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Abstract

The use of the photoacoustic (PA) effect and photostimulated exoelectron emission (EEE) technique in the investigation of
first- and second-order phase transitions in pure n-alkanes such as n-C,,, n-C,g and n-Cs; and in three petroleum waxes having
different carbon number distributions, have been examined. Changes in the amplitude and phase of the PA signal with
temperature and the temperature dependence of the intensity of photostimulated EEE across the phase transitions have been
measured. These measurements have shown that both the polymorphic phase transitions and melting of these hydrocarbons are
accompanied by jumps or peaks of the PA amplitude and phase and EEE intensity, thus enabling the detection of the solid—
solid and solid-liquid phase transitions. These results are further confirmed by a comparison with those obtained by
differential thermal analysis (DTA) control measurements performed at the same heating and/or cooling rate. The PA and EEE
results thus obtained are discussed in the light of phase transition temperatures obtained from other techniques. © 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

The importance of the study of phase transition(s) in
n-alkanes and petroleum waxes lies in the fact that the
related parameters have been shown to govern the
solubility of these hydrocarbons in organic solvents
[1,2], on which depend the industrial applications of
these materials. A number of thermal and spectro-
scopic methods have been then used to understand the
changes in the properties at phase transitions, and each

*Corresponding author. Tel.: +91-135-660113; fax: 4+91-135-
671986.
E-mail address: iipddn@del2.vsnl.net.in (S.P. Srivastava).

method has given its own unique information supple-
menting/complimenting each other [1]. Although the
relatively recent techniques of the photoacoustic effect
(PA) and exoemission of electrons (EEE) have been
widely used [3-8] to study the temperatures of solid—
solid and solid-liquid phase transitions in various
compounds, no attempt seems to have been made
so far, to our knowledge, to apply these techniques
to the study of phase transitions in lamellar hydro-
carbons like n-alkanes and petroleum waxes. In this
work the results of PA and EEE investigations as well
as those of a parallel differential thermal analysis
(DTA) on these hydrocarbons are presented and the
applicability of PA and EEE techniques to the unfold-
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ing of the characteristics of these organic solids at
phase transitions is discussed.

2. Experimental
2.1. The samples

2.1.1. n-Alkanes

The n-alkane n-docosane (n-C,,) was procured
from Fluka with a stated purity greater than 99.5%
by GC and n-octacosane (n-C,g) and n-dotriacontane
(n-C3,) were procured from Aldrich with a stated
purity of more than 99% each. The samples were
used as received, without any further purification.

2.1.2. Petroleum waxes

Three petroleum waxes — following the nomen-
clature of our earlier work [9] — UAN-1 (melting
range: 39.0-56.5°C, average chain length: 24.5, car-
bon number distribution range: n-C¢—n-Cs4), UAN-7
(melting range: 66.2-74.5°C, average chain length:
31.3, carbon number distribution range: n-C,4—n-Cy3)
and UAN-8 (melting range: 43.0-62.5°C, average
chain length: 28.2, carbon number distribution range:
n-C,9—n-C39) have been selected for the present study.
These waxes are obtained by the urea adduction of the
VGO fraction (370-550°C, UAN-8) and its subfrac-
tions (370-400°C, UAN-1 and 525-550°C, UAN-7) of
Neelam (Indian off-shore) crude oil [9]. The method
of preparation and characteristics of these waxes are
reported in detail elsewhere [9,10].

2.2. PA measurements

2.2.1. Principle of measurement

The PA effect detects the phase changes in a thin
surface layer. The PA signal in a solid is produced by
the periodic changes in the sample surface induced by
illumination with a light beam of modulated intensity,
which causes a pressure fluctuation in the coupling gas
(usually air). These pressure fluctuations, which are a
function of thermal properties of the sample, are
picked up as an acoustic signal by the microphone
at the modulation frequency and are analysed as
pressure amplitude and phase. At phase transitions
the amplitude and phase of the PA signal shows peaks
or jumps, thus enabling their detection.

2.2.2. Apparatus

The PA measurements were done using a PA spec-
trometer (home-built) the details of which have
already been reported [3]. The PA excitation was
induced by light of periodically modulated intensity
emitted by a set of electroluminescence diodes
(4 =665 nm). To increase the absorption of light by
the sample, the material under investigation was
mixed with a small amount of carbon black. The
sample was optically heated from the backside by
means of a halogen lamp. The sample temperature,
controlled with a reproducibility of 3 K, was changed

at a constant heating rate of 2 K min~".

2.3. EEE measurements

2.3.1. Principle of measurement and apparatus

The details of the EEE technique and apparatus
have already been presented [5,6,11]. To obtain EEE
signals for the present samples, an air point counter
with a saturated ethanol quenching vapour above the
free surface of the liquid was used. During measure-
ments the sample surface was illuminated with unfil-
tered UV radiation from a quartz lamp with a Q-400
burner. The sample temperature, controlled with a
reproducibility of 5 K, was changed at a constant

heating (cooling) rate of 10 K min~".

2.4. DTA measurements

The DTA measurements were performed using a
NETZSCH DSC 404/3/F differential scanning calori-
meter. The samples were encapsulated in a standard
platinum sample pan. An empty pan was used as the
reference. A heating/cooling rate of 10 K min~' was
used.

All the PA, EEE and DTA measurements were

performed in atmosphere of air under normal pressure.
3. Results and discussion

The results of the measurements for n-alkanes are
shown in Figs. 1-3 for n-C,,, n-C,g and n-Cs,, respec-
tively. Likewise, the results on petroleum waxes are
presented in Figs. 4-6 for UAN-1, UAN-7 and UAN-8,
respectively. In Table 1 the results of phase transition
(peak) temperatures obtained by various techniques
are compared.



Fig. 1. Temperature dependencies of the photostimulated EEE
intensity, DTA signal and the amplitude (PA-A) and phase (PA-P)
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Fig. 2. Temperature dependencies of the photostimulated EEE
intensity, DTA signal and the amplitude (PA-A) and phase (PA-P)
of the PA signal of n-octacosane (n-Cag).

Temperature (K) of the maximum (or minimum) intensity of PA amplitude (PA-A) and phase (PA-P), EEE and DTA signals during phase
transition(s) in n-alkanes and petroleum waxes

Sample PA EEE DTA DSC measurements
[9,12] for melting
PA-A melting  PA-P melting Melting Solidification Melting Solidification

n-Cyp 318.0 318.5 319.5 314.5 320.0 317.0 (300.0) 319.3

n-Cog 3375 335.0 (322.0) 326.5 331.5 (329.0) 341.5 (339.0)  326.5 (320.0) 336.3 (332.2)
n-Csp 343.0 347.0 345.0 339.0 (326.5) 344.0 (327.5)  331.0 (326.0) 3441

UAN-1 335.0 (326.5)" 338.5 318.5 319.5 330.0 (323.5)  319.5 (315.0) 324.6 (304.7)
UAN-7 341.0 344.5 348.5 338.0 346.5 (339.0)  332.0 (326.0) 344.3 (335.5)
UAN-8 328.0 330.0 (318.0) 333.0 321.0 (306.5) 332.0 (318.0)  313.0 (302.0) 328.4 (312.0)

# The values listed in parentheses are the temperatures of solid—solid (second-order) phase transitions.
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Fig. 3. Temperature dependencies of the photostimulated EEE

intensity, DTA signal and the amplitude (PA-A) and phase (PA-P)
of the PA signal of n-dotriacontane (1n-Csy).

In this study a higher heating/cooling rate for EEE
(10K minfl) was chosen because it was noticed that
the EEE intensity markedly depended on the heating/
cooling rate and that the enhancement in the EEE
intensity was observable only at the heating/cooling
rates of 10 K min~" or greater. In contrast, the clearest
PA responses are observed at heating rates smaller
than 5 Kmin~". It was not possible to perform PA
measurements during a cooling cycle.

From Figs. 1-6 it may be observed that the tem-
perature dependencies of PA signals (PA-A (ampli-
tude) and PA-P (phase)) and the intensity of EEE are
capable of revealing phase transitions in these organic
solids. The curves obtained display peaks or jumps at
the phase transition temperatures identical to those
observed by DTA. The variation in the intensity with
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Fig. 4. Temperature dependencies of the photostimulated EEE
intensity, DTA signal and the amplitude (PA-A) and phase (PA-P)
of the PA signal of the petroleum wax UAN-1 (low average chain

length; 24.5).

temperature of PA and EEE signals was also found to
be sensitive to the structural changes in these solids at
the solid—solid phase transition. In general, in case of
PA signals the intensities of PA-A and PA-P decrease
with temperature near the phase transition, showing
minima at the phase transitions. The reverse trend was
observed with the EEE intensity. In this case, maxima
were observed at the phase transitions.

In cases of both pure n-alkanes and petroleum
waxes the results on phase transition temperatures
obtained from PA, EEE and DTA techniques agree
satisfactorily among themselves (Table 1) as well as
with those obtained by differential scanning calori-
metry (DSC) earlier [9,12]. For example, in case of n-
C,,, Fig. 1, the DTA curve contains a peak due to the
melting transition and two peaks due to liquid—solid
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Fig. 5. Temperature dependencies of the photostimulated EEE
intensity, DTA signal and the amplitude (PA-A) and phase (PA-P)
of the PA signal of the petroleum wax UAN-7 (high average chain

length; 31.3).

(317 K) first-order and solid—solid (310 K) second-
order transitions. The PA-A and PA-P curves contain
melting transition peaks at 317.5 and 318.5 K, respec-
tively. These temperatures are very similar to those
obtained from DTA as well as from DSC. The EEE
curve obtained during the heating cycle shows both the
solid-solid and solid-liquid transitions, the tempera-
tures of which are close to those obtained from DTA.
However, the EEE curve obtained during the cooling
cycle displays only liquid—solid first-order transition.
The trend in changes in the phase transition tempera-
tures with the change in the chain length (as in n-
alkanes) or in the average chain length (as in petro-
leum waxes) as observed is correct. The phase transi-
tions shift towards higher temperatures as the chain
length or the average chain length increases.

DTA

ECE intensity, DTAsignal,amplitude (PA-A)and phase (PA-P)of PA signal[awu.]
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Fig. 6. Temperature dependencies of the photostimulated EEE
intensity, DTA signal and the amplitude (PA-A) and phase (PA-P)

of the PA signal of the petroleum wax UAN-8 (medium average
chain length: 28.2).

4. Conclusions

It may thus be concluded that the techniques of PA
and EEE are equally applicable in detecting phase
transitions in lamellar hydrocarbons such as n-alkanes
and petroleum waxes. The phase transition tempera-
tures measured by these techniques are in good agree-
ment with those obtained from other methods. It can
be further noted that both the PA and EEE methods
detect the phase changes in a thin surface layer of the
sample, typically with a thickness of the order of
10 nm in the EEE method, in contrast to the DTA
technique which provides information with respect to
changes occurring in the bulk of the sample. Since all
phase transformations start at the external and internal
surfaces of the sample, PA and EEE techniques are
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most appropriate for such studies. These techniques
can be further exploited when samples are available in
the form of thin films. The other merits of these two
techniques lie in their simplicity, expedition of mea-
surements and ease of sample preparation. It has been
further shown [4] that the PA signal at the phase
transition, particularly at the second-order phase tran-
sition, is related to the specific heat at constant pres-
sure, C, of the solid. This suggests the possibility for
the establishment of a correlation between phase
transition parameters and thermodynamic data using
this technique.
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