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Abstract: Four commercial viscosity index improvers (VII) have been used to investigate the be-
havioral differences of these compounds in three types of universally applicable base oils. The
used VIIs are structurally three types of co-polymer: ethylene-propylene, star isoprene, and two
di-block styrene-isoprene. After dissolving of different amounts of VIIs in different base oils, the
kinematic viscosities at two standard temperatures were determined and the intrinsic viscosities
were calculated according to Huggins method, then the effects of changes in base oil and polymer
type were investigated. Intrinsic viscosities as criteria for polymer molecules sizes were found to
be higher at lower temperature than at higher temperature. Dependence of intrinsic viscosity on
the polymer molecular weight was observed. In the previous works, one or two types of VIIs were
studied in only one type of base oil and/or solvent, not different base oils. Furthermore, different
ranges of temperatures and concentrations not necessarily applied ranges were selected, but in this
work, common base oils and most commercial VIIs were used and the viscometric properties were
compared at two temperatures. Viscosities at these temperatures are used for determining VI and
definition of lubricant’s viscosity grades. VI improvement is the main cause of VII usage.

Keywords: viscosity index; VI improver; intrinsic viscosity; base oil groups; olefin copolymer;
styrene-isoprene copolymer

1. Introduction

Two key initial properties of each lubricant are viscosity and viscosity index. Actually,
viscosity is the intrinsic resistance of a fluid to flow that is defined and measured in different
ways. Amount of viscosity of a fluid depends on three parameters including temperature,
pressure and shear stress [1]. There are two types of viscosity measurements or reports:
kinematic and dynamic. Kinematic viscosity is the fluid viscosity in non-shear/stress
conditions, which is depended on temperature and pressure for a given fluid. In the
following introduction, only the behavior of the viscosity with temperature is discussed
and no further explanation is given about the effect of pressure and shear stress on the
viscosity. A well-known method for expressing the viscosity-temperature relation is based
on viscosity index, which is calculated from kinematic viscosities at 40 and 100 ◦C. It is
a theoretical method that compares the fluid’s kinematic viscosities at 40 and 100 ◦C to
that of two reference fluids with presupposed VIs [2]. A higher viscosity index means less
variation in viscosity with temperature which is more desirable for lubricant consumers.
There are also issues with calculating the VI of oils with very low viscosities for which there
are no available reference fluids to calculate the parameters in equation of VI. To address
these limitations, alternative methods have been proposed, including the dynamic viscosity
index (DVI) and the proportional viscosity index (PVI) [3], but they have not been widely
adopted and applied. Another parameter used to quantify the viscosity–temperature
relationship is the Q factor. This factor is used primarily to differentiate between thickeners
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and VI improvers. Specifically, 0 < Q ≤ 1 indicates the thickening power of the polymer is
less significant at high temperature, so the polymer is a thickener, while Q > 1 indicates the
thickening power of the polymer is more dominant at higher temperatures, as expected for
a VII. Although both larger Q factor and larger VI indicate a better viscosity-temperature
relationship, it has been found that there is no direct correlation between Q and VI in most
cases [4–6].

There are some other models for studying viscosity–temperature relationship. An-
drade and Eyring [7,8] proposed Arrhenius equation for studying viscosity response to
temperature. Angell [9] used Vogel-Tamman-Fulcher model to study this relation especially
for base oils.

1.1. Why We Should Study the Viscosity-Temperature Behavior of Lubricants?

Every 15–20 ◦C variation in operation temperature necessitates roughly one ISO grade
up or down in a mono-grade VI 100 oil.

For spur/helical/bevel gears operating at 65 ◦C with a pitch line velocity of 10 m/s
specify a VI 90 ISO 220, VI 120–160 ISO 150, or VI 240 ISO 100 oil [10].

Viscosity should be as low as possible, so that the engine/equipment can be easily
switched on at the cold start condition and the oil can reach all required locations. On
the other hand, the viscosity must be so large that its reduction due to the heating up the
engine/equipment does not destroy the lubrication layer and the load-bearing capability
in the desired sections. These are a few reasons for study of the viscosity change with
temperature and controlling this change by formulation tuning like VII selection and usage.

Any lubricating oil is produced from the combination of one or more base oils and a
variety of additives. Base oil(s) and viscosity index improver (VII) additive are the main
ingredients for providing required viscosity and viscosity index. Viscosity index improvers
(VII) are low to high molecular weight (1000–250,000 g/mol) [10]. VIIs are different types
of polymeric materials.

The most common types of VII polymer are polyisobutenes (PIB), poly (alkyl methacry-
lates), poly (styrene-dienes), polyisoperenes, and olefin copolymers (OCPs). Some typical
structures for them are shown in Figures 1 and 2.
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Polymethacrylates (PMA) were the first VI improver polymers in the early 1900s.
Polyisobutylene (PIB) gained favor due to greater cost effectiveness which in turn was later
replaced by polyolefin copolymers (OCP).

The advantage of PIB is excellent shear stability and low cost. The disadvantage is
that the high dosage required to improve viscosity and VI can often lead to worse low
temperature properties and lowering of base oil solvency.

PIB is unique among the four VII improver chemistries due to its very small molecular
weight and high shear stability.

Low MW polymers like PIB approach the size of the base oil and the size of the
expanded (KV100) and contracted (KV40) coil are not sufficiently to overcompensate for
the thinning of base oil with temperature. In this case, it acted more as a thickener or high
viscosity base oil than a VII. Actually, this type is not good VII.

Polymethacrylates (PMA) are highly branched copolymers of methacrylate esters.
The advantage is very high VI enhancement and excellent improvement of low tem-

perature properties. The disadvantage is cost and moderate thickening efficiency.
Olefin copolymer (OCP) is a copolymer of ethylene and other olefins including propy-

lene, butylene. OCP polymers are very long molecules with high molecular weight. The
advantages are high thickening efficiency and low cost. The disadvantages are poor shear
stability and some side effects on cold properties. If ethylene content is too high (>50%),
OCPs can behave like wax and have poor cold properties.

Bell-shaped or parabolic responses of performance versus wt.% of an additive is com-
mon when formulating lubricants and this effect is often called “reversion” [1,10,11]. Coils
cannot expand through another coils. The loss of expansion reduces the VI improvement in
the thinning solvent and lowers VI with high treat. Reversion occurs most often for higher
MW polymers, PMA, and OCP, which have MW on the order of 10,000 and 100,000 g/mol
respectively [10].

Polymer solution theory, the understanding of how polymers behave in solution, is
divided into three regimes: dilute, semi-dilute, and concentrated.

Very small, low MW polymers require higher concentrations to reach the semi-dilute
range while very large, ultra-high MW polymers can exhibit semi-dilute behavior at
fractions of a percent by weight. However, the wt% at which this transition occurs can be
identified for a given VII by plotting the log of specific viscosity (KV of oil + VII/KV of
oil-1) against log of wt% VII. A change of slope in the log-log plot indicates a transition
from dilute to semi-dilute. High MW OCP (~100,000 g/mol) creates a semi-dilute condition
at 4–5 wt% in oil [12,13].

Developments in VII polymer chemistry have continued optimization of their perfor-
mance, i.e., thickening efficiency, viscosity–temperature relationship, and shear stability.
Two general ways of VII properties improvement are to make a blend of VIIs [10–13] and
to modify the architecture of the molecules.

Polymer blends mean usage of more than one of the chemistries in a formulation. Due
to limitations in cost or demanding specifications such as shear stability it is often attractive
to blend multiple types of VI improver to achieve the desired properties in a lubricant.
Blending multiple polymers in solution can produce unexpected viscosity or VI changes
since polymer molecules in solution interact.
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PMAs and OCPs are incompatible as mixtures; however, PMA-OCP blends can be
created by adding a small amount of grafted PMA on OCP as a compatibilizer. The PMA-
OCP blend imparts properties of both PMA and OCP molecules. The PMA section provides
good VI and low-temperature rheology and the OCP provides thickening and cost efficiency.
Modifications to a VIIs blend have also been investigated [11,14–16].

The influence of polymer architecture on its properties is also widely studied [11,17–22].
Advancements in polymer architecture have gone from linear structures to branched [23,24],
comb [25,26], and star-shaped [27–30] polymers and through cross-linking [31]. Overall,
the comb polymer showed improved temperature–viscosity relationship, low-temperature
viscosity properties, and reduced fuel consumption. Star-shaped architectures are also
widely used since they are high molecular weight polymers with both good thickening
efficiency and shear stability. A comparison between linear and star-branched PMA re-
vealed that the latter provides superior thickening efficiency than the former and that, at a
given shear stability index, star-branched PMA solutions had higher VI than solutions with
linear PMA. GPC measurements suggested the improved shear stability of star polymers is
attributable to the breaking of chemical bonds near the core of the star, as opposed to in
the middle of a linear chain. Such architectures are most commonly found in PMAs, but
have been applied to other chemistries as well; for example, compared to linear random
and block HSD, star-branched structures exhibited improved thickening efficiency and
shear stability.

1.2. How VII Molecules Behave?

A number of mechanisms have been proposed to explain how VII polymers improve
the viscosity of a solution at high temperature and enhance VI. The oldest and simplest
mechanism is coil expansion by Selby [32]. According to this mechanism, the size of
polymer molecules at higher temperatures (100 ◦C) is larger than at low temperatures
(40 ◦C) as shown in Figure 3 and therefore this phenomenon compensates for part of the
decrease in base oil viscosity due to increasing temperature and thus VI increases.
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Figure 3. Selby model for VI improvement in picture.

Although this is the simplest mechanism for explaining the behavior of VIIs, it is not
in fact the most common mechanism, and it will be further explained that several studies
suggest that this mechanism is consistent only with the behavior of PMA type polymers.
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however, it should be noted that all polymer molecules in the oil formulation expand due
to heating and contract due to cooling although, this phenomenon may occur only in a
certain temperature and concentration range, and in other conditions the molecule sizes
may be constant or even go a bit smaller.

For determination of polymer coil size in the solvent, there are some experimental and
theoretical techniques according to a review by Martini A. [11]. The experimental or direct
methods include dynamic light scattering (DLS) and small-angle neutron scattering (SANS)
and measurement of viscosity is a theoretical or indirect method. We have used the latter
in our work.

Then, coil size could be obtained indirectly from measurements of viscosity [4,6,33]
specifically, the viscosity of a solution is measured as a function of polymer concentration.
The intercept of a linear fit to this data is the intrinsic viscosity which can be used to
calculate molecule coil radius.

Flory’s pointed out that the radius of gyration (Rg) of polymer molecule depends on
the interactions between polymer chains and solvent molecules [34].

Molar volume defines the molecular weight of a component divided by its density
(MW/ρ) and is a rough estimation of the size of a molecule in solution. Ideally, a suitable
solvent for a polymer is only 50–200 cm3/mol. or no bigger than the molar volume of the
polymer’s monomer. This requirement occurs because oil and solvent must diffuse into the
polymer coil to dissolve it or expand with temperature. As concentrated VII like PIB or
PMA is added to oil, the molar volume of the oil increased and solvency is reduced [35–37].

Muller reported that the reduced viscosities (calculated from dividing specific viscosity
by polymer concentration) for OCP and HSD types at lower temperatures are not smaller
than the higher temperatures. It shows that these two types of polymers do not match to
the Selby model [6]. However, considering the powerful enough solvents, polymer coils
open and enlarge, the total volume fraction occupied by polymer molecules increases and
this results in increased viscosity. Therefore, the proposed VI improvement mechanism is
highly probable but, this theory is only approved if the temperature of the coil to globule
transition or the theta temperature for the polymer, matches the operating temperature
range of the related lubricant [38]. Furthermore, if the base oil used has a sufficient (not
necessarily very good) solvency for polymer in the working temperature range, it is quite
probable that the Rg constant as a measure of the polymer molecule size will not change
significantly with an increase in temperature (or even decrease) but VI still enhances
anyway. Results similar to Muller were reported by other researchers. Gao et al. studied
dilute solutions of OCP, HSD, and PMAs in API group II base oil, at temperatures between
10 and 150 ◦C, and based on intrinsic viscosity, data showed similar results for OCP and
HSD, but the molecular dimensions for PMA type increased with temperature [33]. Rubine
et al. investigated the behavior of five different OCP at −10 to 50 ◦C in aliphatic and
aromatic solvents (not base oils) [39]. Michael J. Covitch studied the change in polymer
coil size at different temperatures and concentrations by two methods: SANS and intrinsic
viscosities determination. He also showed that polymer coil expansion is not necessarily a
requirement for VI improvement [40].

Ramasami U.S. and Martini A. [41] studied the size change of PMA and OCP with
temperature in dodecane solvent by molecular dynamic(MD) method and concluded
that only the size of PMA increases with temperature and attributed this difference to
the presence of oxygen atoms in PMA. Recently MD simulations have also been used to
quantify the coil size of VII polymers by other researchers [41–44].

Such works have also proven that not all polymers expand with temperature and
a comparison between the coil sizes of PMA and OCP as functions of temperature was
obtained from direct and indirect measurements. In both cases, only the PMA expands
with temperature. The absence of coil expansion has been shown for OCP and other
hydrocarbon-based polymers [6,33,40,43].
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Another means by which VIIs may increase the viscosity of a solution is through
the interaction of multiple polymer chains, as illustrated schematically in Figure 4. This
mechanism can be referred to as association, aggregation, or entanglement.
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For example, two distinct peaks in the molecular weight distribution of HSD in
heptane measured by DLS indicated the presence of multi-molecule aggregates as well as
isolated ones [45].

Polymers, such as HSB, are believed to increase viscosity through association/aggregation,
or in other words micelle formation [11,44,46].

In addition, polymers may affect the viscosity of a solution through secondary mecha-
nisms, including their effect on adjacent solvent molecules.

Then VIIs have been extensively used to reduce the dependency of the lubricant’s
viscosity on temperature, to maintain an acceptable hydrodynamic lubrication in extreme
conditions. VIIs in engine lubricants has the role to bridge their tribological response
with their rheological behavior. Polymers of different chemistries, molecular weights,
and conformations have effect on film thickness measured in pure rolling and isothermal
conditions then have effect on the lubricants behavior in the elastohydrodynamic (EHD)
and very thin film (VTF) regimes [47].

In the last and comprehensive review of VII Additives, Martini A. [11] discusses the
chemical structure, the three main properties, including thickening effect, viscosity change
with temperature, and shear stability, as well as coil expansion of main VII additives and
methods of their studies. This article also reminds about behavioral difference of OCP and
PMA and finally points out that coil expansion is not the only reason to increase viscosity
or VI, but other reasons such as association, entanglement, and solvent-polymer interaction
can also increase the viscosity and VI. After that, no study on similar subjects is found.

Since we have used the indirect method i.e., viscosity measurement to determine
molecular size in our work, it is necessary to provide more explanation about this method.

A polymer’s contribution to the viscosity of a solution is quantified by intrinsic
viscosity ([η]). This parameter is related to molecular weight by the Mark-Houwink
equation [34,48], Equation (1) and related to hydrodynamic volume and molecular weight
by Einstein equation model, Equation (2) [40]. Then if we determine intrinsic viscosity, we
could estimate the size of polymer in solution.

[η] = K Ma

where the two parameters (K) and (a) are empirical and related to the stiffness of the chain
and depend on the type of polymer, solvent, and temperature [49,50].

Ve =
Mw[η]

2.5 N
(2)
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where Ve = hydrodynamic volume, Mw = weight-average molecular weight, N = Avogadro’s
number, and [η] = intrinsic viscosity.

The hydrodynamic volume represents the volume occupied by the polymer in the
solution. Based on these equations, the intrinsic viscosity is one of the parameters that are
suitable for showing the change in the size of polymer coils in the solution. Then, we need
to predict intrinsic viscosity. There are some models to predict intrinsic viscosity:

Commonly employed equations are Huggins, Kraemer, Martin, and Schulz-Blaschke;
Equations (3)–(6), respectively. In order to apply these relations, we should measure
viscosities of solutions with different concentrations for each specified triple (polymer-
solvent-temperature) [50–53].

The constants in the equations depend on the chemistry of the polymer and solvent
and have been reported for many VIIs.

ηsp/c = [η]h + Kh[η]
2
hc (3)

ln[η]r
c

= [η]k − Kh[η]
2
kc (4)

ln[η]sp

c
= ln[η]m + Km[η]mc (5)

ηsp/c = [η]sb + Ksb[ηsb]ηsp (6)

where: ηr = η/ηo = relative viscosity or viscosity ratio (ratio of viscosity of the solution, in a
determined concentration, to viscosity of the solvent); ηsp = specific viscosity (ηsp = ηr − 1);
[η]h = limc→0 = intrinsic viscosity or limiting viscosity number, respective to Huggins
equation; [η]k = limc→0ηinh = intrinsic viscosity, respective to Kraemer equation; [η]m =
limc→0ln ηred = intrinsic viscosity, respective to Martin equation; [η]sb = limc→0 ηred =
intrinsic viscosity or limiting viscosity number, respective to Schulz-Blaschke equation;
c = polymer concentration; Kh, Kk, Km, and Ksb = Huggins, Kraemer, Martin and Schulz-
Blaschke coefficients, respectively. For many polymer systems, Ksb = 0.28 has been found.

Some relations have been proposed for determining the intrinsic viscosity from a
single point viscosity measurement of a dilute solution. These methods have the advantage
of being more rapid and adequate when a large number of samples have to be analyzed
in short periods of time. Moreover, they have the advantage of being independent of a
constant value, in contrast to graphical extrapolation determinations.

Solomon and Ciuta derived their intrinsic viscosity relationship (Equation (7)) by
combining Equations (3) and (4).

[η] =
[
2
(
ηsp − lnηr

)]1/2/c (7)

Equation (8) was proposed by Deb and Chanterjee as an expression for single point
determination method of intrinsic viscosity.

[η] =

(
3lnηr +

3
2

η2
sp − 3ηsp

)1/3
/c (8)

One noteworthy method in above-mentioned models is Huggins’s equation then we
use this model in our work. The units of intrinsic viscosity and polymer concentration are
dL/g and g/dL respectively, and specific viscosity is dimension-less.

Lubricant is made from base oil(s) plus additives. Viscosity and VI are the most
important criteria for any lubrication purpose. Adjustment of these two parameters is done
by choosing the best types of base oils and their combination, and type of VII additive
and its amount in the formula. The goal of these choices is optimized quality and price.
Olefin copolymers (OCP), hydrogenated poly (styrene-diene), and stellar polyisoprene are
the three most widely used VII substances in lubricant formulations, respectively [4,44,46].
These three types account for more than 90% of VII consumption in the lubrication industry.
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1.3. Four Novelties in This Work Are as Follows

1. We have selected and compared olefin copolymers (OCP), two hydrogenated poly
(styrene-diene) and stellar polyisoprene as the four most common and dominant VIIs
in lubricants formulations.

2. We have selected the three most commonly used base oils, API Group I, II, and III.
But in the previous works only one type of base oil or one base oil plus a solvent has
been used.

3. Temperatures of 40 and 100 degrees Celsius are standard temperatures to determine
VI, which is the most useful parameter to describe the viscosity-temperature behavior
of lubricants. We have selected, measured, and compared viscosities and other
parameters related to them at the above two temperatures, but in the previous studies
various and different temperature ranges have been selected.

4. We have chosen a concentration range 0.2 to 1.0 g/dL that covers the most com-
mon practical concentration range in lubricant formulations, 0.8 to 1.0 wt., but some
previous works did not cover this actual range.

Therefore, studying and comparing the behavior of the most common types of VII
polymers, at two standard temperatures, in the most popular base oils, in the most actual
range of concentration, in a whole work can be very interesting and theoretically and
practically valuable.

2. Experimental

The base oils used in the study were API groups I, II, III of 150 neutral base stock with
13%, 5%, and 1% aromatics/polar species, respectively. N 150 I (Behran Oil Co., Tehran,
Iran), N 150 II (Formosa Petrochemical Corporation, Yunlin County, Taiwan), and N 150 III
(S-OIL Refinery, Ulsan, South Korea) are respectively from Iran, Taiwan, and South Korea.
The required properties of the base oils used are given in Table 1.

Table 1. The properties of the base oils.

Base Oil Density (g/mL)
Viscosity (cSt)

VI Aromatics/Polar (%)
40 ◦C 100 ◦C

N 150 I 0.8725 35.39 5.72 100 13
N 150 II 0.8671 32.16 5.48 106 5
N 150 III 0.8460 35.08 6.26 129 1

The OCP (Lubrizol Co., Wickliffe, Ohio 44092, USA), IP (Infineum Co., Linden, NJ
07036, USA), and SIPs (Infineum Co., Linden, NJ 07036, USA) were obtained in solid forms
from Lubrizol and Infineum companies in USA. These VIIs represent the major families of
polymers in lubricants that are used today. The Anton-Paar stabinger viscometer (Anton
Paar GmbH, Graz, Austria), SVM 3000 model made in Anton Paar Company in Austria was
used to measure the viscosities, VIs, and densities. Weight-average molecular weights (Mw)
and polydispersity indexes were both obtained by gel permeation chromatography (GPC)
instrument (Agilent, Santa Clara, CA 95051, USA) made by Agilent, USA. Key properties
of the polymers used in this work are shown in Table 2.

Table 2. The properties of the polymers.

Polymer Mw Polydispersity Polystyrene (%)

OCP 221,000 3.6 -
SIP 1 145,000 1.1 38.6
SIP 2 132,000 2.3 23

IP 201,000 2.6 -
SIP 1&2: di-block styrene-isoprene (SIP 2 has smaller polystyrene segment), IP: star isoprene.
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First of all, the 5% (w/w) concentrations of solid polymers OCP, IP, and SIPs were
dissolved in the base oils by chopping and heating them in the oils at 100–120 ◦C and
continuous mechanical stirring for about 5 to 8 h. Then, solutions with weight percentages
of 1, 0.8, 0.6, 0.4, 0.2 were prepared from the 5% concentrates by dilution with the same type
of base oil. The viscosities at 40 ◦C, 100 ◦C and VI of diluted solutions were determined two
times and the average results were considered. Then, reduced viscosities were calculated by
the Equations (9)–(11). The reduced viscosities were plotted against concentrations for each
triple of VII-base oil-temperature. From extrapolation of each curve to zero concentration,
the intrinsic viscosities can be achieved by the Huggins model.

ηrel = η/η0 (9)

ηsp = ηrel − 1 (10)

ηred = ηsp/c (11)

where: η = viscosity of solution, η0 = viscosity of solvent, ηrel = relative viscosity, ηsp = specific
viscosity, ηred = reduced viscosity and c = concentration.

3. Results and Discussion

The measured results for viscosities were applied to calculate reduced viscosities for
each triple of polymer-base oil-temperature. These results are given in Tables 3–5.

Table 3. The measured results for each polymer in N 150I.

VII Treat Rate (wt.%) KV40 (cSt) KV100 (cSt) VI ηred (100 ◦C) ηred (40 ◦C)

SIP 1

0.2 41.07 6.58 112 0.83 0.94
0.4 46.92 7.42 121 0.86 0.95
0.6 53.78 8.46 131 0.94 1.01
0.8 62.53 9.75 139 1.04 1.12
1 73.74 11.36 146 1.17 1.26

SIP 2

0.2 41.46 6.57 110 0.82 1.00
0.4 48.80 7.58 120 0.95 1.10
0.6 59.29 8.89 126 1.09 1.31
0.8 71.67 10.33 129 1.20 1.49
1 87.74 12.30 135 1.37 1.73

IP

0.2 41.99 6.69 113 0.95 1.09
0.4 48.81 7.66 123 0.99 1.11
0.6 57.90 8.88 130 1.09 1.24
0.8 66.77 10.12 136 1.14 1.29
1 77.99 11.60 141 1.23 1.41

OCP

0.2 42.08 6.72 114 0.98 1.10
0.4 49.87 7.73 121 1.03 1.19
0.6 57.57 8.77 128 1.05 1.22
0.8 66.34 9.92 133 1.09 1.28
1 77.18 11.25 137 1.15 1.39

The reduced viscosities were plotted against concentration. To summarize, only
the charts for the experiment at 100 ◦C are shown in Figures 5–8 and the charts for the
experiment at 40 ◦C are not presented here.
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Table 4. The measured results for each polymer in N 150II.

VII Treat Rate (wt.%) KV40 (cSt) KV100 (cSt) VI ηred (100 ◦C) ηred (40 ◦C)

SIP 1

0.2 36.59 6.11 113 0.75 0.81
0.4 41.38 6.81 121 0.77 0.84
0.6 47.34 7.79 131 0.88 0.92
0.8 54.21 8.87 140 0.97 1.04
1 64.07 10.25 147 1.09 1.17

SIP 2

0.2 36.79 6.09 111 0.73 0.85
0.4 43.65 6.98 118 0.87 1.05
0.6 51.88 8.10 126 1.00 1.20
0.8 63.38 9.53 132 1.16 1.43
1 77.14 11.20 135 1.30 1.64

IP

0.2 37.61 6.23 113 0.89 1.00
0.4 43.86 7.17 125 0.98 1.07
0.6 51.30 8.24 133 1.05 1.17
0.8 59.96 9.46 139 1.14 1.27
1 69.50 10.78 145 1.21 1.37

OCP

0.2 37.86 6.27 114 0.93 1.04
0.4 44.02 7.11 121 0.94 1.09
0.6 51.15 8.11 130 1.01 1.16
0.8 59.09 9.24 136 1.07 1.23
1 68.02 10.39 140 1.12 1.31

Table 5. The measured results for each polymer in N 150III.

VII Treat Rate (wt%) KV40 (cSt) KV100 (cSt) VI ηred (100 ◦C) ηred (40 ◦C)

SIP 1

0.2 38.30 6.79 136 0.53 0.55
0.4 41.89 7.36 142 0.55 0.58
0.6 45.52 7.97 148 0.57 0.60
0.8 50.56 8.78 153 0.63 0.67
1 56.43 9.73 159 0.70 0.73

SIP 2

0.2 39.73 6.99 138 0.71 0.80
0.4 45.44 7.91 146 0.79 0.89
0.6 52.65 9.03 153 0.88 1.01
0.8 61.46 10.41 159 1.00 1.13
1 72.57 12.07 164 1.12 1.29

IP

0.2 40.17 7.04 137 0.78 0.87
0.4 45.86 7.96 146 0.85 0.93
0.6 53.44 9.12 150 0.96 1.05
0.8 61.30 10.25 156 1.00 1.13
1 70.40 11.58 159 1.07 1.21

OCP

0.2 37.71 7.09 133 0.84 0.92
0.4 47.41 8.09 143 0.92 1.06
0.6 53.48 8.99 148 0.92 1.05
0.8 61.00 10.10 153 0.97 1.11
1 69.76 11.37 156 1.03 1.19
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Based on Huggins model, from extrapolation of the charts to zero limits of concentra-
tions, the intrinsic viscosities data have been determined and given in Tables 6–8.

Table 6. Intrinsic viscosity results, dL/g. Polymers dissolved in N 150 I.

Polymer 40 ◦C 100 ◦C Change% 40–100

SIP 1 0.81 0.71 −12.34
SIP 2 0.77 0.68 −11.68

IP 0.97 0.86 −11.34
OCP 1.04 0.94 −9.61

Change% 40–100 = (IntrinsicVis. at 100-Intrinsic Vis at 40)/Intrinsic Vis. At 40 × 100.
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Table 7. Intrinsic viscosity results, dL/g. Polymers dissolved in N 150 II.

Polymer 40 ◦C 100 ◦C Change% 40–100

SIP 1 0.68 0.63 −7.35
SIP 2 0.64 0.58 −9.37

IP 0.89 0.81 −8.98
OCP 0.96 0.86 −10.42

Table 8. Intrinsic viscosity results, dL/g. Polymers dissolved in N 150 III.

Polymer 40 ◦C 100 ◦C Change% 40−100

SIP 1 0.49 0.47–4.08
SIP 2 0.66 0.59 −10.61

IP 0.77 0.72 −6.49
OCP 0.89 0.80 −10.11
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According to the information in Tables 6–8, the primary finding of this study is that
the intrinsic viscosities for all used VIIs in all given base oils decrease with the increase
in temperature. This is in agreement with other works like Abdul Fattah and et al. [33],
Michael J. Covitch [40], and so on. The reason for the different behavior of polymers in
each solvent can be attributed to the molecular weight, the structure of the polymer, and
carbon type composition of the solvent. However, the percentage of polymer crystallinity
is also effective, but according to Ashish Sen [39], its effect at higher temperatures could
be ignored.

According to the previous studies (e.g., the above-mentioned studies) it could be
concluded that the data of Tables 6–8, which show the intrinsic viscosities of polymer-oil
solutions at 100 ◦C and 40 ◦C, and their changes, are quite reasonable.

Moreover, it was found that the intrinsic viscosities are positively correlated to polymer
molecular weights. In other words, in the given solvent and temperature, the higher the
molecular wt., the higher the intrinsic viscosity. However, there is an exception only in
group III base oil, in which the intrinsic viscosities for SIP 2 are slightly higher than SIP 1.
Although, the SIP 1 molecules are a slightly heavier. This is due to considerable difference
between solubility of these two polymers in API group III base oils. Both SIP 1 and 2
are di-block polystyrene-isoprene, but SIP 2 has a smaller polystyrenic segment (aromatic
segment). It enhances its solubility in API group III base oils that have very low (almost
zero) amounts of aromatic and naphthenic hydrocarbons.

The third important finding is that the rate of intrinsic viscosity change of used
polymers from API group I to API group III base oils follows a trend that is illustrated in
Figure 9. The reason for this could be attributed to changing the solubility of each polymer
by base oil types. SIP 1 has the highest solubility difference between API group I and API
group III. In the same vein, a similar trend with a lower slope for IP was observed, but OCP
showed the least difference. In other words, OCP solubilized more readily in all types of
the base oils.
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4. Conclusions

In the present study, the properties of four types of the most important viscosity
index improvers (VII), namely, olefin, styrene-isoprene, and isoprene copolymers, were
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investigated in API groups I, II, and III base oils at two temperatures of 40 ◦C and 100 ◦C.
According to the results and discussion sections, following conclusions are provided:

All of the above well-known polymers increase the VI of lubricants, while the molecu-
lar size of all of them decreases with increasing temperature. Then improvement of VI by
VII is not necessarily due to the expansion of the polymer molecule with temperature.

Generally, at a certain temperature, the size of polymer by going from API group I,
API group II to III base oils shows a considerable decrease. The reason is less solubility of
polymer in the base oil with lower amounts of aromatic and/or naphthenic hydrocarbons.

The size decreases from 40 to 100 ◦C for a given polymer in different base oils, de-
pending on the polymer solubility in the base oil. In fact, more solubility means higher
reduction and vice versa.

Author Contributions: S.A.K., M.A.P. and E.F. conceived and designed the experiments; S.A.K.,
M.A.P. and E.F. performed the experiments; S.A.K., M.A.P. and E.F. analyzed the data; S.A.K., M.A.P.
and E.F. contributed reagents/materials/analysis tools; S.A.K., M.A.P. and E.F. wrote the paper. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: All the steps of inspection, materials used and laboratory equipment have been
done at the refinery of Behran Oil Company.

References
1. Mang, T.; Dresel, W. Lubricants and Lubrication, 2nd ed.; Wiley-VCH: Weinheim, Germany, 2007; pp. 25–28.
2. ASTM D2270-10; Standard Practice for Calculating Viscosity Index from Kinematic Viscosity at 40 ◦C and 100 ◦C. ASTM

International: West Conshohocken, PA, USA, 2016.
3. Zakarian, J. The limitations of the viscosity index and proposals for other methods to rate viscosity–temperature behavior of

lubricating oils. SAE Int. J. Fuels Lubr. 2012, 5, 1123–1131. [CrossRef]
4. Stambaugh, R.L.; Kinker, B.G. Chemistry and Technology of Lubricants; Mortier, R.M., Fox, M.F., Orszulik, S.T., Eds.; Springer:

Dordrecht, The Netherlands, 2010; pp. 153–187.
5. Cusseau, P.; Bouscharain, N.; Martinie, L.; Philippon, D.; Vergne, P.; Briand, F. Rheological considerations on polymer-based

engine lubricants: Viscosity index improvers versus thickeners—generalized Newtonian models. Tribol. Trans. 2018, 61, 437–447.
[CrossRef]

6. Müller, H.G. Mechanism of action of viscosity index improvers. Tribol. Int. 1978, 11, 189–192. [CrossRef]
7. Andrade, E.D.C. The Viscosity of Liquids. Nature 1930, 125, 309–310. [CrossRef]
8. Eyring, H. Viscosity, Plasticity, and Diffusion as Examples of Absolute Reaction Rates. J. Chem. Phys. 1936, 4, 283–291. [CrossRef]
9. Angell, C.A. Formation of Glasses from Liquids and Biopolymers. Science 1995, 267, 1924–1935. [CrossRef]
10. Willett, E.; DeVore, A.; Vargo, D. Viscometric and Low Temperature Behavior of Lubricants with Blended VI Improvers. In

Proceedings of the 85th Annual NLGI Meeting, Coeur d’Alene, ID, USA, 9–12 June 2018.
11. Martini, A.; Ramasamy, U.S.; Len, M. Review of Viscosity Modifier Lubricant Additives. Tribol. Lett. 2018, 66, 58.
12. Cheng, G.; Graessley, W.W.; Melnichenko, Y.B. Polymer Dimensions in Good Solvents: Crossover from Semi dilute to Concentrated

Solutions. Phys. Rev. Lett. 2009, 102, 157801. [CrossRef]
13. Rubinstein, M.; Colby, R.H. Polymer Physics; Oxford University Press: Oxford, UK, 2003.
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