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Abstract: Wax precipitation and deposition are serious flow assurance problems. Wax precipitation
is investigated simultaneously using centrifugation and high-temperature gas chromatography (C-
HTGC) to obtain the amount and component distribution of precipitated wax in artificial waxy
oil and diesel at different temperatures. However, the conventional C-HTGC method gives upper
measurements of the amount of precipitated wax, as it ignores wax dissolved in crude oil in the
centrifugal cake. A modified C-HTGC method was developed to obtain the precipitated solid fraction
of crude oil, based on the mass balances of the non-crystallized fraction of the centrifuged cake.
The weight, percent and carbon number distribution of precipitated solid wax crystals at different
temperatures of artificial oil and 0# diesel were obtained. It was found that wax precipitation
characteristics are affected by many factors, including the carbon number distribution of the oil, the
sensitivity of alkane crystallization to temperature and the temperature of the waxy oil solution.
The average carbon number of alkanes in precipitated wax crystals decreases with the decrease in
temperature. The distribution of alkanes in solid wax crystals is roughly the same as that in 0# diesel
but slightly heavier than in diesel. Alkanes with high carbon numbers precipitate simultaneously
with those with low carbon numbers.

Keywords: wax precipitation; oil; centrifugation; high-temperature gas chromatography

1. Introduction

With the decrease in onshore and offshore oil and gas resources, the development
of global oil and gas resources in deep water will replace strategic regional oil and gas
resources [1,2]. The deep-water environment not only has strict requirements for platforms,
subsea production systems and offshore work, but also poses serious challenges in terms of
the length of submarine pipeline, ranging from a few kilometers to hundreds of kilometers,
required to connect each satellite well, marginal oilfield and central processing facility [3,4].
Due to the low-temperature environment of the seabed (deep-sea seabed temperature
is approximately 4 ◦C) [5], when crude oil is extracted from reservoir flows through
submarine mixed-transmission pipelines, the crude oil temperature near the pipe wall
drops below the wax appearance temperature (WAT), and wax molecules dissolved in the
crude oil near the pipe wall crystallize and deposit on the pipe wall or form an immobile
layer due to the free surface energy. Wax deposition in pipeline transportation systems
reduces the effective flowing area of the pipeline, reduces the transmission capacity of the
pipeline and can even lead to plugging accidents in serious cases. Wax deposition in subsea
oil pipelines is a significant flow assurance problem [6,7].

The concentration difference in wax molecules between the oil flow and the surface
of the deposition layer is the driving force of molecular diffusion and directly causes an
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increase in the wax deposition layer thickness [7]. The concentration of wax molecules
in pipelines depends on the temperature and solubility of the wax in the crude oil. The
solubility of wax in crude oil at different temperatures can be obtained by calculating
the amount of wax in the crude oil minus the wax precipitation amount. Obviously, in
order to obtain the solubility of wax in crude oil, the wax precipitation curve for different
temperatures of crude oil must first be obtained. Therefore, the wax precipitation amount
in crude oil is the basis for studying the wax deposition law in waxy oil pipelines; it is of
great importance for the study of wax deposition [8,9].

So far, a number of techniques have been used to measure the wax precipitation curve,
including differential scanning calorimetry (DSC) [10–12], the Fourier-transform infrared
spectroscopy method (FT-IR) [13], the nuclear magnetic resonance method (NMR) [14,15]
and the filtration separation and centrifugal separation method [16,17]. The differential
scanning calorimetry method obtains the wax precipitation at different temperatures by
comparing the ratio of accumulated exhalation heat to the enthalpy of phase change of
unit mass of wax in crude oil. Since the enthalpy of phase change of unit mass of wax in
crude oil spans a wide range of values (100 J/g–297 J/g) [18], the DSC method can only
give the range of wax precipitation content in crude oil on a curve, but not an exact figure.
The Fourier-transform infrared spectrometry method (FTIR) measures the increase in the
integrated absorbance from 715 cm−1 to 735 cm−1 on the wave band, which is related
to the CH2 rocking band of n-alkanes and is assumed to be linearly positively related
to the weight percent of precipitated solid wax. However, alkane CH2 content varies
between different n-alkanes, so the same amount of increased absorption in this wave
band only means the same amount of CH2 but does not correspond to the same amount of
n-alkane precipitated. The linear relationship between the increase in the absorption and
precipitated solid wax is not completely accurate. The nuclear magnetic resonance method
(NMR) mainly includes 1H NMR and 13C NMR and provides information concerning
hydrogen and carbon atoms of organic molecules in different position, which is used to
analyze the structural characteristics of wax molecules and the composition of wax in crude
oil. However, a low signal-to-noise ratio makes this method less precise.

The centrifugal separation method obtains the wax precipitation amount by weighting
the precipitated solid wax crystals separated from liquid crude oil through a high-speed
centrifuge. It is noted that the filter cake contains a small amount of residual liquid crude
oil, as well as the precipitated solid wax crystals. Therefore, in order to obtain the wax
precipitation of crude oil, it is necessary to analyze the filter cake and liquid by using
nuclear magnetic resonance or high-temperature gas chromatography technology (HTGC)
to determine the content of solid wax precipitated.

The conventional centrifugation and high-temperature gas chromatography (C-HTGC)
method gives upper measurements of the amount of precipitated wax since it ignores the
wax dissolved in the crude oil in the centrifugal cake. Therefore, a modified C-HTGC
method was developed, based on the mass balances of the non-crystallized fraction in the
centrifugal cake. This method was used to measure, at different temperatures, the amount
and component distribution of the precipitated solid wax crystals of artificial waxy oil and
0# diesel, and the wax precipitation characteristics are obtained. At the same time, the basic
data are provided for building a thermodynamic model of wax precipitation.

2. Experimental Study
2.1. Conventional C-HTGC Method

The conventional centrifugation and high-temperature gas chromatography method
was used to measure the solid-phase wax crystal precipitation amount in different oil
samples. There are five main steps, as shown in Figure 1.

(1) Cool a known mass of a crude oil sample, moil, to a definite experimental temperature,
T, which is below the wax precipitation temperature, and keep the temperature
constant for enough time to ensure wax sufficiently precipitates, at least two hours.
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(2) Set and keep the centrifuge temperature at experimental temperature and separate.
In order to ensure that all the precipitated solid wax crystals accumulate in the filter
cake, a centrifugal time of at least 20 h should be guaranteed. In the experiment,
different centrifugation times are used at different temperatures, with all times no less
than 20 h, and the centrifugation time is extended appropriately with the decrease in
temperature.

(3) After centrifugation, separate the supernatant from the lower filter cake and measure
the mass of filter cake, mcake.

(4) Using high-temperature gas chromatography to analyze the centrifugal filter cake
and oil sample, obtain the fraction of solid wax in the filter cake, FS,cake.

(5) The fraction of precipitated wax in oil sample, FS,oil, is calculated by the following
Equation (1)

FS,oil =
mcake·FS,cake

moil
(1)

Use of high-temperature gas chromatography to obtain the fraction of solid wax in
the filter cake, FS,cake, is implemented in two steps. First, determine the starting carbon
number (SCN), which is defined as the lowest carbon number of precipitated wax crystal
components in cake. Then, the FS,cake, is calculated, assuming the component with a higher
carbon number than SCN as the solid wax crystal. Roehner et al. [19] investigated the mass
ratio of n-alkanes and non-n-alkanes in the centrifuge oil and cake with the same carbon
number and proposed a method to determine the SCN. Martos et al. [20] assumed the SCN
is 15 and the components with carbon number higher than 15 in filter cake are solid wax.
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Figure 1. Sketch of the experimental procedure for determining the weight percent of precipitated
wax in oil samples using the conventional C-HTGC method.

However, components with a higher carbon number than SCN are not only in solid
wax crystals but also in liquid oil in cake. The conventional C-HTGC method gives upper
measurements of the amount of precipitated wax, as it treats the component with a higher
carbon number than SCN dissolved in crude oil in centrifugal cake as the solid wax crystal.
Therefore, a modified C-HTGC method is developed, based on the mass balances of the
non-crystallized fraction in the centrifuged cake.

2.2. Modified C-HTGC Method

Through the analyses above, the fraction of solid wax in the filter cake, FS,cake, mea-
sured by the HTGC is inaccurate due to liquid oil present in the centrifugal filter cake. The
centrifugal separation of wax-precipitated oil consists of one feed stream and two output
streams, as shown in Figure 2. There are four unknown variables: the mass of solid wax
in the cooled oil, mS,oil; the mass of liquid in the cooled oil, mL,oil; the mass of solid wax
in the cake, mS,cake; and the mass of liquid oil in the cake, mL,cake. In order to obtain these
four unknown variables, four independent equations that relate these unknown variables
are required. By analyzing the mass conservation before and after centrifugation, three
equations can be obtained: (1) the mass of oil, moil, is the sum of the solid wax and liquid
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in the cooled oil; (2) the mass of the centrifuged cake, mcake, is the sum of liquid oil and
solid wax in the cake; (3) the mass of solid wax in oil is equal to the cake.

moil = mS,oil + mL,oil (2)

mcake = mS,cake + mL,cake (3)

mS,oil = mS,cake (4)
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Figure 2. Analysis of the centrifugation process.

The centrifugal separation process is thermostatic and adiabatic, so no further wax
crystals precipitated and no precipitated wax crystal melting. Meanwhile, the separation
process lasts for at least 20 h, and it is believed that the solids in the oil sample will be
entirely in the cake after centrifugation [21,22].

The fourth equation can be obtained by considering the weight fraction of each
component in the oil sample and centrifugal filter cake. The centrifugal separation process
does not cause any new phase change, the liquid of the oil has the same composition as the
liquid of the centrifugal cake, and the solid of the oil has the same composition as the solid
of the centrifugal cake. The weight fraction of the components with carbon number i in the
oil and centrifugal cake, Wi|oil and Wi|cake given as

Wi|oil =
mL,oil·wL,i + mS,oil·wS,i

moil
(5)

Wi|cake =
mL,cake·wL,i + mS,cake·wS,i

mcake
(6)

where wL,i is the weight fraction of the components with carbon number i in the liquid
phase and wS,i is the weight fraction of the components with carbon number i in the
precipitated solid wax phase.

The component with carbon number i less than SCN will only exist in the liquid of oil
and cake, i.e., wS,i = 0 when i < NC, NC is defined as the starting carbon number of wax
crystal precipitation. Equations (5) and (6) can be written as

Wi|oil(i<NC)
=

mL,oil·wL,i

moil
(7)

Wi|cake(i<NC)
=

mL,cake·wL,i

mcake
(8)
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The weight fraction of the components with carbon number i in the liquid phase, wL,i,
cancels out Equation (7) divided by Equation (8).

Wi|cake(i<NC)

Wi|oil(i<NC)

=
mL,cake

mL,oil
· moil
mcake

(9)

Equation (9) is the fourth equation to solve for the four unknown variables. The weight
fraction of component i in centrifugal filter cake Wi|cake(i<NC)

and oil sample Wi|oil(i<NC)
can be obtained by high-temperature gas chromatographic of centrifugal filter cake and oil
sample. Component i refers to both n-alkanes and non-n-alkanes with a carbon number of i.

As shown in Equation (9), for the components with carbon number less than NC, the
ratio of weight fraction of component in the centrifugal filter cake and in the oil sample is a
constant, which is defined as a.

a =
Wi|cake(i<NC)

Wi|oil(i<NC)

(10)

The content of solid wax crystals in centrifugal filter cake, FS,cake, and in oil sample,
FS,oil, can be obtained by solving Equations (2)–(4) and (9) simultaneously.

FS,cake =
1− a

1− a mcake
moil

(11)

FS,oil =
mcake
moil

1− a
1− a mcake

moil

(12)

2.3. Experimental Facility

The solid phase wax crystals are separated by an Avanti jxn-26 centrifuge made by
Beckman Instruments, after precipitated from the oil sample. The centrifuge is equipped
with a temperature control device to control the temperature of the centrifugal chamber,
and then the constant-temperature adiabatic separation of the experimental oil sample is
realized. Capacity of the centrifugal tube is 100 mL, which is equipped with a test-tube
cover and O-ring to prevent volatilization of light components in the test process. Before
loading the oil sample into the centrifugal tube, in order to ensure the oil sample is even,
the sample is heated to 40 ◦C and held at a constant temperature for 2 h. Put the oil
sample of certain quality into the centrifugal tube and install it on the rotating head of
the centrifuge. Then, centrifugal separation is carried out after the temperature of the
centrifugal chamber is adjusted to the set experimental temperature. Centrifugal speed is
controlled at 28,000 rpm during centrifugal separation.

The carbon number distribution of both crude oil and centrifuged cake is measured
by using gas chromatography. The measurements are taken using an Agilent-7890A GC
equipped with a capillary column coated with HT750 (5 m × 0.53 mm × 0.09 µm). During
the measurement process, furnace temperature starts at 30 ◦C, increasing temperature with
heating rate of 1.5 ◦C/min to 90 ◦C, then with a heating rate of 3.5 ◦C/min up to 430 ◦C.
Relationship between front and mass fraction is obtained by internal standard method
of chromatographic analysis of the oil sample and centrifugal filter cake. Mass ratio of
n-alkanes to non-n-alkanes in components with carbon number i can also be obtained by
this chromatographic analysis.

3. Result and Discussion
3.1. Artificial Il

Exxsol D80 was used as a solvent oil, and paraffin as a solute. Three artificial waxy oil
solutions with mass concentrations of 10%, 15% and 20% (mass percentage) were prepared.
Exxsol D80 solvent oil is produced by Exxon Mobil Corporation. It is a colorless, tasteless
and transparent liquid phase. It has characteristics of a narrow distillation range, low
aromatics and sulfur content and good solubility. Its main carbon number is distributed
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between C11 and C15, as obtained through HTGC testing, and there is only a small dis-
tribution of C10 and below, as shown in Figure 3. Paraffin, used in the solute, is a coarse
crystalline wax, which is mainly composed of n-alkanes. It was also tested by HTGC, as
shown in Figure 4.
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3.1.1. Wax Precipitation Amount

Mass fractions of precipitated solid wax crystals were measured through experimenta-
tion, with wax content of artificial oil of 10%, 15% and 20%, respectively, and temperatures
ranging from 10 ◦C to 25 ◦C, as shown in Figure 5.
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Figure 5. The amount of wax precipitated at different temperatures using the conventional and
modified methods.

As shown in Figure 5, the conventional C-HTGC method gives a significant over-
prediction of the amount of precipitated wax for all the artificial oil samples at different
temperatures. As discussed earlier, this overprediction is due to the fact that the con-
ventional method treats components with a higher carbon number than SCN dissolved
in crude oil in the centrifugal cake as a solid wax crystal. There were more precipitated
wax crystals in the artificial oil solution with decreased temperature. The higher wax
content of the artificial oil solution produced more precipitated wax crystals at the same
temperature. When the temperature was 25 ◦C, the precipitated wax amount (1.78%) of the
artificial oil with a wax content of 5% was 0.84% more than the precipitated wax amount
(0.94%) at a concentration of 10%. When the temperature was 15 ◦C, there were 5.61%
more precipitates. Figure 6 shows that the difference in wax precipitation was between
15% and 10% of the wax content in the artificial oil solution at different temperatures,
and the differences between 20% and 15% and 20% and 10% of the wax content in the
artificial oil solution are also given. As shown in Figure 6, as the temperature decreased,
the difference in wax precipitation amount between the wax amount in the solution of
15% and 10% kept increasing, while the difference between 20% and 15% and 20% and
10% initially increased and then decreased. It is noted that the precipitated solid wax
amount with the same concentration of artificial solution was different. The difference in
the wax precipitation amount and the wax amount in the solution of 20% and 15% and the
difference between 15% and 10% decreased gradually as the temperature decreased. This
indicates that the amount of precipitated wax crystals in the artificial oil is not only related
to the concentration and temperature of the solution.

Energies 2021, 14, x FOR PEER REVIEW 9 of 17 
 

 

decreased, the difference in wax precipitation amount between the wax amount in the 
solution of 15% and 10% kept increasing, while the difference between 20% and 15% and 
20% and 10% initially increased and then decreased. It is noted that the precipitated solid 
wax amount with the same concentration of artificial solution was different. The 
difference in the wax precipitation amount and the wax amount in the solution of 20% 
and 15% and the difference between 15% and 10% decreased gradually as the temperature 
decreased. This indicates that the amount of precipitated wax crystals in the artificial oil 
is not only related to the concentration and temperature of the solution. 

 
Figure 6. The difference in wax precipitated at different temperatures. 

The wax deposition rate is closely related to the slope of the concentration curve, i.e., 
the rate of change in concentration with temperature, which is negatively correlated to the 
rate of change in wax precipitation with temperature [23]. Figure 7 gives the rate of change 
in wax precipitation at different temperatures. The rate of change was obtained using 
Origin software. The specific steps are: analysis-->mathematics-->differentiate-->open 
dialog, set derivative order to 1, and use the default values for other parameters. The rate 
of change increased with temperature and presented different trends for three oil samples. 
The rate of change decreased in samples with 10% and 15% concentration of waxy 
artificial oil. The rate of change increased and then decreased in samples with 20% 
concentration of waxy artificial oil. When the temperature was above 15 °C, the rate of 
change in samples with 20% concentration of waxy artificial oil was higher than 15% and 
15% higher than 10%. This indicates that in the initial precipitation moment, the rate of 
precipitation of high-waxy concentration oil was faster than that of the low-concentration 
oil [24]. 

 
Figure 7. The rate of change in wax precipitation at different temperatures. 

3.1.2. Composition Distribution of Solid Wax 
In order to better understand characteristics of the precipitated wax crystals, the 

component distribution of wax crystals was analyzed. Under temperatures of 25 °C, 20 

Figure 6. The difference in wax precipitated at different temperatures.



Energies 2021, 14, 7035 8 of 15

The wax deposition rate is closely related to the slope of the concentration curve, i.e.,
the rate of change in concentration with temperature, which is negatively correlated to
the rate of change in wax precipitation with temperature [23]. Figure 7 gives the rate of
change in wax precipitation at different temperatures. The rate of change was obtained
using Origin software. The specific steps are: analysis–>mathematics–>differentiate–>open
dialog, set derivative order to 1, and use the default values for other parameters. The rate
of change increased with temperature and presented different trends for three oil samples.
The rate of change decreased in samples with 10% and 15% concentration of waxy artificial
oil. The rate of change increased and then decreased in samples with 20% concentration of
waxy artificial oil. When the temperature was above 15 ◦C, the rate of change in samples
with 20% concentration of waxy artificial oil was higher than 15% and 15% higher than
10%. This indicates that in the initial precipitation moment, the rate of precipitation of
high-waxy concentration oil was faster than that of the low-concentration oil [24].
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3.1.2. Composition Distribution of Solid Wax

In order to better understand characteristics of the precipitated wax crystals, the
component distribution of wax crystals was analyzed. Under temperatures of 25 ◦C, 20 ◦C,
15 ◦C and 10 ◦C, carbon number distributions of the solid wax crystals precipitated from
10%, 15% and 20% waxy artificial oil, as shown in Figures 8–10.
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As shown in Figures 8–10, the carbon number distribution of precipitated solid wax
crystals at different temperatures has a peak value. The carbon number distribution map
of paraffin wax (Figure 3) shows that the content of C29 in paraffin wax was the highest.
However, the peak appears higher than C29 at temperatures of 25 ◦C, 20 ◦C and 15 ◦C.
With lower temperatures, the carbon number at the peak is decreased, gradually moving
closer to C29, as shown in Figures 7–9.

The wax precipitation characteristics at different temperatures are affected by many
factors, including the temperature of the oil, the carbon number distribution of the paraffin
in the artificial oil and the sensitivity of alkane crystallization to temperature. The higher
the carbon number, the easier alkanes are to precipitate at high temperatures. Though
the content of paraffin was low, it was more likely to precipitate than alkanes with lower
carbon numbers, and its concentration increased in the precipitated wax crystals. The peak
value moves towards the alkanes of low carbon number as the temperature decreases [25].
This suggests that wax precipitation is sensitive to temperature and the carbon number
distribution of alkanes in paraffin plays a major role.

In order to further investigate the sensitivity of alkane crystallization to temperature
with different carbon numbers and the influence of temperature on wax precipitation,
we divided the percentage of alkanes with different carbon numbers in precipitated wax
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crystals at different temperatures by the corresponding percentage of paraffin, which
eliminated the effect of the carbon number distribution (content) of paraffin in artificial oil.
The calculation results are as shown in Figures 10–13.
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It can be seen clearly in Figures 10–12 that the weight percent of alkanes with different
carbon numbers in the precipitated solid wax crystals increased as the carbon number
increased. The higher the carbon number, the easier each alkane is to precipitate [26].
However, precipitation was also affected by temperature. When the temperature was
higher, alkanes with high carbon numbers were easy to precipitate, and the difference
between alkanes with high carbon numbers and those with low carbon numbers was
large. As the temperature decreased, the carbon number of easily precipitated alkanes
decreased and the difference between alkanes with high carbon numbers and those low
carbon numbers was smaller [27]. Therefore, the whole increasing trend is slowed down.
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3.2. 0#. Diesel

0# diesel samples used in the experiment were provided by Lanzhou Petrochemical
Refinery, with a cold filtration point of 1 ◦C, a freezing point of−6 ◦C and a relative density
of 0.85. Diesel oil is classified according to the freezing point. The freezing point of 0#
diesel is not higher than 0 ◦C. Table 1 and Figure 14 show the quality fractions of alkanes
in 0# diesel obtained by high-temperature gas chromatography.

Table 1. Distribution of alkanes in 0# diesel of the Lanzhou Petrochemical Refinery.

Alkane
Component

Weight
Fraction %

Alkane
Component

Weight
Fraction %

Alkane
Component

Weight
Fraction %

C10 0.092 C18 1.038 C25 0.196
C11 0.332 C19 0.954 C26 0.129
C12 0.512 C20 0.821 C27 0.085
C13 0.956 C21 0.637 C28 0.062
C14 1.212 C22 0.359 C29 0.028
C15 1.235 C23 0.332 C30 0.020
C16 1.252 C24 0.235 C31 0.092
C17 1.137
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The mass fraction of solid wax crystals precipitated from 0# diesel oil at different
temperatures was measured by high-speed centrifugal separation and high-temperature
gas chromatography, as shown in Table 2 and Figure 15.

Table 2. Wax crystals precipitated from 0# diesel oil at different temperatures.

Temperature, ◦C 4 2 0 −2 −4 −6 −8

Wax precipitate, wt% 0.182 1.034 1.764 3.188 5.187 7.963 11.210
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Liquid phase and solid phase compositions of 0# diesel at 4 ◦C, 0 ◦C,−4 ◦C and−8 ◦C,
as shown in Table 3 and Figure 16.

Table 3. Liquid phase and solid phase compositions of 0# diesel at different temperatures.

Alkane
Component

4 ◦C 0 ◦C −4 ◦C −8 ◦C

Liquid
Phase

xi
L

Solid Phase
xi

S
Liquid
Phase

xi
L

Solid Phase
xi

S
Liquid
Phase

xi
L

Solid Phase
xi

S
Liquid
Phase

xi
L

Solid Phase
xi

S

C11 0.208 0.175 0.083 0.018 0.082 0.018 0.040 0.027
C12 0.576 0.251 0.221 0.104 0.256 0.129 0.222 0.193
C13 0.717 1.614 0.538 0.367 0.567 0.433 0.531 0.595
C14 0.903 1.948 0.856 1.320 0.873 1.480 0.852 2.039
C15 1.102 1.186 1.123 1.964 1.235 2.178 1.123 2.810
C16 1.190 1.342 1.189 3.060 1.236 3.429 1.225 4.315
C17 1.505 2.518 1.278 3.537 1.259 3.816 1.247 4.584
C18 1.208 4.559 1.131 4.423 1.053 4.560 1.123 5.104
C19 1.137 7.644 1.254 7.791 1.234 8.443 1.113 9.762
C20 0.512 8.928 0.832 9.094 0.897 9.350 0.933 10.126
C21 0.308 10.403 0.798 12.138 0.736 12.584 0.815 13.263
C22 0.137 12.255 0.532 12.302 0.565 11.570 0.631 11.508
C23 0.066 10.767 0.416 11.508 0.457 10.255 0.482 10.211
C24 0.036 10.900 0.224 8.748 0.243 7.640 0.321 6.679
C25 0.051 8.923 0.095 5.810 0.156 6.242 0.295 5.104
C26 0.023 5.356 0.057 5.267 0.145 4.335 0.262 4.055
C27 0.005 3.528 0.053 3.643 0.115 4.276 0.143 2.967
C28 0.006 2.579 0.036 3.367 0.079 3.294 0.095 2.205
C29 0.003 1.470 0.033 2.734 0.042 2.232 0.069 1.357
C30 0.002 1.267 0.020 1.494 0.033 1.833 0.052 1.150
C31 0.000 0.776 0.000 0.832 0.000 1.194 0.035 0.786

Non-alkane
component 88.431 0.480 88.737 0.710 89.231 1.160 90.305 1.611
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As shown in the Table 3 and Figure 16, with decreased temperature, the average
carbon number of alkanes in precipitated wax crystals decreased. This is because more
alkanes with low carbon numbers are precipitated as the temperature decreases. Although
alkanes with higher carbon numbers are still precipitated, their portion decreases [28].

Alkanes with high carbon numbers are more likely to precipitate. Several alkanes
with the highest carbon number accounted for a small proportion of total alkanes. As
a result, alkanes with high carbon numbers still accounted for a small proportion of
solid wax crystals. At the same time, the alkanes with high carbon numbers precipitate
simultaneously with low-carbon number alkanes [29]. The distribution of alkanes in solid
wax crystals is roughly the same as that of diesel but slightly heavier than the diesel.

It was found that the content of alkanes with a carbon number of about 20 was the
highest in the solid phase. Alkanes with higher carbon numbers precipitate more easily.
If its content is high, the content in the solid phase will be greater under the effect of two
factors. Therefore, alkanes with carbon numbers of about 20 are the easiest to precipitate
because of the high content [30]. For alkanes with carbon numbers greater than 23, the
content in most diesels is low. The content of the precipitated solid wax crystals is also low.

4. Conclusions

The high-speed centrifugal separation method and high-temperature gas chromatogra-
phy method were used to measure the amount and component distribution of precipitated
wax in artificial oil and diesel at different temperatures. It was found, by wax precipitation
experiment with artificial waxy oil solution, that wax precipitation characteristics at differ-
ent temperatures are affected by many factors, including the temperature of the artificial
oil, the carbon number distribution of paraffin in the artificial oil and the sensitivity of
alkane crystallization to temperature. As temperature was decreased, more wax crystals
were precipitated in the artificial oil. At the same temperature, the higher the wax content
in the oil, the more precipitated wax crystals there were. The difference between the wax
precipitation amount of high-wax content solution and low-wax content solution first
increased and then decreased. The difference in solid wax crystal amount in the solution
with the same concentration was different. With decreasing temperature, the movement
of the carbon number distribution peak value of solid wax crystals towards lower carbon
numbers indicates that wax precipitation is sensitive to temperature. Furthermore, the
carbon number distribution of paraffin plays a major role in this process. The weight
percent of alkanes with different carbon numbers in the precipitated solid wax crystals
increased along with the carbon numbers. The higher the carbon number, the easier each
alkane is to precipitate. However, precipitation is also affected by temperature. Alkanes
with high carbon numbers are easy to precipitate at high temperature. As the temperature
decreases, the carbon numbers of easily precipitated alkanes decrease, the difference be-
tween high-carbon number alkanes and low-carbon number alkanes is smaller and the
increasing trend slows. It has been found, in the wax precipitation experiment of 0# diesel,



Energies 2021, 14, 7035 14 of 15

that the average carbon number of alkanes in precipitated wax crystals decreases with a
decrease in temperature. Several alkanes with the highest carbon numbers account for a
small proportion of total alkanes in solid wax crystals. The distribution of alkanes in solid
wax crystals is roughly the same as that in diesel but slightly heavier than the diesel. The
alkanes with high carbon numbers precipitate simultaneously with the low-carbon number
alkanes.
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