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Abstract: Two comb-type copolymers were synthesized by modifications of the maleic anhydride-α-
octadecene copolymer with aniline (AMAC) and with phenethylamine (EMAC), respectively. The
effects of AMAC and EMAC on the non-isothermal crystallization kinetics of the MEK–toluene
dewaxing process were comparatively investigated. The results showed that, under the optimum
process conditions, the addition of 100 ppm AMAC or EMAC could increase the yield of dewaxed oil
(DWO) from 67.21% to 70.87% or 69.90%, respectively, and increase the filtration rate by 80% and
70%, respectively. The non-isothermal crystallization kinetics analysis showed that the crystallization
process conformed to Mo’s equation, and the addition of AMAC and EMAC slowed down the
crystallization rate of paraffin. The polarizing light microscope observations revealed that the
addition of AMAC promoted the formation of snow flower-like crystals, and the EMAC addition led
to the crystals having longer rods with a relatively complete morphology. This work provided useful
experimental data for a better understanding of the roles of comb-type copolymer additives in the
MEK–toluene dewaxing process.

Keywords: MEK–toluene dewaxing; comb-type copolymer; paraffin crystal; non-isothermal crystallization

1. Introduction

Traditional solvent refining, solvent dewaxing, and supplemental refining are the
common routes for the production of type I lubricating base oil. However, because of
the energy required to cool and distill a large number of solvents, solvent dewaxing is
a high-cost process. Therefore, it is of great significance to improve the efficiency of the
solvent dewaxing process.

In the paraffin separation of the methyl ethyl ketone (MEK)–toluene unit, the filtration
rate is an important factor affected by the crystal structure and size of the paraffin, and the
latter two are mainly influenced by the cooling rate [1]. There is a contradiction between the
cooling rate and the filtration rate in actual industry production, because a higher cooling
rate led to a decrease in the paraffin crystal size and a possible block of the filter cloth;
as a result, the cooling rate is slowed down, and the operation time is increased, which
reduces the production efficiency of the MEK–toluene unit. Some studies have shown
that the crystallization of paraffin was modified by additional copolymers [2–8], while
the contradiction between the cooling rate and the filtration rate is alleviated effectively,
and the production efficiency of the MEK–toluene process is improved with the copoly-
mer dewaxing aids. Many patents on dewaxing aids have been issued [9–13], including
ethylene-vinyl acetate copolymer, polyacrylate copolymer, combinations of copolymers,
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and nanohybrid materials. It is noted that various copolymer dewaxing aids have been
applied in the industrial solvent dewaxing process in some refineries in China. The research
by Guan et al. showed that 800-ppm polyolefin dewaxing aid could increase the filtration
rate by 63% and 4.3% of the yield of the dewaxing oil when furfural refined oil was used as
the raw material [14], where the yield of dewaxed oil was obtained by dividing the quality
of the dewaxed oil by the quality of the raw material. The study by Ren et al. showed that
productivity—that is, the treatment capacity of raw material oil per unit of time—could
be improved by 26.6% when the dosage of SM-40 was 3600 ppm [15]. Wang et al. showed
that SDA1615 applied to Xinjiang vacuum gas oil (VGO4) and could improve the filtration
speed by more than 300% [16]. However, because of the high price and high dosage of
dewaxing aids, the cost of solvent dewaxing significantly raised.

Three main roles of dewaxing aids were proposed according to previous investigations:
nucleation, adsorption, and eutectic theory. For the nucleation proposal, the dewaxing
aid precipitates at a temperature higher than the wax precipitation point of the oil, which
transforms into the center of the crystal growth [17,18]. For the adsorption theory, the
dewaxing aid is adsorbed around the crystals; then, many crystal molecules can be adsorbed
by its long main chain or side branches, making the fine crystals aggregate into large crystal
particles and avoid the formation of a three-dimensional network. The eutectic theory
proposed that, during the cooling operation, there existed an interaction between the
nonpolar carbon chain of the filter aid and the carbon chain of paraffin molecules with
similar carbon numbers, leading to the agglomeration of crystals and, then, the formation
of larger aggregates [19]. In addition, the growth rate of paraffin crystals is inhibited by
dewaxing aids in the horizontal direction, while the growth rate of paraffin crystals in
other directions is promoted. Subsequently, the formation of a three-dimensional network
structure with poor permeability is prevented. Finally, through one or more of nucleation,
adsorption, and eutectic, the dewaxing aids can effectively enhance the filtration rate and
improve the productivity of the MEK–toluene process. It is noteworthy that the dewaxing
aids may interact with and disperse asphaltene nanoaggregates and then impact the wax
crystallization mechanism. Li et al. found that if the large aggerates of asphaltene are
dispersed or their precipitation is inhibited, the growth of wax crystals in the crude oil can
also be suppressed [20]. The study by Cheng et al. showed that the polymers bearing both
aromatic and aliphatic groups can effectively suppress the precipitation of asphaltenes,
thereby inhibiting the growth of wax crystals and reducing the size of wax crystals [21].
Due to the different action mechanisms of different dewaxing aids, the types of dewaxing
aids have a great impact on the filtration [22–27]. Currently, a deep understanding of the
dewaxing aids in the MEK–toluene unit is still lacking.

In this study, to avoid the disadvantages of the high dosage and high cost of traditional
dewaxing aids in the MEK–toluene dewaxing process, two comb-type copolymers were
synthesized by modifications of the copolymer (maleic anhydride-α-octadecene) with ani-
line (AMAC) and phenethylamine (EMAC), respectively. The effects of AMAC and EMAC
additives in the MEK–toluene dewaxing process were determined. Various factors such as
ketone–aromatics ratio, solvent ratio, and dewaxing temperature have been investigated
for the process with three-stage dilution and two-stage deoiling. Finally, the non-isothermal
crystallization kinetics of paraffin in VGO4 in the absence and presence of dewaxing aids
were comparatively investigated by using differential scanning calorimetry (DSC).

2. Experimental Section
2.1. Materials

Maleic anhydride (99%), benzoyl peroxide (99%), and α-octadecene (95%) were
purchased from Shanghai Titan Technology Company, Shanghai, China; aniline (99%),
phenethylamine (99%), methyl ethyl ketone (99%), o-xylene (99%), and anhydrous methanol
(99%) were purchased from Sinopharm Group, Shanghai, China.

VGO4 was obtained from Sinopec Shanghai Gaoqiao Petrochemical Company, Shang-
hai, China. The properties of VGO4, including density, composition, etc., are shown in
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Table 1. The distribution of the carbon numbers of paraffin in VGO4 is shown in Figure 1,
which are measured by the pyrolysis of a gas chromatography-mass spectrometer.

Table 1. Properties of VGO4.

Project VGO4 Standard Test Method

Density/kg·m−3 893.2 ASTM D1298
Saturates Content/% 85.41 SH/T 0509-2010
Aromatic Content/% 7.13 SH/T 0509-2010
Colloid Content/% 2.83 SH/T 0509-2010
Asphalt Content/% 4.63 SH/T 0509-2010

Viscosity index at 100 ◦C 11.48 ASTM D445-2019
Solidification point/◦C 43 ASTM D5773-2010

Wax Content/% 15.9 ASTM D5442-2017
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Figure 1. Pyrolysis gas chromatogram and carbon number distribution of paraffin in VGO4.

2.2. Synthesis of AMAC and EMAC
2.2.1. Synthesis of the Maleic Anhydride-α-Octadecene Copolymer

The first step is to prepare maleic anhydride-α-octadecene as the main chain of the
comb-type copolymers by free radical polymerization [28]. The reaction equation is shown
in Figure 2. The specific operations are as follows. A certain amount of maleic anhydride
and α-octadecene were put into a three-necked flask and dissolved in toluene. Then,
the initiator benzoyl peroxide (BPO), accounting for 1% of the total mass fraction of the
reaction monomer, was dissolved in toluene and loaded into a constant pressure funnel.
The constant pressure funnel switch was turned on, and the reaction was performed under
the protection of nitrogen for 1 h. After cooling, the product solution was dropped into
excess methanol to obtain suspended snowflake-like white particles. Finally, the mixture
was filtered and dried to obtain the maleic anhydride-α-octadecene copolymer, which was
left for the grafting reaction.

2.2.2. Grafting Reaction

The second step is to obtain comb-type copolymers containing different side chains
by grafting the reaction [29]. The reaction equations are shown in Figure 3. The specific
operations are as follows. Aniline and α-octadecene maleic anhydride copolymer were
put into a three-necked flask at a molar ratio of 1:1, which was dissolved in toluene.
The temperature was raised to 75 ◦C, and the reaction proceeded for 15 h. The product
solution was added dropwise to excess methanol, and the final product was obtained
by precipitation, washing, filtration, and drying, which was named AMAC. EMAC was
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synthesized with phenylethylamine and α-octadecene maleic anhydride copolymer in the
same way.
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2.3. Differential Scanning Calorimetry (DSC)

A DSC8500 differential scanning calorimeter was used for the thermogravimetric
analysis. A small amount (5–10 mg) of VGO4 with or without filter aids was weighed in an
aluminum pan and sealed. Then, the samples were heated to 80 ◦C at a rate of 10 ◦C/min
under the protection of nitrogen to ensure that the final temperature was above the melting
temperature of the samples. Furthermore, the samples remained at 80 ◦C for 10 min and
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then cooled to−20 ◦C for scanning at rates of 2.5, 5, 10, and 15 ◦C/min, respectively. Finally,
the non-isothermal crystallization DSC curves of the samples were obtained.

2.4. Polarizing Light Microscope

The crystalline morphology of paraffin in VGO4 was observed through a LEIKADM
2500 with a Linkam THMS 600 cold/hot stage. Firstly, the prepared samples were heated
and dissolved into solutions; then, they were dropped onto a glass slide by capillary suction,
where they cooled to room temperature. Afterward, the glass slides were transferred to
the cold stage, where the temperature dropped to −20 ◦C at a rate of 10 ◦C/min, and
subsequently, a crystal morphology of the paraffin in VGO4 at −20 ◦C was observed. Since
the crystal shapes of VGO4 were mainly needle-like, the size of the VGO4 crystals was
represented properly by the length of VGO4.

2.5. MEK–Toluene Dewaxing

The MEK–toluene dewaxing process consisted of three-stage dilution and two-stage
deoiling, as shown in Figure 4. VGO4 was dewaxed, filtered, and distilled to obtain
dewaxed oil (DWO) and crude wax; then, the crude wax was deoiled, filtered, and distilled
to obtain the deoiled wax (WAX) and foots oil (FO). Various factors such as the ketone–
aromatics ratio, solvent ratio, and filtration temperature were investigated. The effect of
AMAC and EMAC on MEK–toluene dewaxing was reflected by the yield of DWO, the
yield of FO, the yield of WAX, and the relative filtration rate.
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The quality of DWO was expressed by its solidification point, which was measured
according to ASTM D5773-2007.
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The quality of WAX was expressed by the oil content of WAX, which was measured
according to ASTM D721-2017.

3. Results and Discussion
3.1. Synthesis of AMAC and EMAC

The chemical structure and 1HNMR spectra of AMAC and EMAC are shown in
Figure 5. Peaks a, b, c, d, e, and f represent the hydrogen of -CH3- in octadecene, hydrogen
of -CH2- in octadecene, hydrogen of -CH2- on the backbone of the octadecene, hydrogen of
-CH- in octadecene, hydrogen of -CH- in maleic anhydride, and hydrogen of the benzene
ring, respectively. These peaks mean that AMAC and EMAC were successfully synthesized.
In AMAC, the ratio of hydrogen of -CH3- in octadecene and hydrogen of the benzene ring
is 0.59, and in EMAC, the ratio of -CH3- in octadecene and hydrogen of the benzene ring is
0.72, which are calculated from the ratio of the peak areas of a and f obtained by integration
of the peaks on the 1HNMR spectra.
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3.2. Process Conditions of Dewaxing Section
3.2.1. Ketone–Aromatics Ratio

The mixture of MEK and toluene was used as the dewaxing solvent. The ketone–
aromatics ratio is the ratio of MEK to toluene in the mixed solvent. As a settling agent for
paraffin, MEK has a particularly low solubility for paraffin. Meanwhile, although a small
amount of paraffin can be dissolved in toluene, oil is easier to dissolve in toluene, because
it is highly miscible. Therefore, the optimal ketone–aromatics ratio should be determined
first when VGO4 is used as the MEK–toluene dewaxing raw material.

The experimental results of the MEK–toluene dewaxing of VGO4 with different ketone–
aromatics ratios are shown in Table 2. It can be found that the yield of DWO and the
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solidification point of DWO were inversely proportional to the ketone–aromatics ratio; the
oil dissolving ability of the mixed solvent was decreased when the ketone–aromatics ratio
was above 60, and the oil was not able to be dissolved completely, resulting in a decrease in
the yield of DWO. Simultaneously, the ketone–aromatics ratio below 60 was adverse for
the filtration rate, since fine crystal particles were produced in the crystallization of paraffin
in toluene. Therefore, in this study, the ketone–aromatics ratio was selected as 60. Higher
yields of DWO, WAX, and the oil content of WAX were obtained at this ratio. Additionally,
the relative filtration rate reached was the best.

Table 2. Effect of the ketone–aromatics ratio on the MEK–toluene dewaxing of VGO4.

Ketone–Aromatics Ratio 55 60 65 70

DWO
Yield/% 68.36 67.21 66.95 65.49

Solidification point/◦C −11 −12 −12 −11

WAX
Yield/% 15.17 15.90 15.41 15.60

Oil content/% 8.92 6.32 7.63 8.69

FO Yield/% 16.47 16.89 17.64 18.91

Relative filtration rate 0.9 1 0.8 0.7

The filtration rate under the optimum process conditions was set as 1.

3.2.2. Solvent Ratio

The solvent ratio is the ratio of the solvent to the raw material. Generally, the solvent
contains light materials less than heavy materials, and the wax content is proportional
to the solvent ratio. Therefore, when using VGO4 as the MEK–toluene dewaxing raw
material, the optimal solvent ratio should be determined according to its composition and
wax content.

The experimental results of the MEK–toluene dewaxing of VGO4 with different solvent
ratios are shown in Table 3. As the solvent ratio of the dewaxing section was raised from
3:1 to 5:1, an increase in the relative filtration rate was observed, while the oil content of
WAX and the solidification point of DWO were decreased. This can be explained by the
decline of the viscosity of the oil at a higher solvent ratio. However, when the solvent ratio
was further increased, the trend of the relative filtration rate remained unchanged, but the
yield of DWO, the oil content of WAX, and the solidification point of DWO were increased
slightly. This is because a small part of the crystallized paraffin was dissolved when the
solvent capacity was enhanced due to the high amount of solvent, leading to an increase in
the yield of DWO and the solidification point of DWO. Therefore, the solvent ratio of the
dewaxing section of the MEK–toluene dewaxing of VGO4 was set as 5:1.

Table 3. Effect of the solvent ratio on the MEK–toluene dewaxing of VGO4.

Solvent Ratio 3:1 4:1 5:1 6:1

DWO
Yield/% 65.60 66.24 67.21 67.74

Solidification point/◦C −10 −11 −12 −11

WAX
Yield/% 15.39 15.66 15.90 15.35

Oil content/% 7.22 6.86 6.32 8.01

FO Yield/% 19.01 18.10 16.89 16.91

Relative filtration rate 0.6 0.8 1 1.1

3.2.3. Dewaxing Temperature

Dewaxing temperature refers to the temperature at which DWO and the crude wax are
filtered and separated in the dewaxing section. Since MEK–toluene dewaxing is a physical
process, the dewaxing temperature has a significant effect on it. The experimental results
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of the MEK–toluene of VGO4 with different dewaxing temperatures are shown in Table 4.
Comparing the data in Tables 2–4, relatively speaking, the filtration rate was most strongly
affected by the filtration temperature, followed by the solvent ratio. The variation of the
ketone–aromatics ratio showed a less important effect on the filtration rate. Maintaining the
solidification point of DWO at an acceptable level by increasing the dewaxing temperature
is an effective method to increase the filtration rate. According to the results in Table 4,
when the dewaxing temperature was higher than −12 ◦C, i.e., −6 ◦C, the yield of DWO,
the solidification point of DWO, and the relative filtration rate were increased. This was
due to the fact that, at dewaxing temperatures higher than −12 ◦C, part of the crystallized
paraffin redissolved. At this time, although the filtration speed was fast, the solidification
point of DWO and the oil content of WAX became higher. When the dewaxing temperature
was lower than −12 ◦C, i.e., −15 ◦C, it was not conducive to the filtration and separation of
the oil and paraffin. Therefore, in the present work, the suitable dewaxing temperature of
VGO4 was set at −12 ◦C.

Table 4. Effect of the dewaxing temperature on the MEK–toluene dewaxing of VGO4.

Dewaxing Temperature/◦C −6 −9 −12 −15

DWO
Yield/% 69.27 68.43 67.21 65.82

Solidification point/◦C −7 −9 −12 −13

WAX
Yield/% 14.37 15.18 15.90 16.07

Oil content/% 8.18 7.27 6.32 5.93

FO Yield/% 16.36 16.39 16.89 18.11

Relative filtration rate 1.3 1.2 1 0.7

The experimental process conditions of the MEK–toluene dewaxing of VGO4 were
determined by investigating the above single-experimental factors. A process with three-
stage dilution and two-stage deoiling was selected, and the solvent ratio of each solvent
dilution, dilution temperature, total solvent ratio, filtration temperature, funnel aperture,
and filtration pressure difference are reported in Table 5.

Table 5. Experimental process conditions of the MEK–toluene dewaxing of VGO4.

Dewaxing Section Deoiling Section

First dilution solvent ratio(V/W) 1.5:1 First deoiling solvent ratio(V/W) 1:1
First dilution temperature/◦C 60 First deoiling temperature/◦C 0

Second dilution solvent ratio(V/W) 2.5:1 Second deoiling solvent ratio(V/W) 1:1
Second dilution temperature/◦C 0 Second deoiling temperature/◦C 10

Third dilution solvent ratio(V/W) 1:1 Total solvent ratio(V/W) 2:1
Third dilution temperature/◦C −20 Filtration temperature/◦C 10

Total solvent ratio(V/W) 5:1
Filtration temperature/◦C −12

Filter area/m2 0.00145
Filter pore size/µm <1.5

Filter pressure difference/MPa 0.1

3.3. Investigation on the Dosages of Dewaxing Aids

Although the optimal conditions for the MEK–toluene dewaxing experiment of VGO4
were determined, the yield of DWO, the yield of WAX, and the oil content of WAX were
not yet satisfactory. Therefore, a dewaxing aid, EMAC or AMAC, was added to VGO4
during this process before adding the solvent. The changes in the experimental results
after adding dewaxing aids are shown in Tables 6 and 7. It could be seen that different
dosages of EMAC and AMAC had a more significant effect on the MEK–toluene dewaxing
of VGO4. As shown in Table 6, when different dosages of AMAC were added, it was found
that the highest yield of DWO, the highest relative filtration rate, and the lowest oil content
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of WAX were obtained by using 100 ppm AMAC. Hence, the optimal dosage of AMAC was
100 ppm. The addition of 100 ppm AMAC could increase the yield of DWO by more than
3% and the filtration rate by 80%. Similarly, the optimal dosage of EMAC was 100 ppm. The
addition of 100 ppm EMAC could increase the yield of DWO by 2.7% and the filtration rate
by 70% (Table 7). In addition, when the dosage exceeded 100 ppm, the relative filtration
rate and the yield of DWO were inversely proportional to the dosage. This was because,
when the dosage was less than 100 ppm, the existence of comb-type copolymers could form
a small number of crystal nuclei at the initial crystallization stage, which attracted paraffin
molecules to aggregate each other; when the dosage was more than 100 ppm, the number
of crystal nuclei increased at the early crystallization stage, dispersing the accumulation
of paraffin and, thus, reducing the size of paraffin, which reduced the size of the paraffin
crystals and negatively affected the filtration aid role. Notably, the addition of AMAC
could improve the yield of WAX, while, when EMAC was added, the yield of WAX was not
improved, but it could reduce the oil content in WAX, which may be related to the different
mechanisms of the two dewaxing aids.

Table 6. MEK–toluene dewaxing with different dosages of AMAC.

Dosage/ppm 0 50 100 150 200

DWO
Yield/% 67.21 68.80 70.87 69.37 68.62

Solidification point/◦C −12 −18 −24 −22 −21

WAX
Yield/% 15.90 16.14 16.51 16.38 16.25

Oil content/% 6.32 4.92 4.12 4.38 4.53

FO Yield/% 16.89 15.06 12.62 14.25 15.13

Relative filtration rate 1 1.4 1.8 1.6 1.4

Table 7. MEK–toluene dewaxing with different dosages of EMAC.

Dosage/ppm 0 50 100 150 200

DWO
Yield/% 67.21 68.58 69.90 69.11 68.30

Solidification point/◦C −12 −17 −22 −21 −20

WAX
Yield/% 15.90 15.79 15.66 15.71 15.74

Oil content/% 6.32 4.12 2.78 3.52 3.78

FO Yield/% 16.89 15.63 14.44 15.18 15.96

Relative filtration rate 1 1.3 1.7 1.5 1.4

3.4. Polarizing Light Microscope (PLM)

The polarized light microscope photos of the paraffin crystals of three samples at
−20 ◦C (cooling rate is 10 ◦C/min) are shown in Figure 6. For the VGO4 sample, Figure 6a,
most of the paraffin crystals were short rod-like crystals, and they were not tightly con-
tacting each other, with blurred outlines. These observations are probably due to the fact
that most of the carbon numbers of paraffin in VGO4 were greater than C30 (Figure 1).
During filtration, the crystals were small and packed inside the pores and blocked the
filter cloth, resulting in the permeability of the wax cake being poor. In addition, although
it was difficult for the fine rod-like crystals to form a three-dimensional grid structure
of oil-in-paraffin, their larger specific surface area enabled the crystal surface to absorb
more oil, leading to an increase in the oil content of WAX and the deterioration of the
WAX quality.
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Figure 6b shows that the aggregation of the sample crystals was significantly improved
after the addition of a 100 ppm AMAC additive, and the crystals were larger, and they
regularly connected to each other to form many three-dimensional crystals with snow
flower-like shapes.

Figure 6c shows the crystal morphological features of the sample obtained after the
addition of 100 ppm EMAC. The crystallite size was large, with a big diameter. Most of the
crystal length was approximately 10 µm. In comparison with the blank VGO4, both AMAC
and EMAC additives could effectively increase the size of the paraffin crystals in VGO4
and altered the crystal shapes and morphology. Unlike EMAC, AMAC could also improve
the aggregation of the crystals by forming three-dimensional nanocrystals. The different
morphologies resulted from the different mechanisms of AMAC and EMAC, which was
consistent with the previous experimental results.

3.5. Differential Scanning Calorimetry

The shape and size of the paraffin crystals of VGO4 are affected by its crystallization
process and determine their filtration rate. Since the actual MEK–toluene dewaxing is a
non-isothermal crystallization process, the study of the paraffin crystallization process is
therefore of great significance for improving the production efficiency of the MEK–toluene
unit. In this study, the DSC cooling curves of VGO4, VGO4 + 100 ppm AMAC, and
VGO4 + 100 ppm EMAC were first obtained under non-isothermal conditions, and then,
the heat capacity signal was subtracted from the DSC curves by using a specific heat
measurement method to get the latent heat of crystallization for the three samples. Based
on this, the non-isothermal crystallization kinetics were investigated.

The non-isothermal crystallization DSC curves of the paraffin crystals of VGO4 with
and without additives at different cooling rates are shown in Figure 7. The basic parameters,
onset temperature (T0), terminal temperature (T∞), and peak temperature (TP), were
obtained from the DSC curves. According to Figure 7, all the samples only had one
exothermic peak at different cooling rates, indicating that the change of the cooling rate and
the addition of the comb polymer does not change the crystallization properties. As the
cooling rate (φ) increased, the crystallization exothermic peak intensity gradually increased,
and the peak temperature maximum moved towards a low temperature. This is because
the supersaturation state of paraffin in the system was formed rapidly when the cooling
rate was high, resulting in the formation of a large number of crystal nuclei at the initial
crystallization stage, and thus, the paraffin crystals were homogeneously distributed in the
whole system. Subsequently, the heterogeneity of the crystallization process predominated,
and the crystal morphology became imperfect.

The non-isothermal crystallization parameters of the paraffin in VGO4 with and
without the comb-type copolymer are shown in Tables 8–10, respectively. Comparing the
data in Table 8 with that in Tables 9 and 10, the T0 values moved in the high-temperature
direction, and the wax precipitation point increased when the two kinds of comb-type
copolymers were added, respectively. At this time, the paraffin crystals were more likely to
be separated from VGO4, because these comb-type copolymers had a higher solidification
point, and they crystallized first at a temperature higher than the paraffin precipitation
point of VGO4. This confirmed that the comb-type copolymers played a key role in
heterogeneous nucleation in the process of paraffin crystal precipitation. In addition, at the
same cooling rate, the (T0 − T∞) value of VGO4 with the comb-type copolymer decreased,
and the crystallization time of paraffin was shorter.



Energies 2022, 15, 3989 12 of 18

Energies 2022, 15, x FOR PEER REVIEW 12 of 19  

 

3.5. Differential Scanning Calorimetry 
The shape and size of the paraffin crystals of VGO4 are affected by its crystallization 

process and determine their filtration rate. Since the actual MEK–toluene dewaxing is a 
non-isothermal crystallization process, the study of the paraffin crystallization process is 
therefore of great significance for improving the production efficiency of the MEK–tolu-
ene unit. In this study, the DSC cooling curves of VGO4, VGO4 + 100 ppm AMAC, and 
VGO4 + 100 ppm EMAC were first obtained under non-isothermal conditions, and then, 
the heat capacity signal was subtracted from the DSC curves by using a specific heat meas-
urement method to get the latent heat of crystallization for the three samples. Based on 
this, the non-isothermal crystallization kinetics were investigated. 

The non-isothermal crystallization DSC curves of the paraffin crystals of VGO4 with 
and without additives at different cooling rates are shown in Figure 7. The basic parame-
ters, onset temperature (T0), terminal temperature (T∞), and peak temperature (TP), were 
obtained from the DSC curves. According to Figure 7, all the samples only had one exo-
thermic peak at different cooling rates, indicating that the change of the cooling rate and 
the addition of the comb polymer does not change the crystallization properties. As the 
cooling rate (ϕ) increased, the crystallization exothermic peak intensity gradually in-
creased, and the peak temperature maximum moved towards a low temperature. This is 
because the supersaturation state of paraffin in the system was formed rapidly when the 
cooling rate was high, resulting in the formation of a large number of crystal nuclei at the 
initial crystallization stage, and thus, the paraffin crystals were homogeneously distrib-
uted in the whole system. Subsequently, the heterogeneity of the crystallization process 
predominated, and the crystal morphology became imperfect. 

0 10 20 30 40 50 60 70

15℃/min

10℃/min

5℃/min

H
ea

t F
lo

w

temperature/℃

2.5℃/min

a

 

0 10 20 30 40 50 60 70

15℃/min

10℃/min

5℃/min

H
ea

t F
lo

w

Temperature/℃

2.5℃/min

b

 

Energies 2022, 15, x FOR PEER REVIEW 13 of 19  

 

0 10 20 30 40 50 60 70

15℃/min

10℃/min

5℃/min

H
ea

t F
lo

w

Temperature（℃）

2.5℃/min

c

 
Figure 7. Non-isothermal crystallization DSC curves of different samples at various cooling rates: 
(a) VGO4, (b) VGO4 + 100 ppm AMAC, and (c) VGO4 + 100 ppm EMAC. 

The non-isothermal crystallization parameters of the paraffin in VGO4 with and 
without the comb-type copolymer are shown in Tables 8–10, respectively. Comparing the 
data in Table 8 with that in Tables 9 and 10, the T0 values moved in the high-temperature 
direction, and the wax precipitation point increased when the two kinds of comb-type 
copolymers were added, respectively. At this time, the paraffin crystals were more likely 
to be separated from VGO4, because these comb-type copolymers had a higher solidifica-
tion point, and they crystallized first at a temperature higher than the paraffin precipita-
tion point of VGO4. This confirmed that the comb-type copolymers played a key role in 
heterogeneous nucleation in the process of paraffin crystal precipitation. In addition, at 
the same cooling rate, the (T0 − T∞) value of VGO4 with the comb-type copolymer de-
creased, and the crystallization time of paraffin was shorter. 

Table 8. The non-isothermal crystallization parameters of VGO4. 

ϕ/(°C·min−1) T0/°C T∞/°C TP/°C (T0 − T∞)/°C 
2.5 57.95 22.17 54.93 35.78 
5 57.08 20.96 54.36 36.12 

10 56.83 20.69 53.49 36.14 
15 56.18 19.27 52.66 36.91 

Table 9. The non-isothermal crystallization parameters in the presence of 100 ppm AMAC. 

ϕ/(°C·min−1) T0/°C T∞/°C TP/°C (T0 − T∞)/°C 
2.5 59.72 25.18 56.23 34.54 
5 58.85 24.26 55.21 34.59 

10 58.06 22.71 54.36 35.35 
15 57.85 22.29 53.34 35.56 

Table 10. The non-isothermal crystallization parameters in the presence of 100 ppm EMAC. 

ϕ/(°C·min−1) T0/°C T∞/°C TP/°C (T0 − T∞)/°C 
2.5 58.73 23.92 55.20 34.81 
5 58.18 23.25 55.01 34.93 

10 57.73 22.49 53.87 35.24 
15 57.20 21.40 53.23 35.80 
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Table 8. The non-isothermal crystallization parameters of VGO4.

φ/(◦C·min−1) T0/◦C T∞/◦C TP/◦C (T0 − T∞)/◦C

2.5 57.95 22.17 54.93 35.78
5 57.08 20.96 54.36 36.12
10 56.83 20.69 53.49 36.14
15 56.18 19.27 52.66 36.91
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Table 9. The non-isothermal crystallization parameters in the presence of 100 ppm AMAC.

φ/(◦C·min−1) T0/◦C T∞/◦C TP/◦C (T0 − T∞)/◦C

2.5 59.72 25.18 56.23 34.54
5 58.85 24.26 55.21 34.59
10 58.06 22.71 54.36 35.35
15 57.85 22.29 53.34 35.56

Table 10. The non-isothermal crystallization parameters in the presence of 100 ppm EMAC.

φ/(◦C·min−1) T0/◦C T∞/◦C TP/◦C (T0 − T∞)/◦C

2.5 58.73 23.92 55.20 34.81
5 58.18 23.25 55.01 34.93
10 57.73 22.49 53.87 35.24
15 57.20 21.40 53.23 35.80

3.6. Crystallization Kinetics

As far as the paraffin in VGO4 is concerned, its crystal structure and size are mainly
determined by the two stages of the crystallization process: crystal nucleus formation and
crystal nucleus growth. Therefore, studying the role of comb-type copolymers in the two
stages is of great significance for improving the production efficiency of the MEK–toluene
unit. In this study, the entire crystallization process of paraffin in VGO4 with AMAC or
EMAC was investigated by using the equation proposed by Mo to determine the effects of
AMAC and EMAC on the paraffin crystallization process in VGO4.

Based on the Avrami equation and the Ozawa equation, Mo derives the following
non-isothermal crystallization equation by considering the relationship between the relative
crystallinity, cooling rate (φ), and crystallization time (t) [30]:

lgφ = ln FT − αlgt (1)

where F(T) is the cooling rate required to reach a certain relative crystallinity in a unit of
time, and parameter α is the ratio of the Avrami index to the Ozawa index. t is the time of
the wax crystal reaching a certain crystallinity, which was calculated as follows:

t =
|T − T0|

φ
(2)

The calculation of the relative crystallinity X(t) at any temperature is according to
Formula (3):

Xt =

∫ T
T0

(
dH
dT

)
dT∫ T∞

T0

(
dH
dT

)
dT

(3)

where dH
dT refers to the heat flow rate at a certain temperature, T0 is the onset temperature

of crystallization, and T∞ is the terminal temperature of the crystallization. T0, T∞, and T
are from −20 ◦C to 80 ◦C.

The relationship between the relative crystallinity and temperature of the three samples
at different cooling rates was plotted in Figure 8. For all three samples, the crystallization
rate was much greater in the early stage of crystallization. As the relative crystallinity
was raised from 0.8 to 1.0, the crystals collided with and squeezed each other due to the
increase of crystallinity, the crystallization rate decreased, and the curve tended to be flat.
In addition, to achieve the same relative crystallinity at the same cooling rate, it takes a
wider temperature range for the sample without comb-type copolymer additives.
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Figure 8. Relationship between the relative crystallinity and temperature at different cooling rate:
(a) VGO4, (b) VGO4 + 100 ppm AMAC, and (c) VGO4 + 100 ppm EMAC.

According to Formula (1), the plots of lnφ as a function of lnt are shown in Figure 9.
The plots of the three samples are almost parallel straight lines, indicating that these two
parameters had a good linear relationship. This work confirms that the equation proposed
by Mo is suitable for studying the non-isothermal crystallization process of paraffin in
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VGO4. The intercept F(t) and the slope α were obtained from Figure 9, where F(t) can
reflect the rate of the crystallization, and the larger the F(t) is, the smaller the crystallization
rate. The parameters reported in Table 11 showed that, when the cooling rate was the same,
the crystallization rate of paraffin in VGO4 with comb-type copolymers was higher than
that in VGO4, indicating that the AMAC and EMAC comb-type copolymers promoted the
crystallization process and increased the crystallization rate of paraffin, which led to the
crystals more aggregated and the crystallite size big, and therefore, relatively complete
morphologies of the crystals were observed. These modifications increased the filtration
speed and enhanced the production efficiency of the MEK–toluene unit.
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Table 11. Values of the intercept (F(t)) and slope (α) are obtained from Figure 9.

Relative
Crystallinity/%

VGO4 VGO4 +
100 ppm AMAC

VGO4 +
100 ppm EMAC

F(t) α F(t) α F(t) α

20 4.51 0.98 4.44 1.00 4.32 1.01
40 8.50 0.96 7.82 1.00 8.01 0.98
60 14.01 0.98 12.54 1.01 12.99 0.99
80 21.27 0.99 20.51 1.01 19.81 1.00

4. Conclusions

Two comb-type copolymers were synthesized and successfully applied in the MEK–
toluene dewaxing process. Various factors such as the ketone–aromatics ratio, solvent
ratio, and filtration temperature were investigated in the process with three-stage dilution
and two-stage deoiling. The results showed that the yield of DWO increased from 67.21%
to 70.87% by adding 100 ppm AMAC and 69.90% by adding 100 ppm EMAC under the
conditions of ketone–aromatics ratio of 6:0, solvent ratio of 5:1, and dewaxing temperature
at −12◦C. On the basis of the analysis of the non-isothermal crystallization kinetics and
PLM observations, it could be concluded that the addition of AMAC and EMAC could
accelerate the crystallization rate of paraffin in MEK–toluene dewaxing by forming three-
dimensional snow flower-like nanocrystals or rods with longer sizes and more perfect
crystal morphology, favoring the enhancement of the filtration rate and the production
efficiency of the MEK–toluene dewaxing process.
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Abbreviations

DWO Dewaxed oil
WAX Deoiled wax
FO Foots oil
MEK Methyl ethyl ketone
VGO4 Forth cut of vacuum gas oil
BPO Benzoyl peroxide
DSC Differential scanning calorimetry
PLM Polarizing light microscope
AMAC Maleic anhydride-α-octadecene copolymer with aniline
EMAC Maleic anhydride-α-octadecene copolymer with phenethylamine
Symbols
T0 Crystallization onset temperature
TP Crystallization peak temperature
T∞ Crystallization termination temperature
T0− T∞ Temperature range required for crystallization
Φ Cooling rate
T Temperature
F(t) Cooling rate required to reach a certain relative crystallinity in unit time
α The ratio of Avrami index to Ozawa index
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