator. In
general with increase in gelator concentration the distribution
of the rate of weight loss curves become wider.

The kinetics of a single step decomposition reactions (in-
cluding evaporation) in a dynamic heating rate method may
be expressed[33,34]as

rT = −dW

dt
= A

β
e−E/RT Wn (4)

whererT is the reaction rate,W is the weight fraction of the
active material remaining for reaction (g),β is the rate of
the heating or thermal ramp (◦C min−1). Recently, Chan and
Balke[35] proposed a simple method for the evaluation of the
kinetic parameters of a reaction from TGA data of a single-
constant heating-rate experiment (modification of the method
known as Freeman-Carroll[36]). For a first-order reaction,
assuming that the order of the reaction remains constant dur-
ing entire run the equation may be written as[37]:

ln
( r

w

)
= E

(
− 1

RT

)
+ ln A (5)

s the
a r-
s ating
r t
t ora-
t as a
fi he
s near
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p
p

amined the activation energy of evaporation of two fixatives
(benzophenone and cinnamic acid) and the calculated acti-
vation energies at heating rate of 6◦C min−1 were observed
to be 73 kJ mol−1 for benzophenone and 57.4 kJ mol−1 for
cinnamic acid. The calculated values of the activation ener-
gies of evaporation of free solvents at single heating rate of
decalin (55 kJ mol−1) and cinnamic acid appear to be close.
A marginal but systematic decreasing trend ofE, with in-
crease in concentration of gelling agent ‘ALSP’ is evident.
This is to note that the rheological investigations[25] of the
gel systems confirmed the dramatic change in the stiffness
with marginal change in gelling agent content (particularly
in the range of 1.5–5 wt.%). The calorimetric investigation
also confirmed significant change in the state of the solvents
within the gel network scaffolding with gelling agent content
[22,23]. In comparison to those profound changes, however,
the change in evaporation rate of the solvent from the network
scaffolding and its kinetic parameters with increase gelling
agent content are marginal. Therefore, it appears that the dif-
fusion of the solvent molecules under the influence of thermal
agitation is not dramatically affected by the network structure
formation and its density.

3.3. Multiple heating rates method
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T
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d

Therefore, for a first-order reaction a plot of ln(r/w) ver-
us−1/RTshould give a straight line with slope equal to
ctivation energyE. A typical plot of the ln[(−dW/dt)/W] ve
us inverse temperature (1000/RT) for decalin gels (he
ate of 5◦C min−1) is shown as inset ofFig. 2. It appears tha
he plot deviates from linearity at higher levels of evap
ion (above temperature of 385 K); however, it behaves
rst-order process up to∼80% evaporation (see inset of t
ame figure). In the linear zone of the curves (Fig. 2), li
odel fitting (Eq.(5)) was performed to obtain the kine
arameters of evaporation. The values ofEobtained for both
etrol and decalin gels are shown inTable 2. Phang[18] ex-
Doyle[38] and Flynn and Wall[39] as well independent
zawa[40] attempted to evaluateE andA as the constan

able 2
ctivation energyE (kJ mol−1) values obtained for pure hydrocarbo

petrol and decalin) as well as their organogelsa

etrol gels P100 PS1P PS2P PS10P PS2
Chan-Balke method 34 28 27 21 19

ecalin gels D100 PS1D PS2D PS10D PS2
Chan-Balke method 55 52 51 46 44
a Standard deviation within 5% for petrol-based and within 3%

ecalin-based organogels.
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Fig. 3. Effect of different heating rates on the weight change of petrol PS2P (—) and decalin PS2D () organogels.

of the equation of the thermogram rather than of the rate
equation. They derived a method for the determination of
kinetic parameters based on multiple constant heating rates.
The final equation developed may be expressed as:

logβ ∼= −0.457
E

RT
+

(
log

AE

RT
− logF (α) − 2.315

)
(6)

If the mechanism of degradation is independent of the
heating rate,F(α) is constant for constantα, and the activation
energy can be obtained from the slope of the straight-line plot
of logβ versus ‘1/T’ for any level of conversion.

For the calculation of kinetic parameters of evaporation
using Eq.(6), TGAs were performed on the experimental
hydrocarbon gels using different heating rates (2, 5, and
15◦C min−1) keeping all the other conditions same.Fig. 3
shows typical thermograms for petrol (PS2P) and decalin
(PS2D) organogels at different heating rates. From the plots
it is evident that the TGA thermogram for a particular gel
shifted to higher temperatures systematically as the heating
rate increased. It is mainly due to the shorter time required for
a sample to reach a given temperature at a faster heating rate.

In addition, if decalin gels are compared to the petrol gels,
generally, much faster weight changes for the later are ob-
served as expected, due to the higher volatility. All the other
experimental gels showed similar trend of weight loss over
increased temperature. Applying Eq.(6) and plotting logβ
versus 1/Tthe slopes of the trend lines through the points, at
a specific conversion level would provide activation energy
E. The typical plots of logβ versus−1000/RTfor decalin
PS1D (conversion 5–90%) is presented inFig. 4. In general,
a much better straight line fit (the Pearson factor of confidence
R2 almost 99%) was observed for decalin gels. The activa-
tion energy calculated for the different experimental gels at
different conversion levels are presented inTable 3.

If only conversion levels are considered within the same
gel sample in all the cases,Edecreases with elapsed reaction
time (lowering the solvent quantity available to evaporate
from within the network) was evident with no exception. This
is a clear indication that the state of the solvent present in all
the small cavities within the gel network structure is not in
the same state. Initially the relatively free solvent (not held
strongly by gel network) evaporated faster followed by tightly

rates (M
Fig. 4. Dependence of activation energyE on different heating
 HR method) at different conversion levels for decalin organogels.
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Table 3
Activation energiesE (kJ mol−1) obtained by multiple heating rates method
for pure solvents petrol and decalin and their physical organogelsa

Conversion (%) P100 PS1P PS2P PS10P PS20P

20 81 58 60 68 76
30 77 57 49 53 61
40 65 56 43 46 54
50 56 56 40 42 50
60 48 55 38 40 48
70 42 54 36 38 47
80 40 53 35 36 46
90 39 49 34 34 46

D100 PS1D PS2D PS10D PS20D

5 81 108 68 53 52
10 65 101 67 45 45
20 56 96 66 41 40
30 52 94 65 38 37
40 51 94 65 36 35
50 49 93 64 34 34
60 48 92 64 32 33
70 47 91 64 30 30
80 46 89 64 29 28
90 46 87 64 28 27

a Standard deviation for petrol-based within 4% and for decalin-based
organogels within 2%.

entrapped or bound solvent. In general theEvalues for decalin
gels are higher than petrol-based gels. In petrol-based gels
gelling agent content has no dramatic effect onE. In the case
of comparable decalin gels the activation energy decreased
marginally with increase in gelling agent up to PS10P; above
that level the value appears to be unaffected.

3.4. Isothermal kinetic study: general rate expression
and Flynn methods

For isothermal conditions substituting Eq.(3) into the nat-
ural logarithm of Eq.(1), we obtain

ln

(−dW

dt

)
= n ln W + ln k (7)

Therefore, for annth order degradation, a plot of
ln(−dW/dt) against lnW should result in a straight line with
a slope ofn, and an intercept on the ln(−dW/dt) axis equal
to lnk. The plot of lnk against 1/Tthen provides activation
energy from the slope, and lnA from the intercept. Eq.(7)
is known as the ‘General Rate Expression’ and used exten-
sively in isothermal thermogravimetric analysis[41]. Fig. 5
illustrates the typical weight loss curves over time for the gels
(sample PS1D) at several isothermal temperatures. The rate
of evaporation of solvent is also presented in the figure. As
expected a faster weight loss and rate of solvent evaporation
is observed with increase in the experimental temperature. An
indication of the complex nature of evaporation (at least two
distinct components) is clearly identified from the derivative
weight loss curves. The derivative weight loss curves also
reveal that the maximum rate of evaporation occurs not at
zero time, but between 2 and 3 min after the isothermal tem-
perature is reached, which indicates that the evaporations are
not following simplenth order reaction path. Therefore, com-
plex nature of the evaporation of the entrapped solvents from
physical organogels is not following simplenth order reac-
tion path, as previously discussed. Fielden et al.[15] observed
t se-
w zero
o ellu-
l ental
g mplex
f the
h
H the
d

-
o re-

F (symb ed time for
d

ig. 5. Change of weight (symbols) and derivative of weight change
ecalin PS1D.
hat under isothermal conditions microcrystalline cellulo
ater gels typically loses 70–80% of the water by a
rder process, indicating that the water is bound to the c

ose rather loosely as free water. However, in the experim
els the hydrocarbon solvent appears to be present in co

orm. Quantitative information about different states of
ydrocarbons in the gels has been analysed by DSC[22,23].
owever, from TGA such quantitative information about
ifferent states of the solvent could not be derived.

The plots of ln(dα/dt) against ln(1−α) for isothermal evap
ration (Fig. 6) appear to be not straight over the whole

ols with lines) for isothermal TGA (constant temperature) over elaps



N. Markovic, N.K. Dutta / Thermochimica Acta 427 (2005) 207–219 213

Fig. 6. Calculation of the rate constantsK by general rate expression method (isothermal TGA) for petrol PS1P and decalin PS1D (inset) organogels.

gion, however, the region after the peak evaporation in DTGA
curve appears to follow anth order-like exponential decay.
This part of the curves can be fitted with a straight line, and can
be analyzed using simplenth order method. Such a plot for a
typical petrol gel (PS1P) is shown inFig. 6(PearsonR2 > 94%
confidence). Similar plots for the decalin gel (PS1D) are also
shown in the inset of the same figure. If the slopes of the lines
in similar conditions are compared between the two types of
the gels, the less steeper slope of the decalin gels indicate
slower evaporation rate of the solvent from the gel networks.
The kinetic parameters for different experimental gels calcu-
lated using this method are shown inTable 4.

Flynn [42,43] developed a method to calculate the ki-
netic parameters at different conversion level using isother-
mal techniques, which may be presented as:

ln t = ln g(α) − ln A + E

RT
(8)

Eq.(8) provides an opportunity to calculateE; if the mode
of decomposition remain unchanged during constant test tem-
perature and atα intervals considered, which is based on the
slope of a plot of natural logarithm of time against inverse
absolute test temperatures, as presented inFig. 7. The activa-
tion energy,Eobtained by Flynn method, for different petrol
and decalin organogels, are also presented inTable 4. TheE
v levels
i gels.
A tion
h lvent
e

3
M

ed
b oss,
w s of

decomposition and volatilization reactions[44,45]

E = [R(T − A2)L]

2A
(9)

whereA is the temperature amplitude,R is universal gas con-
stant andL is the amplitude of the ln(dα/dt) signal automat-

Table 4
Activation energyE (kJ mol−1) as determined by isothermal TGA methods
(general rate expression and Flynn) for petrol and decalin organogelsa

Methods for petrol gels

P100 PS1P PS2P PS10P
Growth rate expression 36 34 42 39

Flynn (at conversion levels (%))
10 35 37 44 –
20 33 31 35 41
30 30 27 30 37
40 25 23 28 35
50 18 18 22 31
60 14 123 17 25
70 14 6 13 19
80 16 2 63 14

Methods for decalin gels

D100 PS1D PS2D PS10D

G

F

60 55 31 33 30
70 52 37 31 27
80 48 37 12 21
90 36 24 22 8
a Standard deviation for petrol-based within 5% and for decalin-based

organogels within 3%.
alues showed some scatters over constant conversion
f petrol-based gels are compared with decalin-based
gain, it is clearly evident that gelling agent concentra
as only marginal effect on the kinetic parameters of so
vaporation from the gel network scaffolding.

.5. Kinetics of evaporation from the gel networks by
TGA®

Application of sinusoidal temperature program perform
y MTGA® produces a change in the rate of weight l
hich provides an experimental tool to study the kinetic
rowth rate expression 44 38 38 41

lynn (at conversion levels (%))
10 62 29 46 46
20 61 31 42 43
30 60 37 37 39
40 58 35 35 36
50 57 37 34 33
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Fig. 7. Flynn method for estimation of activation energyE for decalin organogel PS1D at different levels of conversion (isothermal TGA).

ically obtained by discrete Fourier Transformation. Eq.(9)
is considered to be ‘model free’ equation, because no terms
proportional to reaction fraction of constituents are present
[46–48]. The typical weight loss and derivative weight loss
curves for decalin gels over the range of test temperature
are shown inFig. 8. The weight loss curves appear to be
with constant rate up to∼120◦C, and above that it levels
off to quantity of the gelator present in the gels. The weight
loss curves shift marginally to higher peak temperatures with
gelator concentration up to ALSP content of∼10 wt.%. Be-
yond this level DTGA peaks shifts towards lower tempera-
tures with increase in gelator content. Similar results were
also observed in petrol-based gels (not shown). In general,
the distribution of DTGA curve becomes wider with higher
gel content as observed in case of dynamic heating results
(Section 3.2).

Fig. 9shows summary of the activation energy of evapora-
tionE for the petrol-based organogel samples as a function of
weight change through evaporation process. For any system
considered, a higher level of activation energy is detected at
the beginning of the reaction (at weight conversions between
10 and 20%) as well at the end (between 90 and 100%).
These changes are expected due to instability of the instru-
mental parameters. There is a systematic trend in the increase
of the absolute values forE with concentration of ALSP in
the gels, however the differences inE among the systems
are not remarkably high. The neat petrol (P100) showed the
highest energy required and could be explained by its very
high evaporative nature.

The activation energy of decalin-based organogels also in-
creases marginally but systematically with increase in gelling
agent (Fig. 10). Pure solvent (D100) showed the lowest

the dec
Fig. 8. Changes of the weight and first derivative weight for
 alin-based organogels (different concentrations of ALSP) by MTGA.
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Fig. 9. Estimation of activation energyE as a function of weight change (%) for petrol organogels by MTGA.

activation energyE ∼45 kJ mol−1. TGA has been used ex-
tensively in the case of hydrogels to enhance the basic under-
standing of the state of solvent within the gel network scaf-
folding; as TGA may provide information about the solvent
distribution with the system under study. Many investigators
also identified various drying regimes, which correspond to
different rate controlling steps, and characterized them by dif-
ferences in drying rates and mechanisms (bound water was
more difficult to evaporate than free water)[49]. The presence
and quantitative information about the three distinctly differ-
ent population of solvent (such as free, freezable bound and
non-freezable bound solvent) has also been confirmed for the
experimentalcis-decalin-based hydrocarbon gels using DSC

[22]. However, from typical TGA/MTGA thermograms the
different states of solvents present in the gels systems cannot
be identified quantitatively. No individual peak correspond-
ing to the free and lamellar solvent corresponding to the ratio
of the different population is evident. There is no significant
change in the slope of the weight loss curve observed. Only
a qualitative indication of the presence of different state of
solvent and its reflection on the complexity of the DTGA
curve has been observed. The solvent physical properties,
rather than the concentration of the gelling agent were the
dominant factors governing evaporation. After Guenet[50]
the mechanism of gelation of these physical types of the net-
works is mainly by solvent induction gelation.

f weig
Fig. 10. Estimation of activation energyE as a function o
 ht conversion (%) for decalin-based organogels by MTGA.



216 N. Markovic, N.K. Dutta / Thermochimica Acta 427 (2005) 207–219

Fig. 11. (a) SEM surface image of pure gelator Calford G-760© and (b) the elemental analysis by EDAX.

At very low level of physical gelling agent the organogel
obtained was very soft and very long fiber can be drawn from
the gel; with increase in gelator concentration the gel become
increasingly firm in consistency. At higher gelator concentra-
tion (>5%) the gels are very strong and elastic[25]. At low
concentration of gelling agents the self-association among
the matrix structure is weak, the network scaffolding is loose
and much of the solvent in the gel exists in pools/channels
that are sufficiently large such that most of the solvent expe-
rience an environment very similar to the pure solvent alone.
However, with increase in gelling agent the self-association
of the gelling agent creates compact network scaffolding and

entraps and isolate tiny amount of solvent within the cellu-
lar structure. It is also to note that the solvent used in these
experiments is a non-hydrogen bonding type and there is no
specific interaction between the solvent and the gelator. These
open micro/nano-sponge structures increase the surface area
of evaporation significantly and the high nitrogen gas flow
rate used has caused rapid forced convection creating a shift
in the DTGA profile peak to the lower temperature. Besides
that the solvent may be in dynamic equilibrium between dif-
ferent states, and the invasive process of heating the sample
may cause changes to the structure, which inevitably alter the
temperature range over which the solvent is released. Overall,

F l, PS2P el network
s

ig. 12. (a) SEM images of the overall surface of the petrol xeroge
caffolding.
and (b) enlarged view of the subsurface crystalline fibrils of the g



N. Markovic, N.K. Dutta / Thermochimica Acta 427 (2005) 207–219 217

Fig. 13. (a) SEM images of the overall surface of the petrol xerogel, PS4P and (b) enlarged view of the subsurface crystalline fibrils of the gel network
scaffolding.

it appears that the molecular diffusion and evaporation of the
solvent molecules is not dramatically affected by the tight-
ness of the gel network scaffolding within the experimental
range.

3.6. Effect of the gelator concentration on the
morphology of the dried networks of the hydrocarbon
organogels

The appearance of the gel samples surface generally
changes after evaporation of the solvent, and imaging of such
xerogels may provide insight into the morphology of the gel
network scaffolding and therefore mechanism of gelation.
Several authors achieved significant in-depth understanding
and a diversity of the gel morphologies has been identified
using microscopic investigations on the xerogels. Terech and
Weiss[7] confirmed the fibrous structures of the steroid and
anthryl based organogels using microscopic investigation on
the dried gels. Aryl cyclohexanol based xerogels observed to
be formed from flexible fibrils[51]. Chan and Mandelkern
[52] investigated thermoreversible gelation of low molecular
weight linear polyethylene fractions and normal hydrocar-
bons, and confirmed the formation of the platelike crystallites
from polyethylene.

sical
g al
a rom
F LSP
p ple
i P),
s ela-
t used
i

gel
n dent

from the image that after evaporation of the solvent crusty top
surface layer was formed.Fig. 12b represents the sub-surface
region of the xerogel at higher magnification. Randomly ori-
ented needle-like crystalline fibrils are clearly visible from
the image. The diameter and aspect ratio of the fibrils mea-
sured to be of 0.6 and 8�m, respectively. The SEM images
of the surface and sub-surface region of xerogel from PS4P
are also depicted inFig. 13a and b, respectively. The images
also reveal similar feature as PS2P; however, the crystalline
fibrils appear to be more compact in packing and longer in

F d by
E

Fig. 11(a and b) shows the surface features of pure phy
elator ALSP (sample ALSP100 inTable 1) and its element
nalysis as detected by SEM and EDX, respectively. F
ig. 11a, the featureless surface of the pure gelator A
owder is evident. EDX analysis (Fig. 11b), of the sam

ndicates that besides Al, O and C (constituent of ALS
ignificant amount of elemental Si is also present in the g
or. The presence of Si may be from the dispersant/filler
n ALSP.

Fig. 12a shows the overall surface image for the dried
etwork of typical petrol-based sample PS2P. It is evi
ig. 14. Elemental composition of the crystalline fibrils as observe
DAX; (a) xerogel, PS2P, and (b) xerogel, PS4P.
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length scale. The average diameter and aspect ratio of the
fibrils appear to be 0.65 and 28�m, respectively. From this
observation it may be concluded that gelation is formed due
to the three-dimensional network structure formation by the
randomly oriented interlocking long thin fibrils, which en-
trap the solvent and form open nano-sponge structure. The
fibrils become longer and the network scaffolding formed by
the long needle-like fibrils appears to become tighter with
increase in the gelling agent concentration. This observation
is in good agreement with Guenet’s criterion, that for the
thermoreversible gels, the fundamental gel structural element
constituted of the fibrils[24].

The elemental analyses on the crystalline fibrils from the
gel samples were carried out using EDX and it revealed no
significant difference in composition among the different gels
(Fig. 14). The ratios between different elements present such
as Al to Si (1:0.22), to O (1:0.32) and to C (1:0.52) appear to
be similar. The Si peak is remarkably lower in the crystalline
fibrils compared to the pure ALSP. This information indicates
that the Si containing element does not participate in the crys-
tal formation and thus is not a part of the matrix forming gel
network structure. The Si containing substance may act as
carrier of the active ingredient, and improve dispersion but
do not participate as gelling agent.
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