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Abstract—Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy was for the first time 
employed to investigate in situ paraffin crystallization under CO2 high-pressure and to evaluate a critical param-
eter—wax appearance temperature (WAT). To determine the WAT under pressure, conventional calculation methods 
based on changes in the band of rocking vibrations of CH2 group were used. Using model 10 wt % paraffin solutions 
in n-dodecane, temperature effects were investigated under CO2 pressures of 10, 20, 30, and 40 atm. It was experi-
mentally confirmed that an increase in the CO2 pressure reduces the WAT. Furthermore, the plot of peak intensity 
of the spectral band attributed to dissolved CO2 as a function of temperature showed a maximum that can serve 
as an additional WAT indicator. This enhances the measurement accuracy and the reliability of WAT evaluation.
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Despite the rapid advances in alternative energy 
sources, the worldwide consumption of liquid fossil 
fuels continues to increase [1]. Therefore, it has become 
increasingly relevant to develop methods for more 
complete recovery of crude oils.

In terms of reservoir pressure types and oil recovery 
techniques, oil production methods can be divided into 
primary, secondary, and tertiary. Primary oil recovery 
is based on natural drive mechanisms. Secondary 
recovery—a technique that uses steam and gas injection—
is employed when primary production no longer provides 
the desired performance. However, both primary and 
secondary techniques are known to recover no more than 
about 30–50% of crude oil from reservoirs [2, 3]. This 
has motivated the development and application of tertiary 
methods, also known as enhanced oil recovery (EOR), 
capable of increasing oil recovery up to 70% or even 

higher [4, 5]. EOR methods can basically be divided into 
three main approaches: gas injection; in situ heating of 
crude oil (to lower its viscosity); and chemical injection 
of mineralized water, gas mixtures, alkali liquors, etc. 
Current research mostly focuses on gas injection as the 
most promising approach [6].

Various gases, such as flue gases, nitrogen, natural 
gas, and CO2, are generally used for gas drive, of which 
CO2 appears the most promising [7]. Carbon dioxide 
has a good track record due to its high reservoir sweep 
efficiency; in addition, CO2 disposal contributes to the 
reduction of greenhouse gas emissions [8]. However, 
the use of carbon dioxide for enhanced oil recovery  
(CO2-EOR) faces the challenge of uncontrolled deposits, 
thus potentially decreasing the permeability of the rock 
(due to blockage of voids) and/or affecting the wetting 
of the rock’s surface [9]. Thus, using CO2 can sometimes 
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impair the oil recovery efficiency as a whole, as well as 
hamper further use of the wells and entire oil reservoirs.

The deposits resulting from oil production mostly 
consist of asphaltenes and high-molecular-weight 
paraffins. However, unlike abundant research into CO2 
effects on resin-asphaltene deposition [10–12], the 
effects of CO2 on the behavior of oil-dissolved paraffins 
have been underexplored. While there are available 
reports on binary and ternary phase equilibriums of 
n-alkanes and phase diagrams for pure components  
[13–16] in the presence of CO2, there are nearly no 
research data on the phase behavior of complex paraffin 
mixtures and the CO2 effects on paraffin precipitation.

The lack of data can be explained by the limited 
applicability of existing characterization methods 
for paraffinous systems, such as visual observation, 
differential scanning calorimetry (DSC), viscometry, 
cross-polarization microscopy, etc. Most of them can 
operate only at atmospheric pressure, so that they 
require substantial modification to fit higher pressures. 
For example, high-pressure DSC (HPDSC) was used to 
characterize CO2 pressure effects on the wax appearance 
temperature (WAT) of some crude oils [17]. Studies of 
n-alkanes–СО2 systems [13–16] carried out using visual 
control methods were supplemented by subsequent 
thermodynamic modeling. In particular, phase equilibria 
were studied under CO2 pressure for C10/C20, C10/C24,  
and C10/C20/C24 n-alkane mixtures [15], and for  
C12/C16/C22/C23/C24 n-alkane mixtures [16].

FTIR spectroscopy has been extensively used to 
investigate n-alkanes and phase transitions in their 
mixtures [18–20]. Nonetheless, there are no reports on the 
employment of this method to study the phase behavior 
of paraffins under CO2 pressure. On the other hand, a 
modification of this method—namely, attenuated total 
reflection FTIR (ATR-FTIR) spectroscopy—has enabled 
researchers to obtain good results when examining 
systems in situ, i.e. over the course of direct real-time 
observation of relevant variations or transformations, 
including under high gas pressure conditions [21–24]. 
The relatively easy sample preparation procedure and 
simple installation of pressure equipment based on ATR 
diamond prisms offer a number of important advantages: 
operability with a small optical path length (1–10 μm), 
avoiding the need to seal the windows; recording spectra 
of dense gases and strongly-absorbing objects without 
exceeding the spectrometer’s intensity limits; and 
adequate operating safety ensured by the small volume 

of the high-pressure cell [25]. ATR-FTIR spectroscopy 
has been extensively used in research on the behavior 
of polymers under CO2 pressure, including supercritical 
conditions [26, 27], and is readily applicable for in situ 
studies of CO2-induced asphaltene precipitation [22].

The above advantages make this method beneficial 
for the investigation of the phase behavior of paraffins 
in the presence of CO2.

The purpose of this study was to demonstrate an ability 
to measure the WAT under CO2 high-pressure by in situ 
ATR-FTIR spectroscopy.

EXPERIMENTAL

A number of samples that contained paraffins 
(10 wt %, mp 53–57°C, Sigma Aldrich, USA) dissolved 
in n-dodecane (90 wt %, AR grade, NevaReaktiv, Russia) 
were prepared. Carbon dioxide was purchased from Pure 
Gases, Novosibirsk, Russia. The molecular composition 
of the paraffins is shown in Fig. 1.

Initially, the WAT of the paraffins dissolved in 
n-dodecane was independently measured by viscometry 
on an SV-10A vibration viscometer (A&D, Japan) 
equipped with a cell in which the temperature was 
adjusted by a M01M external thermostat (Termex, 
Russia).

At high temperatures, when paraffins are completely 
dissolved, their viscosity–temperature relationship is 
known to fit a linear Arrhenius plot (ln η vs. 1/T) [28]. 
Under cooling, however, as paraffin solids appear in the 
solution, the slope of the linear plot markedly changes 
(Fig. 1b). This change enabled us to find with high 
accuracy that the WAT for the system under study was 
24.5°C.

Next, the WAT was measured by ATR-FTIR 
spectroscopy using a Vertex 70V FTIR spectrometer 
(Bruker, Germany) with a cooled MCT detector. The 
detector was equipped with a high-temperature Golden 
Gate ATR accessory (Specac, UK) with a diamond prism 
and a USB controller capable of temperature control with 
an accuracy of ±0.1°C. ATR-FTIR spectra were recorded  
in situ at a resolution of 2 cm–1, with the number of 
scans varying from 64 to 128. To record spectra under 
high gas pressure, we used a steel cell pressed around 
the measuring surface of the ATR diamond prism and 
fitted with a teflon gasket. The cell was held in place 
using a clamp attached into the Golden Gate accessory 
(Fig. 2). The gas pressure was controlled by an ISCO 
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D260 syringe pump (Teledyne, USA) with an accuracy 
of 0.5% of the full scale of the pressure gauge. The 
accessory was cooled by cooling a steel plate into which 
the ATR diamond prism was embedded. Aluminum heat 
exchangers connected to a FT-316-40 thermostat (LOIP, 
Russia) through copper tubes were fixed on the steel 

plate surface. For better cooling, all connections were 
lubricated with thermal paste.

A cooled n-dodecane paraffin solution sample was 
placed in a high-pressure steel cell which was pressed 
to the measuring surface of the ATR diamond prism. 
The system was then heated until the paraffin solution 
turned completely homogeneous, upon which the gas 
was delivered to reach 10 to 40 atm as required. The 
system was held for about 30–50 min until the gas was  
completely dissolved according to the ATR-FTIR spectra. 
After this, the system was cooled, under temperature 
control, in 1–4°C increments. At each temperature, 
the solution was held for 20–40 minutes to reach an 
equilibrium state.

RESULTS AND DISCUSSION

Before the characterization of the paraffin solution 
under CO2 pressure, relevant ATR-FTIR spectra 
were recorded at atmospheric pressure and various 
temperatures. The ATR-FTIR spectra of the paraffin 
solution at 33 to 12°C are shown in Fig. 3. The spectra 
of normal paraffins have a series of C–H stretching bands 
(3000–2800 cm–1). The bands at 2957 and 2872 cm–1 are 
typical of asymmetric and symmetric C–H stretching 
vibrations in CH3 groups, and bands at 2921 and  
2823 cm–1 are attributable to identical vibrations in CH2 
groups (Fig. 3b). A series of bands typical of CH3 and 
CH2 bending vibrations appear in the region of 1520– 
1350 cm–1: CH2 symmetric bending vibrations  

Fig. 1. (a) Molecular composition of paraffin samples (mp 52–57°C); and (b) viscosity Arrhenius plot (ln η vs. inverse temperature) for 
10 wt % paraffin solution, with WAT indicated by the intersection of lines.

Fig. 2. Golden Gate ATR accessory in the FTIR spectrometer’s 
sample compartment with heat exchangers installed and a 
high-pressure cell pressed against the ATR prism surface.
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(1467 cm–1) and CH3 asymmetric and symmetric bending 
vibrations (1458 and 1378 cm–1, respectively) (Fig. 3c). 
Furthermore, the spectra indicate absorption in the region 
of 750–700 cm–1, attributed to CH2 rocking modes 
(Fig. 3d).

The cooling of the paraffin solution affected both 
the locations and intensity of CH2 bands. For example, 
the asymmetric and symmetric stretching bands of CH2 
groups shifted from 2921 and 2853 cm–1 to 2917 to 
2849 cm–1, respectively, with their intensities increasing 
(Fig. 3b). The CH2 bending band changed, and a new 
band appeared at 1462 cm–1, their intensity increasing 
with cooling (Fig. 3c). The most significant changes were 
observed for CH2 rocking modes: a new band appeared at 
730 cm–1 (Fig. 3d). All these IR spectral changes, typical 
of paraffin transition from a liquid to solid state, have 
been described and explained in detail in prior studies  
[29, 30]. This makes it possible to use any specific IR 
spectral variations for accurate identification of phase 

transition temperatures for paraffins and paraffin-
containing systems: petroleum paraffins [31], bitumens 
[32], and asphalt binders [33].

After obtaining the reference data (without CO2), 
the spectral changes of the paraffin solution were 
characterized in the CO2 atmosphere at specific pressures 
and temperatures. Figure 4 provides the ATR-FTIR 
spectra of the paraffin solution at 34°C and atmospheric 
pressure (without CO2), compared to the spectra under 
CO2 pressures of 10, 20, 30, and 40 atm. In the CO2 
atmosphere, two additional bands corresponding to 
dissolved CO2 appeared, specifically at 2335 cm–1 (ν3, 
C=O asymmetric stretching vibrations) and 659 cm–1 
(ν2, O=C=O bending vibrations). The decrease in the 
absorbance of the paraffin solution bands indicates that 
CO2 was absorbed by the solution. The wavenumbers 
of the ν3 and ν2 bands coincide with the data on CO2 
absorption by polyethylene [34] and are very close to 
the values for CO2 absorption by polybutadiene (2334 

Fig. 3. ATR-FTIR spectra of 10 wt % paraffin solution in n-dodecane at different temperatures.
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and 657 cm–1) [35]. In addition, no split of the ν2 band 
was observed, unlike the cases of absorption by polymers 
or functionalized materials (e.g., with carbonyl groups)  
[34, 35]. This confirms that CO2 molecules did not interact 
with paraffin or n-dodecane molecules.

Figure 5 presents the ATR-FTIR spectra of the paraffin 
solution at 30 atm CO2 and different temperatures. The 
regions of C–H stretching vibrations, C=O stretching 
vibrations, CH3 and CH2 bending vibrations, and CH2 
rocking vibrations are shown separately (Figs. 5a, 5b, 
5c, and 5d, respectively). In a manner similar to the 
CO2-free paraffin solution case (at atmospheric pressure), 
cooling the paraffin solution in the CO2 atmosphere 
at 30 atm affected both the position and intensity of 
the bands attributed to CH2 groups. In particular, we 
see a shift of the absorption bands for C–H stretching 
vibrations (Fig. 5a) and the appearance of new bands in 
the regions of bending vibrations (1462 cm–1 in Fig. 5c) 
and rocking vibrations (730 cm–1 in Fig. 5d). However, 
an important difference between these spectra and those 
at atmospheric pressure should be emphasized: under CO2 
pressure, the spectral changes manifested themselves at 
lower temperatures. Furthermore, the cooling increased 

the intensity of the C=O stretching band, the maximum 
being reached at 23°C.

The WAT was derived from the change in the CH2 
rocking vibration band (720 cm–1). For this purpose, the 
integral intensity of this peak was plotted as a function 
of temperature in the range of 735–715 cm–1. The WAT 
was determined as the temperature at which the slope of 
integral intensity vs. temperature changed [36]. Based 
on the linear dependence of integral intensity on the 
amount of solid hydrocarbons [37], the authors of [36] 
proposed a quantitative method for evaluating the amount 
of precipitated paraffins for crude oils and showed a 
good correlation with the centrifugation method. A US 
patent [38] describes a method for calculating a reduced 
spectral area as a ratio of the integrated spectral area of 
the 735–715 cm–1 band (S2) to the integrated spectral area 
of the 1402–1324 cm–1 band (S1). This method ensures 
that possible uncontrolled errors of FTIR spectra (caused 
by fluctuations in sample locations, temperatures, or other 
spectrometer instabilities) are properly eliminated. The 
thing is that the 1402–1324 cm–1 bands attributable to 
CH3 bending vibrations are insensitive to the temperature 
of the sample.

Fig. 4. ATR-FTIR spectra of paraffin solution in n-dodecane at 34°C for atmospheric pressure (CO2-free) and CO2 pressures of 10–40 atm. 
The CO2 antisymmetric stretching (ν3, at ca. 2335 cm–1), bending (ν2, at 659 cm–1) bands are observed.
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Figure 6 shows the S2/S1 ratio as a function of 
temperature for the paraffin solution at atmospheric 
pressure (without CO2) and CO2 pressures of 10, 20, 
30, and 40 atm. In all cases we see two regions where 
the experimental data points can be approximated by a 
straight line. The intersection point of the two lines is the 
wax appearance temperature. At atmospheric pressure 
and 10 atm CO2, the WAT equaled 25.6°C, slightly 
higher than the value identified by viscometry (24.5°C). 
This difference can be explained by the fact that solids 
formed in the system need to account for about 1% to 
ensure that variations in the solution viscosity are safely 
recorded, whereas FTIR spectroscopy and DSC have 
higher sensitivity to the formation of primary paraffin 
crystals, thus giving higher WAT values [28].

At 20, 30, and 40 atm CO2, the WAT was 24.4, 23.6, 
and 22.3°C, respectively. Therefore, the WAT decrease 
with a increase in the CO2 pressure. These data are 
in good agreement with a published report on a WAT 
decrease in response to an increase in carbon dioxide 
pressure in crude oils [17]. Our data are also consistent 
with available thermodynamic modeling data for binary 
and ternary systems that contain paraffins and n-alkanes 
in the presence of CO2 [15, 16]. Thus, in situ high-
pressure ATR-FTIR spectroscopy is a reliable method for 
evaluating the wax appearance temperature.

Special mention should be made of the intensity trends 
with CO2 dissolved in the system. Figure 7 provides 

Fig. 5. ATR-FTIR spectra of 10 wt % paraffin solution in n-dodecane under 30 atm CO2 at different temperatures.

Fig. 6. Dependence of the S2/S1 ratio on temperature for 
paraffin solution at atmospheric pressure and 10, 20, 30, 
40 atm CO2.
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a plot of peak intensity of the CO2 stretching band as 
a function of temperature at different CO2 pressures  
(10, 20, 30, and 40 atm). The cooling led to an increase 
in the band intensity, evidently due to the rise in CO2 
solubility. The maximum observed on all the curves near 
the WAT are likely associated with the ATR-FTIR spectra 
recording procedure. In the ATR mode, the IR radiation is 
known to penetrate the sample to a certain depth (referred 
to as effective thickness), and this depth depends on 
various parameters such as the refractive indices (RI) 
of the ATR prism and the tested sample, the IR beam 
incidence angle with respect to the prism–sample contact 
plane, and the incident wavelength. All these parameters 
are included in the effective thickness equation [39]. For 
example, for n-dodecane (RI 1.4216; the beam angle for 
the given ATR accessory is 45°), the effective thickness 
is 1.36 and 4.35 μm for wavenumbers of 2335 and  
730 cm–1, respectively. Available reports lack any 

evidence of CO2 solubility in solid paraffins at the 
pressures used in our study. Thus, the CO2 band intensity 
decrease can be explained by the generation of paraffin 
microcrystals and, hence, by a decrease in the relative CO2 
concentration in the effective thickness. Accordingly, the 
maximum on the CO2 peak intensity curves can also be 
used as a WAT indicator.

CONCLUSIONS

In the present study, in situ ATR-FTIR spectroscopy 
was for the first time employed for direct experimental 
measurement of wax appearance temperature under CO2 
high-pressure. This method proved to be effective.

The proposed method confirmed a WAT decrease as 
the CO2 pressure was elevated. This finding is in good 
agreement with published thermodynamic modeling 
data on the phase behavior of n-alkane mixtures. 
Furthermore, the intensity of CO2 absorption bands was 
found to decrease under cooling below the WAT. It is 
known from the literature that paraffin microcrystals 
formed below WAT are not contain of dissolved CO2. 
Therefore, the pattern observed is likely associated with 
the fact that the paraffin microcrystals formed within the 
effective IR penetration depth reduce the apparent CO2 
concentration, as indicated by the decreasing intensity 
of CO2 absorption bands in the ATR-FTIR spectra. The 
study results demonstrate the applicability and reliability 
of the proposed approach for practical improvement of 
the performance of EOR methods.
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