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Abstract: In order to improve fuel economy to meet the standard for passenger car oil, a new
formulation with good viscosity–temperature performance for gasoline engine oil is required. In
this study, coal-to-liquid (CTL) base oil, with a high viscosity index and good low-temperature
performance, was selected as the base oil to develop the gasoline engine oil. A systematic study on
the molecular interaction between the CTL base oil and the viscosity index improver (VII), including
three kinds of hydrogenated styrene diene copolymers (HSD-type) and four kinds of ethylene
propylene copolymers (OCP-type), was conducted. It was found that in general, in CTL base oil, the
HSD-type VII exhibited a much higher viscosity index, a significantly lower shear stability index, a
higher thickening ability, and a lower cold-cranking simulator (CCS) viscosity than that of OCP-type
VII. Moreover, when comparing CTL base oil with mineral oil 150N, the combination of CTL base
oil and the VII displayed a lower CCS viscosity than that of mineral oil, suggesting it had better
low-temperature performance and was able to quickly form a protective oil film on the surface,
which was beneficial for the cold start. The functional group distribution state of the VII in base
oil was analyzed using synchrotron radiation micro-infrared microscope (SR Micro-IR) technology,
which revealed that HSD-1 had a better molecular interaction with CTL6 than 150N because of the
better uniformity of the C=C group distribution. Based on this, a SP 0W-20 gasoline engine oil was
developed by the combination of CTL base oil and the HSD-1 viscosity index improver, together
with an additive package, a polymethacrylate pour point depressant, and a non-silicone defoamer,
which showed excellent low-temperature performance, thermal oxidation stability, and detergency
performance compared to the reference oil.

Keywords: coal-to-liquid base oil; viscosity index improver; molecular interaction; gasoline engine oil

1. Introduction

With the increasingly stringent emission standards for automobiles and the continuous
progress of engine technology, automotive lubricants are required to be developed towards
energy conservation, environmental protection, economy, and high-quality levels [1,2].
In particular, the implementation of the passenger car oil standard GF-6B [3] has put
forward higher requirements for automotive fuel economy. By using new formulation
technologies to reduce viscosity and optimize anti-friction performance of gasoline engine
oil, the lubrication and protection of engine oil for the engine can be improved, which is an
effective way to improve fuel economy [4,5].

Base oil, as the main component of the lubricant formulation, affects the whole perfor-
mance and service life of gasoline engine oil, like evaporation loss, pour point, viscosity
index, oxidation stability, etc. For instance, due to the requirements of low-viscosity gaso-
line engine oil, a high-quality base oil with a low viscosity, high viscosity index (VI), and
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low evaporation loss is preferred [6]. In addition, Kallas M. M. et al. studied the effect of
synthetic, semi-synthetic, and mineral base oil of SAE10W40 engine oil on gasoline engine
parts wear, and found that synthetic oil showed better performance than semi-synthetic
and mineral oil [7].

With the progress in coal catalytic conversion technology and emission reduction
technology, coal-to-liquid (CTL) base oil, obtained from coal gasification and then the
Fischer–Tropsch catalytic reaction, shows the advantages of a high liquid recovery, low
emissions, and cost effectiveness, especially for those countries with coal as the primary
raw material [8–11]. Because the structure of CTL base oil is mainly alkanes with a high
cetane number and low sulfur, nitrogen, and aromatic content, and the content of isomeric
alkanes is much higher than normal alkanes, CTL base oil has a high VI and a low pour
point, which makes it a high-quality and clean alternative fuel that can be used to formulate
engine oil, compressor oil, hydraulic oil, gear oil, grease, etc. [12,13]. Moreover, CTL can
be blended in any ratio with conventional petroleum-based fuels, so it is compatible with
the existing automotive technology systems and has promising prospects for synthetic
high-grade lube oil [14].

To provide guidance for the application of CTL base oil in the high-grade lube oil
market, Yu X. et al. [12] examined the effect of antioxidant additives on the thermal oxidative
degradation of CTL base oil and found that diphenylamine (L57) and 2,6-di-tert-butyl-
4-methylphenol (T501) can significantly improve the oxidation stability of CTL base oil
by inhibiting the formation of carbonyl groups (C=O), with a reduction in the diffusion
coefficient of the antioxidant in CTL base oil, the free volume of O2 in the CTL base oil
being reduced, and the antioxidation performance increased. Zhang C. et al. [15] studied
the correlation between the molecular structure and viscosity index of CTL base oils. It was
found that CTL base oils with a similar carbon number distribution exhibited narrower
distillation ranges, lower boiling points, and higher distillation efficiencies than those
of mineral base oil, and the average chain length, normal paraffins, and structure S67
(6- or 7-methyl-substituted CTL branched structure) caused the CTL base oil to display a
higher VI.

Due to the change in structure of CTL base oil compared to traditional base oil,
traditional gasoline engine oil additives and/or additive packages will not be applicable to
CTL base oil. Therefore, it is very important to explore the molecular interaction between
CTL base oil and additives in order to develop CTL-based gasoline engine oil. For reducing
viscosity and improving anti-friction performance of gasoline engine oil, various additives
including lubrication additives, pour point depressants, viscosity index improvers, etc.
were used [16–18]. Among these, the viscosity index improver (VII) is one of the key
additives to optimize the viscosity–temperature performance of gasoline engine oil. It
indicates the degree of change in viscosity as a function of temperature. A high VI means
a small change in viscosity with the change in temperature, so the oil can be thin enough
to easily start at low temperatures and remain thick enough to provide good lubrication
at high temperatures [19]. Boussaid M. et al. [20] investigated the potential of using
polyethylene glycol (PEG) as a VII to improve the VI of paraffinic oil. Polyethylene glycol
1500 was blended with 150NS at a concentration from 0 to 10%. It was found that the
optimum performance was obtained for the blend containing 3% PEG, resulting in the
highest VI of 114.67 due to good particle distribution, evidenced by a smaller polymer
particle size and smaller activation energy difference. It was confirmed that the dispersion
of the polymer in the oil was crucial for improving the VI, even in the absence of inter-
molecular interactions. Mohamad S.A. et al. [21] synthesized six polyacrylate copolymers
with C8 to C16 alkyl-chain-length alcohols, and their viscosity-improving performance in
base oil SAE 30 was studied under the concentration of 0.5–3%. The results showed that
all of the prepared polyacrylate copolymers were effective as VIIs for lube oil, and their
effectiveness became more pronounced with the increase in either the concentration, the
molecular weight (140,000–236,000), or the alkyl chain length (C8–C12) of the copolymers.
Similarly, Ghosh P. et al. [22] compared the VI-enhancing capability of decyl and isooctyl
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acrylate polymers in two kinds of mineral base oils. The results suggested that the isooctyl
acrylate polymer showed a higher VI and pour point depression efficiency than that of the
decyl acrylate polymer, which depended on the nature of the mineral base oils as well as the
type and concentration of the VIIs. Further, Lomège J. et al. [23] synthesized plant-oil-based
amide copolymethacrylate as a VII in an organic triglyceride lube oil. It was found that
the thickening power can be improved by increasing the copolymer molecular weight,
concentration, dispersity, and pendant aliphatic chain length, or by adding an additional
aliphatic chain in the copolymer backbone. In addition, polyvinyl palmitate copolymer has
been investigated as a VII in diesel oil [24], MWCNT and ZnO nanoparticles have been
studied as VIIs in 5W50 to improve engine oil lubrication in light-duty vehicles [25], a fatty-
acid-based comb (co) poly(9-alkyl 12-hydroxystearate) was synthesized by click chemistry
and studied as a VII in a mineral-based lubricant [26], and a core cross-linked star copolymer
was synthesized and evaluated as a VII for application in hydraulic lubricants [27]. In
addition, Khalafvandi et al. [28] studied the viscosity properties of three types of VIIs
(ethylene propylene, star isoprene, and two di-block styrene isoprene) in different types
of base oils (API Groups I, II, and III). It was found that intrinsic viscosity depended on
the polymer molecular weight, and the size of the polymer depended on the solubility
of the polymer in the base oil. Although various VIIs have been developed and their
performances in different base oils have been evaluated, their suitability for use in CTL
base oil has not been revealed yet.

Therefore, the aim of this study was to develop a kind of gasoline engine oil using
new CTL base oil, based on the exploration of the interaction between the CTL base oil and
one of the key additives, the VII. The interaction between the CTL base oil and two types
of VIIs was investigated systematically, including three kinds of hydrogenated styrene
diene copolymers (HSD-type) and four kinds of ethylene propylene copolymers (OCP-
type). The functional group distribution state of the viscosity index improver in the CTL
base oil was revealed using synchrotron radiation micro-infrared microscope technology.
Based on this, a SP 0W-20 gasoline engine oil was developed, and its low-temperature
performance, thermal oxidation stability, and detergency performance were evaluated. The
reason for choosing SP 0W-20 as our target was its high market share and moreover, new
engines are designed to use lower-viscosity oils to reduce friction losses, since it was found
that lowering lube oil viscosity from 10W40 to 0W10 yields a 4% improvement in fuel
economy [29].

2. Materials and Methods
2.1. Materials

The base oils used in this study included coal-to-liquid base oils (CTL4 and CTL6,
both prepared through coal gasification and then the Fischer–Tropsch catalytic reaction by
Shanxi Lu’an company, and the distribution of carbon number of CTL4 and CTL6 is shown
in Table S1), Ketjenlube 15 (KL15, dibasic acid ester, supplied by Italmatch Chemicals), and
150N (supplied by Formosa Plastics Group, and the distribution of the carbon number of
150N is shown in Table S1 as well). Their physical and chemical properties are displayed
in Table 1, and the test equipment and method for each test are listed in Table S2. The
additives used included an additive package (AP, supplied by Afton) with dark brown
color, density of 0.935 g/mL at 15 ◦C, flash point of at least 175 ◦C, kinematic viscosity
of 173 mm2/s at 100 ◦C, total base number of 62 mg KOH/g, and element contents of
P (0.57 wt.%), Ca (0.99 wt.%), Zn (0.65 wt.%), N (0.96 wt.%), Mg (0.33 wt.%), and Mo
(0.03 wt.%), a polymethacrylate pour point depressant (PPD) with a kinematic viscosity
of 189.6 mm2/s at 100 ◦C, and a non-silicone defoamer (DF) with a kinematic viscosity of
8.548 mm2/s at 100 ◦C. The viscosity index improvers we studied included three kinds
of hydrogenated styrene diene copolymers (HSD-1, HSD-2, and HSD-3) and four kinds
of ethylene propylene copolymers (OCP-1, OCP-2, OCP-3, and OCP-4). Their code and
supplier information is listed in Table S3. Their physical and chemical properties were
evaluated and analyzed, as shown in Sections 2.3 and 3.1.
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Table 1. The physical and chemical properties of the base oils used.

Name
Kinematic
Viscosity

(100 ◦C, mm2/s)

Kinematic
Viscosity

(40 ◦C, mm2/s)

Viscosity
Index

CCS Viscosity
(−30 ◦C, mPa·s)

Pour Point
(◦C)

Flash Point by
Open Cup (◦C)

Evaporation
Loss (NOACK,
250 ◦C, 1 h, %)

CTL4 4.155 17.80 141 922 −33 210 11.3

CTL6 6.181 31.34 150 2497 −36 247 3.9

KL15 5.350 27.00 138 4151 −63 235 7.5

150N 5.258 29.17 112 4483 −24 229 12.4

2.2. Preparation of the Base Oil and Viscosity Index Improver Blends

To study the interaction between viscosity index improver and the base oil, the base
oil was blended with the viscosity index improver to make sols, and their solubility and
stability, thickening ability, various kinematic viscosity, cold-cranking simulator viscosity
index, and shear stability index were evaluated and analyzed.

The blends were made as follows: Firstly, 88 g of base oil was placed in a beaker and
heated to 85 ± 5 ◦C. Then, under stir, 12 g viscosity index improver (VII solid) was slowly
added to the base oil (in a ratio of 12 wt.% VII: 88 wt.% base oil) and heated to 135 ◦C. The
solution was stirred at 135 ◦C for at least 8 h until the viscosity index improver dissolved
completely. Stirring was stopped and the solution was maintained at 110 ◦C for another
8 h, then cooled down to obtain the liquid samples (VII liquid). The liquid sample was
mixed with the base oil in a ratio of 1:9 (VII liquid : base oil) to obtain the sol samples (VII
sol). The base oil used included CTL6 and 150N, respectively.

2.3. The Characterization of the Viscosity Index Improver Blends
2.3.1. The Solubility Test

The solubility of the VIIs in the base oils were tested by observing the appearance of
the blends (VII sols) after storing at different temperatures (0 ◦C, −10 ◦C, −20 ◦C, −30 ◦C,
and −40 ◦C) for 2 h, one after the other, and then recovering back to room temperature (rt.).

2.3.2. The Physico-Chemical Property Measurements

The physico-chemical properties of the VII blends (VII sols) were measured according
to standard methods, including the kinematic viscosity (40 ◦C, 100 ◦C, mm2/s), VI, cold-
cranking simulator viscosity (CCS, −20 ◦C, mPa·s), kinematic viscosity after shearing
(100 ◦C, mm2/s), thickening ability (mm2/s), and shear stability index (SSI). The test
equipment and method for each test are listed in Table S2. The thickening ability was
calculated based on the kinematic viscosity at 100 ◦C according to SH/T 0622 with the
following equation.

T = νt − νb

Here, T is the thickening ability (mm2/s), νt is the kinematic viscosity of the base oil
with the viscosity index improver at 100 ◦C (mm2/s), and νb is the kinematic viscosity of
the base oil at 100 ◦C (mm2/s).

In addition, the one-way ANOVA test and multiple t-test were used to conduct the
statistical analysis. In the figures in Section 3, one asterisk (*) indicates significance at
p < 0.05, and two asterisks (**) indicate significance at p < 0.01.

2.3.3. The Synchrotron Radiation Micro-Infrared Test

Synchrotron radiation micro-infrared test is a useful technique to illustrate the chemical
group distribution of molecules. In this study, we applied the synchrotron radiation micro-
infrared (SR Micro-IR) at BL01B beamline in Shanghai Synchrotron Radiation Facility (SSRF)
to analyze the chemical group distribution of the VII in the base oil.
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2.4. Preparation of the Gasoline Engine Oil

The SP 0W-20 gasoline engine oil developed in this work was prepared as follows:
The base oil (CTL4, CTL6, KL15) was added to the reaction kettle, then stirred and heated
to 60 ◦C. Then, the additive VII liquid (12 wt.% VII mixed with 88 wt.% CTL6, as described
in Section 2.2), AP, PPD, and DF was added to the base oil in turn. The temperature was
maintained at 60 ◦C while stirring for 2 h, then cooled down while stirring to obtain the SP
0W-20 gasoline engine oil samples.

2.5. The Physico-Chemical Property Measurements of the Developed Gasoline Engine Oil

The physico-chemical properties of the developed gasoline engine oil were measured
according to standard methods, including the kinematic viscosity (100 ◦C, mm2/s), VI,
low-temperature dynamic viscosity (−35 ◦C, mPa·s), low-temperature pumping viscosity
(−40 ◦C, mPa·s), high temperature and high shear viscosity (150 ◦C, mPa·s), evaporation
loss (%) and foam property (ml/mL), pour point, flash point, etc. The test equipment and
method for each test are listed in Table S2.

2.6. The Performance Evaluation of the Developed Gasoline Engine Oil
2.6.1. The Thermal Oxidation Stability Test

The thermal oxidation stability of the developed gasoline engine oil was tested by
Crankcase Simulation test to simulate the lacquer and coking formation of the oil during
piston working, according to SH/T 0300, similar to FTM 791-3462, using internal combus-
tion engine oil coking tendency tester C-9 supplied by Shanghai Rundi Scientific Instrument
Co., Ltd. (Shanghai, China). The tested oil sample was sprayed onto an aluminum sheet at
a high temperature, and due to the oxidation of the oil, a coking film was formed on the
sheet. During the test, the oil samples and aluminum plate were maintained at 150 ◦C and
320 ◦C, respectively, in the Crankcase simulation tester, and operated for 6 h. After this,
the color and scale level of the lacquer and coking film were assessed on a 1-to-10 scale
according to the reference card, and the coking film weight on the aluminum plate was
evaluated, which was correlated to the thermal oxidation stability of the oil [30].

2.6.2. The Detergency Test

The detergency of the developed gasoline engine oil was tested by the hot tube
method according to SH/T 0645, using a hot tube tester R1091G supplied by Shanghai
Rundi Scientific Instrument Co., Ltd. The oil sample and oxygen were mixed together and
circulation refluxed in hot tube at 275 ◦C for 4 h. Then, the deposits generated in the glass
tube were assessed by ranking the color and length of the formed lacquer on a scale of
0 to 10 according to the reference card, which was correlated to the detergency of the test
oil [30].

3. Results and Discussion
3.1. The Interaction between the Viscosity Index Improver and the Base Oil
3.1.1. The Solubility Analysis

The VII and the base oil were blended together to make sols as described in Section 2.2.
The appearance of the blends (VII sols) under different temperatures was evaluated and is
exhibited in Table 2, in which the base oils used for the stability tests were CTL6 and 150N,
respectively. From the images in Table 2, we can see that all the VIIs could be dispersed well
in both base oils, with a transparent white to light yellow appearance after being stored at
0 ◦C and −10 ◦C for 2 h. When the storing temperature was reduced to −20 ◦C, the sols
became translucent, while when the temperature increased to room temperature again, the
sols turned transparent again, indicating the good solubility of the VIIs in both base oils.
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Table 2. The appearance of the blends under different temperatures.

Base Oil Temperature
(◦C) HSD-1 HSD-2 HSD-3 OCP-1 OCP-2 OCP-3 OCP-4

CTL6

0
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3.1.2. The Influence of VII Concentration on the Viscosity of the Blends 
The VII is used to optimize the viscosity–temperature performance. As demonstrated 

by Coutinho [19], the viscosity of a VII polymer solution depends on many factors, includ-
ing the chain size of the VII polymer, the concentration, the nature of the base oil, the 
strength of the inter- and intra-molecular interactions among the VII polymer molecules, 
and the degree of the interaction between the VII polymer molecules and the base oil. 
Therefore, firstly we investigated the effect of the VII concentration on the viscosity of the 
blends (VII liquid). Here, the VII liquid was made by mixing the VII solid (HSD-1 and 
OCP-1, respectively) with the base oil (CTL6 and 150N, respectively) at concentrations of 
0.5%, 1.0%, 1.5%, 2.0%, and 3.0% using the same method as described in Section 2.2. 

The results are illustrated in Figure 1. It can be found that no matter which VII and 
base oils used, with the increase in VII concentration, the kinematic viscosity at both 40 °C 
(Figure 1a) and 100 °C (Figure 1b), and the viscosity index (Figure 1c) were all increased. 

When comparing the HSD-type VII (HSD-1) with the OCP-type VII (OCP-1) in CTL6, 
it can be seen that the kinematic viscosity of HSD-1 was higher than that of OCP-1 at both 
40 °C and 100 °C, and the viscosity index of HSD-1 was higher than that of OCP-1, indi-
cating HSD-1 had a smaller change in viscosity with the change in temperature than that 
of OCP-1 in the CTL6 base oil. 
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3.1.2. The Influence of VII Concentration on the Viscosity of the Blends

The VII is used to optimize the viscosity–temperature performance. As demonstrated
by Coutinho [19], the viscosity of a VII polymer solution depends on many factors, in-
cluding the chain size of the VII polymer, the concentration, the nature of the base oil, the
strength of the inter- and intra-molecular interactions among the VII polymer molecules,
and the degree of the interaction between the VII polymer molecules and the base oil.
Therefore, firstly we investigated the effect of the VII concentration on the viscosity of the
blends (VII liquid). Here, the VII liquid was made by mixing the VII solid (HSD-1 and
OCP-1, respectively) with the base oil (CTL6 and 150N, respectively) at concentrations of
0.5%, 1.0%, 1.5%, 2.0%, and 3.0% using the same method as described in Section 2.2.

The results are illustrated in Figure 1. It can be found that no matter which VII and
base oils used, with the increase in VII concentration, the kinematic viscosity at both 40 ◦C
(Figure 1a) and 100 ◦C (Figure 1b), and the viscosity index (Figure 1c) were all increased.
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Figure 1. The influence of VII concentration on the viscosity of the blends: (a) Kinematic viscosity at
40 ◦C; (b) Kinematic viscosity at 100 ◦C; (c) Viscosity index.

When comparing the HSD-type VII (HSD-1) with the OCP-type VII (OCP-1) in CTL6,
it can be seen that the kinematic viscosity of HSD-1 was higher than that of OCP-1 at
both 40 ◦C and 100 ◦C, and the viscosity index of HSD-1 was higher than that of OCP-1,
indicating HSD-1 had a smaller change in viscosity with the change in temperature than
that of OCP-1 in the CTL6 base oil.

When comparing HSD-1 in the CTL6 and 150N base oils, we found that the kinematic
viscosity of HSD-1 in 150N was higher than that in the CTL6 base oil at both 40 ◦C and
100 ◦C, while the viscosity index of HSD-1 in 150N was smaller than that in the CTL6
base oil, indicating that when used in the 150N base oil, the HSD-1 has a higher change in
viscosity with the change in temperature.
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Therefore, it can be concluded that HSD-1 had better viscosity–temperature perfor-
mance than that of OCP-1, and it had better performance in CTL6 than in 150N. Usually, as
the temperature increased the extent of the intra- and intermolecular interactions of VII
and base oil reduced [19]. The results suggested that CTL6 was a good solvent for the
HSD-1-type VII due to its ‘pure’ hydrogenated polyisoprene block, while 150N was a poor
solvent for the HSD-1-type VII. In the good solvent CTL6, HSD-1 (hydrogenated styrene
diene copolymer) was well dispersed, with the polymer chains uncoiled. Therefore, as the
temperature rose, the reduction in bond strength was consequently low, so that the viscosity
index was high. In the poor solvent 150N, the temperature increase may have provoked the
increase in hydrodynamic volume of the HSD-1 polymer molecules and hence an increase
in viscosity and a decrease in viscosity index compared to that in CTL6 [19].

3.1.3. The Influence of Type of VII on the Shear Stability of the Blends

In an automative engine, lubricants are subjected to mechanical shearing like engine
running. If the shearing force is too strong to break some chemical bonds in the VII polymer,
then its molecular weight will reduce, resulting in a loss in its efficiency, affecting the quality
level and service life of gasoline engine oils [19]. Therefore, shear stability is an important
property of a VII. According to the API standard, the shear stability index of gasoline
engine oil should be no more than 35 for GF-6 vehicles.

Firstly, the kinematic viscosity of the blends (VII sols) before and after shearing was
measured and is displayed in Figure 2a,b. The kinematic viscosity of all samples was
reduced after shearing, and in general, the viscosity-reducing degree of the OCP-type VII
was higher than that of the HSD-type VII. Also, this phenomenon was further confirmed
by the shear stability index (SSI), as illustrated in Figure 2c. In addition, the statistical
analysis indicated that there was a significant difference among different types of VIIs. For
the kinematic viscosity at 100 ◦C before shearing, between HSD-1 and OCP-3, OCP-1 and
OCP-2, and OCP-1 and OCP-4, there was no obvious difference in either CTL6 and 150N,
HSD-2 and HSD-3 showed no obvious differences in CTL6, and OCP-2 and OCP-4 showed
no obvious differences in 150N. For the kinematic viscosity at 100 ◦C after shearing, OCP-1
and OCP-2 showed no obvious differences in either CTL6 or 150N; additionally, OCP-1 and
OCP-3, and OCP-2 and OCP-3 showed no obvious differences in 150N, and HSD-2 and
HSD-3, OCP-1 and OCP-4, and OCP-2 and OCP-4 showed no obvious differences in CTL6.
The results suggested that the behavior of OCP-1 from Arlanxeo and OCP-2 from Shenzhen
Kunvii Petrochemical Technology were almost similar with respect to kinematic viscosity
at 100 ◦C before and after shearing in both CTL6 and 150N. The rest of the samples all had
significant differences.

From Figure 1c, it can be seen that the SSI of the VII in 150N was higher than that in
CTL6; there was an especially significant difference between 150N and CTL6 for OCP-1
(p < 0.05), OCP-3 (p < 0.01), and OCP-4 (p < 0.05), indicating that the CTL and VII blends
showed better shear stability than the mineral oil and VII blends. Moreover, the statistical
analysis found that the SSIs of all the HSD-type VIIs were significantly lower than those
of all the OCP-type VIIs in both CTL6 and 150N. Especially, HSD-1 showed the lowest
SSI of 2.30 in the CTL6 base oil and 2.95 in the 150N base oil, suggesting the better shear
stability of the HSD-1-type VII in CTL6. Within the groups, HSD-2 and HSD-3, and OCP-1
and OCP-2 showed no obvious differences in either CTL6 or 150N, and OCP-4 showed no
obvious differences between OCP-1 and OCP-2 in 150N. Therefore, it can be concluded that
the HSD-type VII and CTL base oil blends were promising in the development of gasoline
engine oil in terms of shear stability.
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Figure 2. The shear stability of the VII and base oil blends: (a) Kinematic viscosity at 100 ◦C before
and after shearing for VII in CTL6; (b) Kinematic viscosity at 100 ◦C before and after shearing for VII
in 150N; (c) Shear stability index. (one asterisk (*) indicates significance at p < 0.05; two asterisks (**)
indicate significance at p < 0.01).

3.1.4. The Influence of Type of VII on the Thickening Ability of the Blends

Thickening ability is another important parameter to evaluate the performance of a
VII. Figure 3 exhibits the thickening ability of different types of VIIs in both CTL6 and 150N
(VII sols). It can be seen that in general, the thickening ability of the VII in 150N was higher
than that in CTL6, and there was significant a difference in thickening ability between 150N
and CTL6 for HSD-2, HSD-3, OCP-1, and OCP-2.
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In addition, no matter in which base oil, the HSD-type VII showed higher thickening
ability than the OCP-type VII, and significant difference could be found between the HSD-
type VII and the OCP-type VII, except for HSD-1 and OCP-3. Within the groups, there was
no obvious difference between HSD-2 and HSD-3 in CTL6, between OCP-1 and OCP-2 in
either CTL6 or 150N, between OCP-1 and OCP-4 in 150N, or between OCP-2 and OCP-4 in
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150N. The rest of the samples all had significant differences. The better thickening ability
of the HSD-type VII than the OCP-type VII may be due to the different networks formed.
As a hydrogenated styrene diene copolymer, the HSD-type VII may form a polystyrene-
block-associated network, while as an ethylene propylene copolymer, the OCP-type VII
may form a moderately expanded dispersed network [19].

3.1.5. The Influence of Type of VII on the Low-Temperature Performance of the Blends

A VII can improve the viscosity–temperature performance of oil, but in the meantime,
it may increase the low-temperature viscosity, affecting the cold start performance of the oil.
Therefore, it is important to study the influence of VIIs on low-temperature performance.

Cold-cranking simulator viscosity (CCS, −20 ◦C, mPa·s) is a parameter showing the
torque necessary to turn the crankshaft in the lubricant, which is correlated to the cold
start property. As can be seen in Figure 4 for the VII sols, no matter in which base oil, the
CCS of the HSD-type VII was significantly lower than that of the OCP-type VII, except
between HSD-1, HSD-3, and OCP-4. Moreover, no matter which VII was used, the CCS in
the CTL6 base oil was lower than that in 150N, and there was a significant difference in
the CCS between 150N and CTL6 for HSD-2, OCP-1, OCP-2, and OCP-3, suggesting that
the CTL base oil with the addition of the HSD-type VII had the better low-temperature
performance, with a better low-temperature fluidity beneficial for a cold start.
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3.2. The Characterization of the Molecular Interaction between the Viscosity Index Improver and
the Base Oil

To reveal the molecular interaction between the VII and base oil, Pirouz et al. [31]
applied pyrene excimer fluorescence to quantitatively measure the molar fraction of the
intermolecular interactions (finter) between ethylene propylene copolymers in toluene in
the presence of wax, and Gholami et al. [32] used fluorescently labeled PPD to probe
the interactions between PPD, VII, and wax in octane. In this study, the chemical group
distribution of VII in base oil (VII sols) was analyzed using the synchrotron radiation
micro-infrared (SR Micro-IR) technique.

The OCP-type VII is an ethylene propylene copolymer; therefore, it has the IR char-
acteristic absorption peaks of the -CH2- chemical group at around 2915 cm−1 for the
asymmetric stretching vibration, around 2846 cm−1 for the symmetric stretching vibra-
tion, and around 1459 cm−1 for the bending vibration. However, due to the similar IR
characteristic absorption peaks of the OCP-type VII in both CTL and mineral oil, it is
hard to analyze the distribution of the chemical group of the OCP-type VII in base oil.
Meanwhile, the HSD-type VII is a hydrogenated styrene diene copolymer, which has the IR
characteristic absorption peaks of the benzene ring skeleton (C=C) stretching vibration at
around 1600 cm−1 and 1500 cm−1. Therefore, it is valuable to analyze the chemical group
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distribution of the HSD-type VII in base oils. Also, the test results of the C=C stretching
vibration absorption peak (around 1490 cm−1) distribution of the HSD-type VII in base oil
are shown in Figure 5. It is obvious that in CLT6, the uniformity of the C=C group distribu-
tion was ranked as HSD-1 ≈ HSD-2 > HSD-3, which was consistent with the performance
of the HSD and base oil blends. In addition, the uniformity of the C=C group distribution
in CTL6 (Figure 5(a2)) was much better than that in 150N (Figure 5(d2)), indicating a better
molecular interaction for HSD-1/CTL6 than that for HSD-1/150N [33,34].
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3.3. The Influence of the Concentration of the Viscosity Index Improver on the Physico-Chemical
Properties of the Gasoline Engine Oil

Based on the study on the interaction between the VII and base oil, the HSD-1 VII was
selected to develop the gasoline base oil. The formulation of the developed gasoline engine
oil is displayed in Table 3, in which the concentration of the VII liquid and the ratio of the
base oils were varied.

Table 3. The formulation of the developed gasoline engine oil.

Items CTL4 CTL6 KL15 HSD-1
Liquid AP PPD DF In Total

F#1 62.59% 10.00% 10.00% 4.00% 13.10% 0.30% 0.01% 100.00%

F#2 64.59% 10.00% 10.00% 2.00% 13.10% 0.30% 0.01% 100.00%

F#3 12.00% 62.59% 10.00% 2.00% 13.10% 0.30% 0.01% 100.00%

Their physico-chemical properties compared to reference oil SP 0W-20 are exhibited
in Table 4. Firstly, we compared F#2 and F#3 with the difference between the CTL4 and
CTL6 base oil ratio, and it can be seen that although all the properties were within the
qualification, the low-temperature dynamic viscosity of F#3 with a higher CTL6 ratio was
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6100 mPa·s, approaching the upper limit of 6200 mPa·s, and was much higher than that of
the reference SP 0W-20 oil (3381 mPa·s), indicating a risk to low-temperature performance.
Therefore, we increased the ratio of the CTL4 base oil and compared the influence of VII
concentration, using 2.00% VII for F#2 and 4.00% VII for F#1. It was found that with the
increase in CTL4 ratio, the kinematic viscosity of the formulation reduced dramatically from
8.45 mm2/s to 6.60 mm2/s, and the high temperature and high shear viscosity reduced
from 2.817 mPa·s to 2.519 mPa·s, even lower than the qualification. To solve this problem,
we increased the concentration of the VII (F#1). Also, from the physico-chemical properties
shown in Table 4, we can see that the viscosity characteristics at different conditions of
F#1were comparable to that of the reference oil SP 0W-20. Moreover, the pour point, flash
point, evaporation loss, and foam properties of the developed gasoline engine oil F#1 were
even better than that of the reference oil SP 0W-20, indicating a better low-temperature
fluidity and cold start property, safety, and low oil consumption characteristics. Therefore,
F#1 was chosen to be the final gasoline engine oil formulation.

Table 4. The physico-chemical properties of the developed gasoline engine oil.

Items Qualification F#1 F#2 F#3 Reference
SP 0W-20 Test Method

Kinematic viscosity (100 ◦C, mm2/s) 5.6–9.3 8.90 6.60 8.45 8.76 GB/T 265 [35]

Viscosity index report 177 168 170 171 GB/T 1995 [36]

Pour point, ◦C ≤−40 −48 −45 −45 −51 GB/T 3535 [37]

Flash point (opening), ◦C ≥200 235 231 228 229 GB/T 3536 [38]

Low-temperature dynamic viscosity
(−35 ◦C, mPa·s) ≤6200 4636 4530 6100 3381 GB/T 6538 [39]

Low-temperature pumping viscosity
(−40 ◦C, mPa·s, no yield stress) ≤60,000 14,887 11,562 22,624 16,300 SH/T 0562 [40]

High temperature and high shear
viscosity (150 ◦C, mPa·s) ≥2.6 2.800 2.519 2.817 2.611 SH/T 0703 [41]

Evaporation loss (%) ≤15 8.30 8.42 5.80 10.0 SH/T 0059 [42]

Foam property (ml/mL)

GB/T 12579 [43]
Procedure I (24 ◦C) ≤10/0 0/0 0/0 0/0 0/0

Procedure II (93.5 ◦C) ≤50/0 10/0 10/0 15/0 20/0
Procedure III (Last 24 ◦C) ≤10/0 0/0 0/0 0/0 0/0

3.4. The Performance of the Developed Gasoline Engine Oil

During the use of gasoline engine oil, certain components with poor thermal stability in
the oil will gradually be oxidized due to long-term exposure to high-temperature and high-
shear environments. As the degree of oxidation becomes severe, the oxidation products
will further react and condense, ultimately generating macro-molecular substances that
are insoluble in oil, known as high-temperature deposits, which will significantly affect
the performance of the gasoline engine oil. Therefore, the thermal oxidation stability and
detergency performance related to the high-temperature deposits were evaluated for the
developed gasoline engine oil F#1.

3.4.1. The Thermal Oxidation Stability

The thermal oxidation stability of the developed gasoline engine oil was tested using
Crankcase Simulation test, and the results are shown in Table 5. It was obvious that the
developed gasoline engine oil F#1 had better thermal oxidation stability than that of the
reference oil SP 0W-20, with smaller amounts of black deposits, with a lighter and more
even color.
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Table 5. The thermal oxidation stability of the developed gasoline engine oil.

Items F#1 Reference
SP 0W-20

Deposit weight (mg) 5 15

Color scale 1 + 1 3 + 0

Results description Even, light yellow lacquer,
carbon deposits level 1

Uneven bright patterns,
carbon deposits level 2

Images of the plate surface
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4. Conclusions

A gasoline engine oil SP 0W-20 was developed using CTL base oil and the HSD-
type VII based on studying the interaction between the VII and base oil. The following
conclusions can be drawn.

1. The interaction between three kinds of HSD-type VIIs, four kinds of OCP-type VIIs,
and CTL and mineral base oils were systematically evaluated. It was found that
firstly, all samples showed good solubility after storing at different temperatures.
Secondly, no matter which VII and base oils were used, the kinematic viscosity and
the viscosity index all increased with the increase in VII concentration. Also, the
HSD-type VII illustrated a higher VI, smaller SSI, better thickening ability, and lower
CCS viscosity than that of the OCP-type VII, and the HSD-type VII and CTL base oil
combination exhibited the best shearing stability and low-temperature performance,
which is promising for the development of gasoline engine oil.

2. The SR Micro-IR analysis revealed that HSD-1 had a better molecular interaction with
CTL6 than 150N because of better uniformity of the C=C group distribution.

3. By adjusting the base oil ratio and VII concentration, a gasoline engine oil F#1 was
developed, with comparable viscosity characteristics and detergency performance to
that of the reference oil SP 0W-20, and with better low-temperature fluidity and cold
start property, lower oil consumption characteristic and better thermal stability than
that of the reference oil SP 0W-20.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/lubricants12080275/s1, Table S1: The chemical composition of the CTL
base oils. Table S2: The equipment and test method information of all tests in the study. Table S3: The
code and supplier information of VIIs used in the study.
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