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DEVELOPMENT OF THE METHOD AND OPTIMIZATION
OF THE COMPOSITION AND MODES OF OBTAINING
THE BIODEGRADABLE GREASE WITH THE LITHIUM-CALCIUM THICKENER

It is noted that the development of biodegradable lubricants is an integral part of the development of
a modern “green” economy. The distinctive features of the proposed method are described for producing
a biodegradable grease on a mixed lithium-calcium thickener, providing for the introduction of alkaline
initial components of the dispersed phase (lithium hydroxide monohydrate and calcium hydroxide) into
the reaction mass not in the form of their aqueous solutions, but in a powdery state, and the exception of
prolonged exposure to water and high temperature on a component of a dispersion medium of plant origin
(rapeseed oil) in the process of lubricant synthesis. Along with this, it was proposed to use a highly refined
oil of group Il according to the API (American Petroleum Institute) standard as a mineral component of
the dispersion medium. This provides, in aggregate, the higher stability of the rheological and tribological
characteristics of the grease (for at least 12 months) at a given level of biodegradability. The experi-
mental-statistical mathematical model of the process of obtaining the biodegradable lithium-calcium
grease is developed, which makes it possible to determine the parameters of the component composition
(the content of the mixed lithium-calcium thickener in the grease and the content of lithium stearate in the
mixed thickener) and the synthesis modes (the heat treatment temperature of the reaction mass) to achieve
the given level of the main characteristics of the finished grease (penetration, dropping point) while
ensuring its biodegradability of at least 80 %.

Keywords: grease, dispersion medium, mixture of vegetable and mineral oils, dispersed phase, lithium-calcium
thickener, rheological and tribological properties, biodegradability
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Introduction. Creation and use of so-called to the need to protect the environment, since lubri-

“green” lubricants are currently receiving increasing  cants currently manufactured mostly on the basis of
attention, for at least two reasons. One of them is due  mineral oils, getting into the environment at the stages
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of manufacture, transportation, storage, use and dis-
posal, create biotoxicological threats to humans and
all living organisms. The second reason seems to be
related to the search for sources of cheap renewable
raw materials for lubricants as an alternative to gradu-
ally depleted oil reserves.

One of the promising solutions to both ofthese prob-
lems is the use of raw materials of plant origin [1-7].
It is known that vegetable oils consist mainly of tri-
glycerides of fatty acids. Their chemical properties are
mainly due to the unsaturated fatty acids contained in
them, since the latter are the most reactive (first of all,
this applies to their polyunsaturated representatives),
and their total content in oil is usually high. The struc-
tural features of triglycerides of fatty acids, of course,
have a significant impact on the tribological properties
of vegetable oils. Thus, the presence of polyunsatura-
ted acids in the composition of vegetable oils with two-
and three-fold double bonds in their molecular struc-
ture gives them the functions of natural surfactants,
which favorably affects the formation of boundary
layers with low shear resistance and increases the wear
resistance of solids [8—11]. However, it is necessary to
keep in mind such significant disadvantages of vege-
table oils as their easy oxidation susceptibility in air
and their tendency to polymerization over time, due,
in particular, to the presence of unsaturated bonds in
the structure of the triglyceride molecule. Therefore,
the use of lubricants containing a dispersion medium
completely in the form of vegetable oil (or a mixture
of vegetable oils) is advisable only in cases of a rela-
tively short period of their use (flow Iubrication, fre-
quent replacement of the lubricant), provided that they
are stored in sealed containers without air access.

In this regard, it seems more rational to create
greases based on a mixture of vegetable and mineral
oils with a choice of the ratio between their content,
based on the required level of tribological properties
and the desired transience of the grease biodegra-
dation process. This will ensure the preservation of
the structural state and consumer properties of the
lubricant for a certain period of time, taking into ac-
count the specifics of the lubrication of the friction
unit and the duration of storage and use of the grease.

Of all types of lubricants (liquid, plastic, solid,
gaseous), plastic ones are produced in the widest
range, firstly, due to their unique property — thixo-
tropic character (the ability to exhibit the properties of
either a solid or a liquid body, depending on the loa-
ding conditions), and secondly, due to the possibility
of varying their rheological and tribological properties
within a relatively wide range, using a large number
of dispersion media (DM), dispersed phases (DP) and
additives of different structure and nature [12—14].
At the same time, of course, each of the DM and
DP variants has its own advantages and disadvanta-
ges, so quite often to obtain the required set of pro-
perties of a grease, they resort to using a dispersion
medium in the form of a mixture of oils in various

combinations, and the dispersed phase in its composi-
tion can be either single (consisting of one substance)
or heterogeneous (consisting of several components of
the same or different physical and chemical nature) [15].
The use of heterogeneous DM makes it possible to
combine the technical and economic advantages of
each of the options separately, thereby expanding
the functionality and application areas of the grease
on a mixed thickener, as well as reducing its cost.
In particular, the use of a mixed lithium-calcium
thickener makes it possible to combine increased wa-
ter resistance, high load-bearing capacity of the lubri-
cating layer and a lower cost of the calcium compo-
nent with high temperature resistance and improved
lubricating properties of the lithium component.

The quality level of a biodegradable grease is
determined by a wide range of its rheological (pene-
tration, dropping point, colloidal and mechanical sta-
bility, etc.) and tribological (ultimate load, welding
load, load wear index, wear index, etc.) properties,
which, in turn, depend on its component composi-
tion and a number of parameters of the technologi-
cal process of synthesis of biodegradable greases.
At the same time, the level of properties of a grease
is largely determined by the structure of its dispersed
phase (the shape and size of the fibers, the degree
of branching, the amount of DP in the lubricant).
The biodegradability of a lubricant is determined by
the amount of biodegradable components contained
in it, in particular, of vegetable or animal origin.

The objective of this work is to develop a method
and optimize the composition and modes of obtaining
a biodegradable grease having a dispersion medium in
the form of a mixture of oils of vegetable and mineral
origin and a mixed lithium-calcium thickener.

Research method. To obtain experimental
samples of plastic lubricants, we used mineral oil of
group I according to the API standard of the 1-40A
(I-40A) brand [16] and high-purity oil of group III
according to the API standard of the HC-4 (NS-4)
brand (TU BY 300042199.037-2015) produced by
OJSC Naftan, rapeseed oil [ 17] produced by JSC “Raps”,
12-hydroxystearic acid (TU 38 101 721), calcium hyd-
roxide [18], monohydrate lithium hydroxide [19], de-
pressant additive K-110 (TU 0257-037-40065452-03),
adhesive additive Petrolad 484 BD (manufactured by
BRB company), multifunctional additive JI®-11 (DF-11)
(TU 0257-005-00044434-99).

The quality of the grease was evaluated by the pen-
etration index [20], dropping point [21], colloidal sta-
bility [22], mass fraction of mechanical impurities [23],
water content [24] and tribological characteristics
determined on a four ball machine according to [25].
The methods used in this paper for assessing the bio-
degradability of greases are based on studying the dy-
namics of fatty acid transformations and determining
the degree of their destruction within 28 days, similar
to the approach described in [26]. In this case, the fatty
acids were converted to their methyl esters, and
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the biodegradability was determined based on the
content of fatty acids in the samples of methyl esters,
established by gas-liquid chromatography (GLC ana-
lysis) using an Agilent 7820A GC gas chromatograph
(Agilent Technologies, USA).

In order to take into account the time factor
during storage, the rheological characteristics of the ex-
perimental biodegradable grease samples were tested on
the day after their manufacture, as well as after 6 and
12 months of storage. In order to tighten the environ-
mental impact during the storage period between the test
stages, the biodegradable grease samples were placed in
an open container under the influence of direct sunlight.

Analysis of methods for producing biodegra-
dable greases on mixed thickeners. In recent years,
a large number of biodegradable greases have been
developed using vegetable oils (or their mixtures with
mineral oils) on mixed thickeners, including lithi-
um-calcium salts. In particular, a lubricant composition
is known based on a mixture of mineral and vegetable
(rapeseed) oils, thickened with lithium 12-hydroxystea-
rate, and additionally containing polytetrafluoroethy-
lene, polysiloxane liquid, a suspension of stearate and
copper acetate in castor oil, as well as graphite modified
with caprolactam oligomers [27]. The disadvantages of
this biodegradable grease and the method of its prepara-
tion include the fact that during the manufacturing pro-
cess, the vegetable oil comes into contact with water.
As aresult, the vegetable fats contained in the vegetable
oil are hydrated to form fatty acids, which in turn react
with the excess alkali required for the finished lubricant.
As aresult, the lubricant hardens during storage and be-
comes acidic, which leads to an increase in its corrosion
activity when used in the friction unit.

In the work [28], an environmentally friendly
lubricant is proposed containing as a base oil a mix-
ture of mineral and vegetable oils thickened with
lithium-calcium salt of 12-hydroxystearic acid, while
sodium tetraborate, salphonated oil and glycerin are
proposed as additives that improve tribotechnical
properties. The negative aspects of this development
include the low colloidal and mechanical stability of
the greases, due to the heterogeneity of the structu-
ral framework of the thickener and its insufficient-
ly uniform distribution in the volume of the finished
lubricant. This feature is due to the fact that initially
the thickener is formed in a limited reaction volume
between the initial DP components (12-hydroxystearic
acid and an aqueous suspension of a mixture of alkalis)
without the participation of an oil dispersion medium.
This complicates the structure formation of the spatial
framework of the thickener, which is formed as an ex-
cessively thickened mass, which further causes its
difficult dispersion in the dispersion medium, non-uni-
form distribution over the volume of the grease, and, as
a result, a decrease in the rheological and tribological
parameters and functional characteristics of the pro-
duct. It should also be noted that the participation of
vegetable oils in the technological process of preparing
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greases at long stages of thermomechanical process-
ing of DP (thickener) to temperatures of 190-200 °C
leads to difficult to predict thermochemical destruction
of plant raw materials and the formation of harmful
side components in the system. This, in turn, cau-
ses additional undesirable reactions and instability of
the properties of the finished lubricant during storage.

Development of a method for producing a cal-
cium-lithium biodegradable grease. Obtaining a bio-
degradable plastic lubricant using raw materials of
plant origin, which would be characterized by high
colloidal and mechanical stability, permissible tensile
strength and minimal corrosion effect on friction units,
stable properties during storage, while minimizing the
influence of the composition of plant raw materials
on the technological process, was part of the tasks of
this work. The solution to this issue was found both
in the selection of a rational combination of the com-
ponents of the dispersion medium and the dispersed
phase, and in the search for the optimal structure of
the technological process and the level of its tempera-
ture and time parameters [29].

The first of these issues was solved by using
a highly refined mineral oil corresponding to the API
classification group III as one of the components of
the dispersion medium, and synthesizing a binary dis-
persed phase in the form of a mixture of lithium and
calcium salts of 12-hydroxytearic acid.

Hydrogenation and hydrocracking in the produc-
tion of group III base oils have a significant effect on
the chemical structures of the substance molecules
included in mineral oils. In this case, both the stabili-
zation of individual molecules due to the removal of
heteroatoms (sulfur, oxygen, nitrogen) and the trans-
formation of aromatic compounds into saturated naph-
thenic or paraffinic hydrocarbons due to their deep
hydrogenation occur. In addition to hydrogenation,
hydrocracking breaks down or cracks large mole-
cules into smaller ones. In this case, large molecules
with a more ordered and homogeneous structure can
be formed again from small fragments. Thus, the main
result of hydrocracking is the isomerization of paraf-
fins. In this case, along with the saturation of aromatic
compounds, the naphthenic rings are opened. All these
processes lead to the almost complete removal of car-
cinogenic and pathogenic substances from the base oil,
which can inhibit the growth of the number of microbes
that multiply in the process of biodegradation [14].

Base oils of group III are white oils, odorless, with
a low content of aromatic substances or do not contain
them at all. The paper [30] provides data on the com-
parison of individual properties of various base oils,
from which it follows that the API group III base oils
have the same average quality value with vegetable
oils or even slightly exceed some technical vegetable
oils. This fact makes the use of API group III base oils
in biodegradable lubricants promising.

The main objective criterion by which the material
is classified as biologically safe lubricants is the degree
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of biodegradability of at least 60 % [31]. However,
group III base oils have a slightly lower rate of biodeg-
radation relative to vegetable oils, which prevents them
from completely replacing vegetable oils in the pro-
duction of biodegradable greases, and it is necessary to
establish an optimal ratio in the dispersion medium of
the biodegradable plastic lubricant of vegetable oil and
group III oil according to the API classification.

In a mixed calcium-lithium thickener, each of
the salts of high-molecular-weight 12-hydroxystearic
acid performs its function: the calcium salt causes
a higher bearing capacity of the lubricating layer, and
the lithium salt contributes to an increase in the drop-
ping point, as a result of which the greases on a mixed
calcium-lithium thickener will be characterized by
increased load parameters at increased temperatures
without the use of special additives and fillers.

The solution of the second part of the issue con-
cerning the search for a rational structure of the techno-
logical process for obtaining greases based on vegetable
oil should be considered taking into account the che-
mical composition of vegetable oils and the influence
of contact with water and thermal effects on them. It is
known that greases should have a slightly alkaline reac-
tion. The mass fraction of free alkali in terms of NaOH,
as a rule, is 0.1-0.2 %, and the mass fraction of free
organic acids — no more than 1.5 mg KOH per 1 g of
lubricant. This is necessary to give the grease anti-cor-
rosion properties and increase storage resistance, since
during storage, some oxidation of the base oils occurs
with the formation of acidic products.

When using vegetable oils as a dispersion medium,
this indicator becomes the most relevant, which is
because of the diversity of the composition of vege-
table oils, due to the content of various isomers of
fatty acids, cyclic acids, and oxy-acids (both satura-
ted and unsaturated). During storage, fats in vegetable
oils often undergo profound changes, especially in
the presence of water, due to their complex chemical
composition and a significant number of unsaturated
compounds. Vegetable oils consist mainly of esters
of unsaturated fatty acids with one (oleic), two (lino-
leic) or three (linolenic) double bonds. Therefore,
they are very unstable in contact with water, easily
oxidized and get rancid. The cleavage (hydrolysis)
of the ether bonds occurs with the accumulation of
free fatty acids, which is expressed by an increase in
the acid number. Under the influence of high tempera-
tures, the processes of oxidation of vegetable oils are
sharply accelerated, which proceed through the addi-
tion of oxygen molecules in unsaturated substances of
vegetable oils through the double bond method with
the formation of cyclic peroxide and an increase in
the acid number of the oil. Due to this feature, it was
necessary to minimize the impact of water and tem-
perature on vegetable oils, which is especially impor-
tant in the production of lubricants.

In general, to solve the given task, a variant of
the construction of the technological process was

proposed, which excludes the long-term effect of
high temperatures and heat on vegetable oils. In this
method, a technical solution is applied that makes it
possible to almost completely eliminate the participa-
tion of water in the technological process of obtain-
ing plastic lubricant. As a rule, in the production of
greases, alkalis are introduced in the form of aque-
ous solutions. This is done in order to detach a water
molecule from the composition of lithium hydroxide
monohydrate or to convert calcium hydroxide into
an active reactive state. Also, the use of aqueous solu-
tions makes it possible to improve the uniformity of
the introduction of alkalis into the reaction volume,
since as they are introduced, the reaction mass sig-
nificantly thickens, and, consequently, the dispersion
processes deteriorate greatly, the contact of the reac-
tion components becomes more difficult, and the rate
of the neutralization reaction slows down. In the de-
veloped method, lithium hydroxide monohydrate
and calcium hydroxide are introduced into group III
base oil not in the form of aqueous solutions, but in
a powdered state after the introduction and melting
of 12-hydroxystearic acid in it. After that, the reac-
tion mass is heated to a temperature of 110-115 °C
with constant dispersion of the powdery components in
the hydrodynamic dispersant to a nanoscale level and
intensive mixing in the reactor in order to activate the
neutralization reaction. Such effect helps to detach the
water molecule in the lithium hydroxide monohydrate
and remove the sorbed water of calcium hydroxide.
The alkalis pass into the active state, which contributes
to an increase in their reactivity. At the same time, they
are distributed as evenly as possible over the volume of
the reaction mass, ensuring the stability of the neutral-
ization reaction throughout the entire volume of the re-
action medium. Heating to lower temperatures does not
guarantee the removal of water, and the use of higher
temperatures is energetically impractical. Along with
that, it should be noted that neutralization proceeds
with the release of reaction water and a temperature
level above 110-115 °C will cause its extremely rapid
boiling, which can lead to a significant expansion of
the reaction mass and its release from the reactor.

In this case, the chemical reactions accompany-
ing the formation of the dispersed phase take place
in the medium of group III oil, in which the thermo-
mechanical treatment of the residual mass takes place
with the achievement of a complete melt at a tempe-
rature of 190-200 °C (this oil is highly resistant to oxi-
dation at elevated temperatures), and the vegetable oil
is added only at the cooling stage. The proposed option
eliminates the long-term use of vegetable oils in
high-temperature technological operations and re-
duces the risk of degradation of their properties at
the stage of obtaining a grease.

The studies carried out during the development of
the component composition showed that when using
in a grease more than 35 wt.% of group III base oils, it
reduces its degree of biodegradation to less than 80 %,
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which is unacceptable for biodegradable lubricants.
The use of group III base oils in the composition of
the grease in an amount of less than 30 wt.% worsens
the dispersibility of the thickener in the volume of
the dispersion medium of the grease, which, in turn,
worsens its indicators such as colloidal stability and
penetration. And when using 25 wt.% of group III
base oils during the manufacture of the lubricant,
its colloidal stability deteriorates to 16.5 %, and the
penetration index exceeds 310-10! mm (the lubricant
passes to another penetration class — NLGI grade 1),
while greases for ball/roller bearings, sliding friction
units operating under moderate load and speed condi-
tions should have a penetration index in the range of
(265-295)-107 mm (NLGI grade 2).

The study of images of the nanostructured dis-
persed phase of plastic lubricant samples obtained by
scanning electron microscopy according to the me-
thod [32] showed that at the microlevel, the structure
of the dispersed phase of the plastic lubricant obtained
according to the proposed version of the composition
of the dispersion medium and the technology [29]
is characterized by a more uniform distribution of
thickener fibers over the volume of the material than
that of the plastic lubricant obtained according to
the technological scheme described in [28], using
a group I oil of M-40A (I-40A) grade according to
API standard as a mineral component of the disper-
sion medium (Figure 1).

The DP fibers of the lubricant obtained according
to the technology variant [29] have a large length (about
3-5 pum), and their diameter is 0.15-0.2 pm. They have
a more pronounced spiral morphology, which should
also contribute to the increased mechanical and colloi-
dal stability of the plastic lubricant. At the same time,
in the structure of the Iubricant obtained according to
the technological scheme [28], the remains of unreac-
ted poorly dispersed initial components of the dispersed
phase are visible, which indicates the incompleteness
of the DP formation process in this case.

To determine the ability to preserve the properties
of the obtained greases during storage, their parame-
ters were determined according to standardized me-
thods on the next day after manufacture and after 6 and
12 months of storage. During this period, the greases
were stored in an open container at a temperature of
20-25 °C, accessible to sunlight.

The test results are presented in Table 1.

As a result of the tests carried out, it was found
that the lubricant of the selected component composi-
tion, obtained according to the proposed technologi-
cal scheme with the introduction of the initial alkaline
components of the dispersed phase in the powdered
state into the group III oil, compares favorably with
the lubricant of similar component composition, ob-
tained according to the variant with the introduction
of lithium hydroxide monohydrate and calcium hyd-
roxide in the form of aqueous solutions and without
the use of components of the dispersion medium
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Figure 1 — Dispersed phase microstructure of biodegradable
greases, obtained by various technological schemes:
a — variant [28]; b — variant [29]

at the stage of thickener formation, as well as with
the use of group I mineral oil. In particular, the grease
obtained according to the variant [28] thickens rela-
tively quickly over time, and after 12 months of sto-
rage, its penetration level was 242-10" mm (NLGI
grade 3) at an initial value of 265-10 mm (NLGI
grade 2), and the ultimate shear strength at 20 °C
increased from 320 to 480 Pa. The proposed techno-
logical scheme provides an increase in rheological
characteristics (stabilization of the penetration index,
improvement of mechanical and colloidal stabili-
ty) due to the formation of a thickener with a more
ordered and branched structure, while providing
the required level of corrosion and antioxidant resis-
tance of the resulting grease while maintaining
the level of penetration and dropping point.

The results of four ball machine tests of biodegra-
dable grease samples manufactured according to
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Table 1 — Comparison of biodegradable grease parameters manufactured according to different technological schemes

Mass Mass fraction .
. ff Mechanical
Ultimate fraction Of otlree. stability (change .
Storage - . free alkali | organic acids | . . . Corrosion
Technology . Penetration, shear Dropping | . in penetration | Colloidal
- period, N S o~ intermsof | mg KOH o effect
variant mm-10! strength, | point, °C after stability, %
mo. Pa. at 20 °C NaOH, %, per 1 gof 10.000 impact on metals
& not more | lubricant, not e pacts,
10~ mm)
than more than
[28] 0 265 320 178 0.2 absent +145 10.5 withstands
[28] 6 255 395 179 0 absent +156 10.1 withstands
does not
[28] 12 242 480 179 0 0.1 +175 9.2 withstand
[29] 0 270 315 180 0.2 absent +60 10.8 withstands
[29] 6 270 318 180 0.2 absent +60 10.8 withstands
[29] 12 266 330 180 0.12 absent +65 10.4 withstands

the technology variant [29] at all test stages indicate
the stability of the tribological characteristics of this
lubricant (critical load P, = 1,198-1,235 N, welding
load P, = 1,960-1,985 N, wear index D = 0.46-0.51 mm,
load wear index LWI = 539-578 N).

The degree of biodegradability of rapeseed oil of
a plastic lubricant on a mixed lithium-calcium thicke-
ner was estimated by the average degree of degrada-
tion of acids with a carbon chain length of 16 and 18,
which predominate in rapeseed oil. The results of
the studies are presented in Table 2.

Under the test conditions, the degree of destruc-
tion of rapeseed oil was 85 %, and the degree of plas-
tic grease on a lithium-calcium thickener was 76 %.
When the degree of degradation of rapeseed oil is
100 %, the biodegradability of the plastic lubricant on
a lithium-calcium thickener is 89 %.

Development of an experimental and statistical
model of the process of obtaining biodegradable
greases. As a rule, the development of the formulation
of lubricants and technological modes of their produc-
tion is a time-consuming task, the solution of which
requires significant material and time costs. One of
the possible ways to reduce the cost of developing
new products with the provision of the specified cha-
racteristics of its quality in the most productive way
at the lowest cost is to solve optimization problems
using experimental research planning methods.

From practical experience, it follows that the in-
dicators that sufficiently fully characterize the proper-
ties of the dispersed phase and the grease as a whole
can be the penetration and dropping point, the le-
vel of values of which, first of all, is affected by the
amount of the dispersed phase and its composition,
and from the technological modes — the heat treat-
ment temperature of the reaction mass, which most

significantly affects the nature of the processes of
structure formation of the grease. Therefore, in rela-
tion to the task solution of optimizing the composi-
tion and production modes of biodegradable greases
on a mixed lithium-calcium thickener, the penetration
P (10"", mm) — Y, and the dropping point T, (°C) —
Y, were chosen as optimization criteria, and three fac-
tors were used as optimization parameters: the content
of the mixed lithium-calcium thickener in the plas-
tic lubricant C, (wt.%) — x,; the content of lithium
stearate LioSt in the mixed thickener C| (wt.%) — x,;
the heat treatment temperature of the reaction mass
during the grease preparation T, (°C) — x,. To ensure
the grease biodegradability at the level of 75-80 %,
the dispersion medium of the grease was a mixture
of vegetable (rapeseed oil, [17]) and mineral (highly
refined oil of group III according to API standard of
HC-4 (NS-4) grade, TU BY 300042199.037-2015)
oils in a ratio of 80:20. The methods of mathematical
planning of the experiment were used to make a rea-
sonable choice of the component composition and
technological modes of obtaining a plastic lubricant, as
well as to reduce the duration and volume of tests [33].

The mathematical model of the response equation
from independent variables taking into account the ef-
fects of their interactions and the experimental error was
presented in the form of a second degree polynomial:

y=b+ Y bx,+ ¥ bxx + Y bx’

a0 B4
1<i<k 1<i<i<k 1<i<k

(M

where y is the optimization criterion; K is quantity of
factors; i, [ are the numbers of factors, i £ [; x;, x, are
the variable factors (optimization parameters); by, b;,
b, b;, are the regression coefficients describing the di-
rection and degree of influence of each of the factors
on the optimization criterion.

Table 2 — Degree of degradation of the predominant fatty acids and the biodegradability of the test samples

Degree of degradation of fatty acids, % Degree of destruction under Sample
Test sample — — - - - - . .. N . N
Palmitic | Palmitoleic | Stearic | Oleic | Linoleic | experimental conditions, % | biodegradability, %
Rapeseed oil 71 92 — 83 93 85 100
Lithium-calcium
biodegradable grease 20 o ol i % 76 89
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To obtain a process model in the form of a second
degree polynomial, a second order non-compositional
plan is implemented. The use of non-compositional
plans, which provide only three levels of variation of fac-
tors (+1, 0,—1), simplifies and reduces the cost of the ex-
periment. Non-compositional plans are characterized by
the presence of a large number of zeros in the rows of the
planning matrix, as a result of which the calculation of
the model coefficients is significantly simplified.

Based on a priori information, the levels and inter-
vals of variation of the factors were selected (Table 3).

In accordance with the experimental conditions
(Table 4), the synthesis of biodegradable greases was
carried out on a mixed lithium-calcium thickener with
an assessment of the penetration values P (according
to [20]) and the dropping point T, (according to [21]).
These parameters most fully reflect the completeness
of the processes of structural formation of the col-
loidal system (dispersed phase) of the grease, which
significantly determines the grease quality indicators.
The values of Y, and Y, are obtained as averages
based on three measurements.

The second order non-compositional plan matrix
for the three factors is presented in Table 4.

According to the data of experiments conducted
according to the planning matrix, a model is obtained
that characterizes the dependence of Y, on the studied
process factors and is a second degree polynomial:

Y=b,+bx +bx, +bx,+b,xx, + 2

2 2 2
+ b3 X, X5 + by X, X, + by X; + by Xy +byx;.

Table 3 — Levels and intervals of variation of factors

The coefficients of the model were calculated
using the formulas given in [33]:

by =23y b =13
== SO =2 XY
0 3u:1y0u i 8/:1 _,y‘/
11s
bﬂ = Z ]Z::lxi/xzjy‘,-;

115 1 315 13
b..:— x% L, —— x% L —— .
ii 4]_2:1 Uy.l 161';/'2:1 yy/ 6112:1)}0“
After the calculations, the following values of
the coefficients of the regression equation are ob-
tained (rounded to two decimal places):

b, =286; b, = 11.63; b, = 8.88; b, = 1.75;
b,=7;b,=-3.75;b,, =-7.75;
b, =—11; b,,=—12; by, = 8.75.

The variance s*{Y,} of the optimization parame-
ter was determined by the results of experiments in
the center of the plan (see Table 4, experiments 5,
10, 15). To calculate the variance s2{Y,}, an auxiliary
table is compiled (Table 5).

The variances characterizing the errors in deter-
mining the coefficients of the regression equation
were calculated using the formulas given in [33] for
the number of factors k = 3. The following values of
the variances were obtained:

sz{bo}zész{YP}zm.OO; sz{bi}zész{YP}=7.l25;

s {bl.,} =

1 13
Zs2{YP}=14.25o; sz{bii}zgsz{YP}: 15.438.

Factor levels
Factors (parameters) Code designation | Variation intervals main upper lower
0 +1 -1
Thickener content C,, wt.% X, 2.0 12.0 14.0 10.0
LioSt content in thickener C,, wt.% X, 10.0 70.0 80.0 60.0
Heat treatment temperature T,,, °C X5 15.0 165 180 150
Table 4 — Planning matrix and experiment results
Experiment Yy, Ya
number R e B B T B Bl Yz %2 | penetration P, 10" mm | dropping point T, u"C

1 + |+ ]+ |0 + 0 0 + + 0 300 199

2 + - 10 0 0 + + 0 260 192

3 + |1 -1+10 — 0 0 + + 0 252 184

4 + |1 -1-10 + 0 0 + + 0 240 195

5 + 1000 0 0 0 0 0 0 279 202

6 + |+ 0|+ 0 + 0 + 0 + 295 200

7 + |+ |0 0 - 0 + 0 + 285 194

8 + 1 -0+ 0 — 0 + 0 + 290 186

9 + 1 -10| - 0 + 0 + 0 + 265 189

10 + (0] 00 0 0 0 0 0 0 285 205

11 + 10|+ |+ 0 0 + 0 + + 290 197

12 + 10|+ | - 0 0 — 0 + + 285 189

13 + 10| - | + 0 0 — 0 + + 265 198

14 + (0| - | - 0 0 + 0 + + 291 183

15 + 1000 0 0 0 0 0 0 294 209
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To check the significance of the model coefficients,
let us find their confidence intervals. The confidence in-
terval Ab, of the coefficient b, is found by the expression:

Ab, =+t,5{b,} = +8.892,

where t; is the tabular value of the Student’s t-test;
with the number of degrees of freedom f equal to 30
and a 5 % significance level t; =2.04.

f=(m-1)-N=3-1)-15=30,

where N is the number of experiments in the planning
matrix; N is the number of parallel experiments.

Similarly, we determine the confidence intervals
of the coefficients b, b,, b;:

Ab,=+1,5{b,} =+5.445;
Ab,=+1,s{b,} =£7.701;
Ab,=41,s{b,} =£8.015.

The coefficient is significant if its absolute value
is greater than the confidence interval. The coeffi-
cients b,, b,,, b,, are smaller than the confidence in-
terval, so it can be considered statistically insignifi-
cant and excluded from the regression equation. Then
the regression equation (2) gets the form:

Y, =286+ 11.63x, + 8.88x, + 7.75x,x; — 3
C11x2— 1202 + 8.75x2. 3)

The adequacy of the obtained model is checked
by the Fischer’s F-test. To calculate the variance of s,
adequacy, we find the sum of the s squared deviations
of the calculated values of Y, from the experimental
Y, at all points of the plan (Table 6). The calculated
values of Y, are determined by the expression (3),
sg = 114 (see Table 5).

Let us find the variance:

) Sp—S; 897.75 114
Sad= =
N-k'—(n,—1) 15-7-(3-1)

where N is the total number of experiments; K’ is
the number of coefficients of the approximating
polynomial (the number of significant factors); n, is
the number of experiments in the center of the plan.
Variance s°{Y,} = 57 (see Table 5), therefore,
the calculated value of the F-test is:
2

N
F,=—3 =999,
TSty

The table value of the F-test at a 5 % significance
level and the number of degrees of freedom for the larger

Table 5 — Auxiliary table for calculating s*{Y}

=130.625,

variance m, = N — k' — n, + 1 = 6, the smaller variance
m,=n,—1=2,F;=19.37. Since F, < F,, the resulting
model (3) is adequate at a 5 % significance level.

The equation analysis (3) shows that within
the established intervals of factor variation, an in-
crease in factor x, has a greater effect on the increase
in the penetration index P than in factors x, and x,, but
due to the presence of quadratic terms in equation (3),
this dependence is nonlinear, which is most strongly
manifested through factor x,.

For the convenience of interpreting the results ob-
tained and using the equation (3) for practical calcu-
lations, it is necessary to switch from the encoded va-
lues (x,, x,, x;) of the factors to the natural values (C,,
C., T\). To do this, we used the following formulas:

:CZ_CZO.

x:CL_CLO; X Tht_ThtO
AC,

Ne AT,

ht

X

where C,,, C,,, T, are the natural values of the factors
at the main levels; AC,, AC, AT,, are the values of
the variation intervals.
Thus, according to Table 3,
_C,-12 _C, =70 T, -165
‘ 2 77 10 77 15
Taking into account the transition to the natural
values of the factors, the regression equation (3) will
take the form:
Y, (P)=386+65-C,+04-C -
-0.0067 - C,  T,,—1.94-T,,—025-C2— (4)
—0.01 - C2+0.0045 - T2.

Similarly, the regression equation for the drop-
ping point Y,(7,) is obtained:

¥,=20533+3.88 - x,+325 5+ (5
+4.50 x, - x,—6.17 - x?—6.67 - x2—6.92 - x2.

The resulting model is adequate at a 5 % signifi-
cance level, since
2

s
F,=—2_=204<F,=19.37.
TS '
After switching from the encoded values (x;, x,, x;)
of the factors to the natural values (C,, C_ T,
the equation (5) will take the form:

YAT,)=833+3-C,+09-C_+
+0.05-C,- C +147-T,,—025-C2— (6)
~0.01 - C2—0.0045 - T, 2.

Experiment number A T T2
in the center of the plan Yi Yy YimY (Y, =Yy
5 279.00 —7.00 49.00
10 285.00 286.00 —1.00 1.00
15 294.00 8.00 64.00
2 Sg 114.00 _ —
s {Y,}_nof_l_ 1 =57.00 s, =2, —Y,)" =114.00
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Table 6 — Auxiliary table for calculating s,

Experiment number Y, \?1 Y, — YAl Y, - \?1)2
1 300.00 290.50 9.50 90.25
2 260.00 258.75 1.25 1.56
3 252.00 253.25 -1.25 1.56
4 240.00 249.50 -9.50 90.25
5 279.00 286.00 —7.00 49.00
6 295.00 291.63 3.38 11.39
7 285.00 299.13 -14.13 199.52
8 290.00 275.88 14.13 199.52
9 265.00 268.38 -3.38 11.39
10 285.00 286.00 -1.00 1.00
11 290.00 299.38 -9.38 87.89
12 285.00 283.88 1.13 1.27
13 265.00 266.13 -1.13 1.27
14 291.00 281.63 9.38 87.89
15 294.00 286.00 8.00 64.00

sp=2( - Y])z = 897.75

The analysis of the equation (6) shows that within
the established intervals of factor variation, an in-
crease in factor x, also has a greater effect on the in-
crease in the dropping point T, than factors x, and x,,
but due to the presence of quadratic terms in the equa-
tion (6), this dependence is nonlinear, which is most
strongly manifested through factor x,.

The regression equations (4) and (6) can be used
to select the formulation and technological modes for
the production of greases that provide optimal values
of penetration and dropping points, depending on
the factors under study (C,, C\, T,,). Figures 2—7 show
the graphical dependences of the penetration and
dropping point on the studied factors obtained using
the equations (4) and (6). When constructing the res-
ponse surface (SigmaPlot 12 program), the variation
of two factors was chosen with a fixed third factor.

Figures 2—7 show that the main influencing factor
on the penetration value is the content of the thicke-
ner C,, then the content of lithium stearate LioSt in

Figure 2 — Dependence of the penetration P on the content
of the mixed thickener C, and the content of lithium stearate LioSt
in the thickener C_with the heat treatment temperature
of the reaction mass T,, = 165 °C
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the thickener C, and the heat treatment temperature
T, The highest penetration values (at the level of
P = (285-290)-10"! mm) are provided when the content
of the mixed thickener in the grease C, = 12.5-13.5 wt.%,
the content of lithium stearate LioSt in it in the
amount of C;= 70-80 wt.% and at the heat treatment
temperature T,, = 165-180 °C, and the highest values
for the dropping point at the level of the values
T4, = 200-206 °C are obtained in the case of the content
of the mixed thickener in the range C, = 12.5-14 wt.%
in the presence of lithium stearate LioSt in the amount
of C, = 72-80 wt.% and under the condition of heat
treatment of the reaction mass in the temperature
range T,, = 165-175 °C.

If it is necessary to obtain a biodegradable lithi-
um-calcium lubricant with penetration and dropping
point values that meet the requirements stipulated in the
technical specifications of TU BY 190410065.021-2020
“Biodegradable plastic lubricant “OIMOL CL BIO”
(penetration (265-295)-10" mm, dropping point not

iy

EXS=S¥Ny

Figure 3 — Dependence of the penetration P on the content
of the mixed thickener C, and the heat treatment temperature
of the reaction mass T, with the content of lithium stearate LioSt
in the thickener C, =70 wt.%
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Figure 4 — Dependence of the penetration P on the content
of lithium stearate LioSt in the mixed thickener C_and the heat
treatment temperature of the reaction mass T,, with the content

of the mixed thickener C, = 12 wt.%
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Figure S — Dependence of the dropping point 7,, on the content
of the mixed thickener C, and the content of lithium stearate LioSt
in the thickener C_with the heat treatment temperature
of the reaction mass T,, = 165 °C

less than 200 °C), the parameters of the formulation
and technological modes laid down in the experimen-
tal and statistical model should be within the limits:
the content of the mixed thickener C, = 11-12 wt.%;
lithium stearate LioSt in it C, = 70-74 wt.%,
the heat treatment temperature of the reaction mass
T, =165-170 °C.

Table 7 shows the values of the parameters of
the technically optimal version of the synthesis pro-
cess of biodegradable grease on a mixed lithium-cal-
cium thickener, which corresponded to the conditions
for obtaining the lubricant when checking the ade-
quacy of the developed mathematical model.

The rheological properties (penetration and drop-
ping point) of a biodegradable plastic lubricant based
on a mixed lithium-calcium thickener obtained by che-
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Figure 6 — Dependence of the dropping point 7, on the content
of the mixed thickener C, and the heat treatment temperature
of the reaction mass T, with the content of lithium stearate LioSt
in the thickener C_ =70 wt.%

. 54
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Figure 7 — Dependence of the dropping point 7,, on the content
of lithium stearate LioSt in the thickener C, and the heat treatment
temperature of the reaction mass T,, with the content of the mixed
thickener C, =12 wt.%

cking the adequacy of the experimental and statistical
mathematical model developed are shown in Table 8.

The analysis of the data given in Table 8 indi-
cates the adequacy of the developed experimental
and statistical mathematical model of the process of
obtaining biodegradable grease on a mixed lithium-
calcium thickener.

Thus, based on the results of computational and
experimental modeling, it can be concluded that in
order to obtain a biodegradable plastic lubricant on
a lithium-calcium thickener with the values of pene-
tration and dropping point of the plastic lubricant that
meet the requirements of the technical specifications of
TU BY 190410065.021-2020 “Biodegradable plastic
lubricant “OIMOL CL BIO”, the component composi-

Table 7 — Parameters of the technically optimal variant of the synthesis process of biodegradable grease on the mixed

lithium-calcium thickener

Values of process parameters
Parameter name
calculated actual
Content of mixed thickener in lubricant C,, wt.% 11.0+0.5 11.0
Content of lithium stearate LioSt in mixed thickener C,, wt.% 72+2 72.0
Reaction mass heat treatment temperature T, °C 167.5+£2.5 168-170
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Table 8 — Rheological properties of biodegradable grease based on the mixed lithium-calcium thickener

Value of indicators

Quality indicator )
required level

calculated values actual values

Penetration P, 10~ mm 265-295

275-290 282-287

Dropping point 7, °C

not more than 200

200-205 200-203

tion and technological modes of the process of obtaining
the lubricant must correspond to the following ranges:
the content of the mixed thickener in the lubricant C, is
11.040.5 wt.%; the content of lithium stearate LioSt in
the mixed thickener C, is 7242 wt.%; the temperature of
heat treatment of the reaction mass T, is 167.5+2.5 °C.

Conclusion. Thus, it can be concluded that
the selected component composition of the dispersion
medium (a mixture of rapeseed oil and highly refined
oil of group III according to the API standard of the
HC-4 (NS-4) brand in the ratio of 4:1) and the pro-
posed version of the technological scheme for the syn-
thesis of plastic grease on a mixed lithium-calcium
thickener with the introduction of the initial alkaline
components of the dispersed phase in a powdery state,
brought to a nanoscale level, made it possible to ob-
tain a lubricant characterized by a high level of col-
loidal and mechanical stability and other rheological
and tribological characteristics, with a good degree of
preservation of properties during the storage of the lu-
bricant (at least up to 1 year) and with the required
level of its biodegradability (at least 80 %).

Using a computational and experimental mathe-
matical model, it was established that to obtain a biode-
gradable plastic lubricant based on a lithium-calcium
thickener that meets the requirements of the technical
specifications of TU BY 190410065.021-2020 “Bio-
degradable plastic lubricant “OIMOL CL BIO”, with
penetration values in the range of (265-295)-10~! mm
and a dropping point of not less than 200 °C, the con-
tent of the mixed thickener in the lubricant should be
11.0£0.5 wt.% with the amount of lithium stearate
LioSt in it 72+2 wt.%, and the heat treatment tem-
perature of the reaction mass should be at the level of
167.5£2.5 °C.

The developed general technical grease OIMOL CL
BIO is an environmentally friendly lubricant designed
for the lubrication of low- and medium-load friction
units of various machines and mechanisms operating in
the temperature range from —30 to +120 °C in conditions
where there are increased requirements for environmen-
tal protection and there is a possibility of lubricants en-
tering the soil or water bodies (forestry, agriculture and
utilities, railway and water transport, etc.).
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OTPABOTKA CINMOCOBA 1 ONTUMU3ALNA COCTABA
U PEXXMMOB NOJTYYEHUS BUOPA3JIATAEMOW MNJIACTUMHOW CMA3KU
C JINTUN-KANbLUUEBBIM 3ATYCTUTEJIEM

Ommeueno, umo paspabomka OUOPA3IALAEMbIX CMA30YHBIX MAMEPUANO8 ABTIACNIC HEOMbeMIeMOoll Yd-
CMbIO PA36UMUSL COBPEMEHHOU «3€1EeHOUY» IKOHOMUKY. ONucanvl omauyumenbvHvle 0COOEHHOCMU NPedio-
JHCEHHO20 CnOCObA NONYUeHUs DUOPAZIALAEMO20 NAACMUYHOZ0 CMA304YHO20 MAMEPUANA HA CMEULAHHOM
TUMUL-KATbYUEBOM 3a2ycimumene, npedycMampusaonje20 66e0eHUe 6 PeaKyuoHHYI0 MACCY WeT0YHbIX
UCXOOHBIX KOMNOHEHMO8 OUCNEPCHOU (Pazbl (MOHOSUOPAMA 2UOPOKCUOA TUMUSL U SUOPOKCUOA KATbYUs)
He 8 Guoe UX BOOHBIX PACMBOPO8, d 6 NOPOUIKOOOPAZHOM COCMOAHUU U UCKTIOYEHUE OTUMETbHO20 803~
Oeticmausi 600bl U 8bICOKUX MEMNEPAMYP HA KOMROHEHM OUCHEPCUOHHOU CPedbl PACMUMETbHO20 NPOUC-
X0dHcOeHUs (pancosoe Macno) 6 npoyecce cunmesa cmasku. Hapaoy ¢ smum npeonosceno ucnonvsosams
8 Kauecmee MUHEPAIbHOZ0 KOMHOHEHMA OUCHEPCUOHHOU cpedbl 8blcoKoouuujenHoe macio 111 epynno
no cmanoapmy API (American Petroleum Institute), umo 6 cogoxynnocmu ooyciasiueaem 6oiee blCOKYHO
CMAadUNLHOCTb PEONOSUHECKUX U MPUOOTO2UHECKUX XAPAKMEPUCTIUK CMA30YHO20 Mamepuana (8 meye-
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Hue He menee 12 mecayes) npu 3a0aHHOM yposHe buopasznacaemocmu. Paspabomana sxcnepumenmainn-
HO-CMAamucmuyecKas MamemMamuyeckas Mooelb npoyecca NoayueHus Ouopaziazaemol RAaCmudHou au-
MUL-KATbYUEBOT CMA3KU, NO3BONAIOUASL ONPEOEIAMb RAPAMEMPbL KOMAOHEHMHO20 COCMABA (COOepIHCcaHUEe
CMEWAHHO20 TUMUL-KATbYUEB020 3A2YCIMUMENS 8 CMA3Ke U COOEPICAHIUe CTNeapama IUmus 8 CMEuLaHHOM
3azycmumene) u pexcumos cuHmesa (memnepamypy mepmooopadomxu peakyuoHHoU Maccvl) 0as 00Cmu-
JHCEHUSL 3A0AHHO20 YPOBHSA OCHOBHBIX XAPAKMEPUCMUK 20MOB0U NIACMUYHOU CMA3KU (NEeHempayus, mem-
nepamypa Kanienaoenus) npu obecneuenuu ee ouopaziazaemocmu He Hudxce 80 %.

Knrouesvie cnoesa: nnacmuunviii cmazounwii mamepuai, ()ucnepcuOHHa}l cpeda, cmecsb pacmumeilbHo2co
U MuHepaibHoco Mmacel, ducnepCHaﬂ qba3a, Jmmud—l(a/lbt;ueebzﬁ zazycmumeilb, peojocudecKue
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