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Abstract. The possibility of obtaining eco-safety surfac-
tants and high-temperature dispersed phase of thixotropic
plastic systems based on waste food oils were demon-
strated. The structure of the synthesized fatty acid alka-
nolamides was confirmed by IR and 'HNMR spectros-
copy. The upper temperature limit (above 463 K) for the
use of synthesized fatty acids alkanolamides and complex
calcium grease was determined by thermogravimetric
analysis. The introduction of fatty acid alkanolamides to the
high-temperature composition of grease improves its tri-
bological, anti-oxidant and environmental characteristics.
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1. Introduction

Modern technical progress has led to a constant in-
crease in the number and variety of machines and mecha-
nisms, which inevitably leads to an increase in consump-
tion and an expansion of the range of lubricating materials
and surfactants for their effective operation and mainte-
nance. At the same time, these are mainly petrochemical
products with low biodegradability, which are one of the
sources of deterioration of the ecological state of the natu-
ral environment. The world lubricating materials market
in 2017 was estimated at around 35.7 Mt." Lubricating
materials are characterized by a certain service life, after
which they need to be replaced. During the operation of
lubricating materials there are inevitable losses. Only
about 50 %> of the total amount of fresh lubricating ma-
terials are collected, therefore, a large amount of used
lubricating materials are accumulated every year.

Therefore, the solution to this ecological problem is
the expansion of the use of environmentally safe lubricat-
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ing materials. Biodegradable lubricating materials and
surfactants are especially necessary to be used in indus-
tries where there is a probability of their getting into the
environment, in particular, in water, agricultural and for-
estry machinery, technological systems for oil and gas
production.* The vast majority of these eco-friendly prod-
ucts are made on the basis of oils and fats raw materials,
in particular vegetable oils, animal fats, etc.

Although oilseed crops are renewable raw materi-
als, the production of bioproducts from vegetable oils on
an industrial scale is irrational. This is due to the high cost
of raw materials, deforestation, need for large areas of
arable land and direct competition with food crops for
land use. These problems prompt the need to find alterna-
tive resources that would not cause controversy regarding
food security.

Currently, the cost of waste food oil (WFO) is
2-3 times less than fresh vegetable oil,”” therefore it is
considered as a promising source for oleochemical prod-
ucts production. WFOs are geographically generated eve-
rywhere, mainly in households, hotel and catering sector,
and their current global production is estimated at 20—
32 % of the total vegetable oils consumption (41-67 Mt/y).®
WFOs are considered dangerous waste for the environ-
ment.” As the world’s population grows, so the volume of
these by-products will increase.

Oxidation, hydrolysis, isomerization and polymeri-
zation of vegetable oils occur during frying. WFOs are
mainly composed of triglycerides, monoglycerides, di-
glycerides, and free fatty acids (5-20 wt. %). Therefore,
WFOs can be considered as raw materials for the produc-
tion of environmentally friendly lubricating materials and
surfactants. However, the vast majority of researches are
focused on the use of WFOs for the production of bio-
diesel.'™"

This paper proposes chemical modifications of
WFO to produce environmentally friendly surfactants and
high-temperature grease thickeners.
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2. Experimental

2.1. Materials and Reagents

WFO consists of 16 % phospholipids, 78 % tri-, di-
and monoacylglycerides, 4 % free fatty acid, with 1%
residual moister content, and 1 % ester non-soluble sub-
stances. Fat and acid composition of the WFO was deter-
mined chromatically in combination with chemical func-
tional analysis of acid and ester numbers made up, % by
weight: palmitic Cig9—2.4, stearic Cigo—2.9, oleic
Clg;l — 238, linoleic Clg;z — 540, linolenic C18;3 — 135,
others — 3.4. Kinematic viscosity at 298 K — 114 mmz/s,
acid value — 3.2 mg KOH/g, iodine number — 81 g
1,/100 g, saponification value — 205 mg KOH/g.

IR spectra were recorded on the IR spectrometer
Shimadzu IR Affinity-1Sn with ATR-console Speacac GS
10801-B. 'H NMR-spectra were recorded in dimethylsul-
foxide (DMSO-ds) with internal standard tetramethylsi-
lane on a Bruker AVANCE DRX-500. Colloid-chemical
studies were performed by well-known methods, in par-
ticular the surface tension of surfactant solutions at the
interface with air, the method of separation of the plate
(Wilhelmi method). Differential thermal analysis (DTA),
differential thermogravimetry (DTG), and thermal gra-
vimetry (TG) were performed employing derivatograph
Q-1500D in a temperature range of 293—1273 K and heat-
ing rate of 10 K-min™".

2.2. Synthesis of Biobased Surfactants

The synthesis of biobased surface-active agent
(bioSAA) was conducted employing base-catalyzed ami-
dation of WFO by amines of different basicity. The syn-
theses were conducted by reactions of known (mol)
amounts of WFO and alkanolamines under the action of
calcium hydroxide catalyst (1:3:0.4). The reaction systems
were heated under constant agitation at 353-373 K for
0.5 h and at 393-398 K for 1.5 h. Reaction progress was
monitored by a potentiometric titration of amines, and by
IR analyses of the reaction media during the course of the
processes. After syntheses, the unreacted amines were
removed at elevated temperature (333-353 K) under re-
duced pressure (5—10 mbar) in the nitrogen flow. Calcium
hydroxide forms complexes with phosphatides; therefore,
any recovery of the catalyst or further purification wasn’t
considered.

Surface active fatty acids alkanolamides (FAAA)
produced from WFO are lubricant-like substances of
brown color with a melting point of 325-336 K with im-
proved solubility in organic non-polar solvents.
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2.3. Sample Preparation
of Biobased High-Temperature Greases

The components of the dispersed phase of the envi-
ronmentally safe high-temperature lubricant are selected
from the Lubricant Substance Classification list (LuSC
list)," such as calcium fatty acid soaps and calcium ace-
tate as complexing agent.

Possible dispersion media are biodegradable and
non-toxic base oils, such as vegetable oils, synthetic
ethers, polyalphaolefins, and glycols.'® The vegetable oil
cannot be used for high-temperature greases due to their
low resistance to oxidation. Readily biodegradable polyal-
phaolefins are characterized by low viscosity, which also
makes it impossible to use them for the production of
high-temperature greases.'® Dioctyl sebacate with a vis-
cosity of 3.8 mm®/s at 373 K, a pour point of 208 K and an
open cup flash point of 488 K was used as base oil.

The upper limit of the high-temperature greases use
is more than 423 K, which often leads to the intensifica-
tion of oxidizing transformations of the dispersion me-
dium and, as a result, the quality of the grease deteriorates
and the service life of the friction unit decreases. The
experience of operating greases in conditions of high tem-
peratures indicates the need to use effective antioxidant
additives in their composition, in addition to a stable dis-
persion medium. Oxidation of hydrocarbons occurs by a
radical mechanism; its termination depends on the pres-
ence of agents capable of terminating chain reactions.
This role can be played by amide nitrogen, which is capa-
ble of donating a proton and an unshared pair of electrons,
thus becoming a radical one with much lower mobility
and activity, thereby inhibiting similar processes. Synthe-
sized bioSAA fatty acids alkanolamides of WFO were
used as an antioxidant in the composition of high-
temperature grease.

The produced samples of eco-friendly complex
calcium greases had NLGI (National Lubricating Grease
Institute) grade 2 consistency. The NLGI greases classifi-
cation system is based on their consistency, which is de-
termined by the magnitude of «worked» penetration (with
stirring by 60 double cycles). NLGI grade 2 is the most
widespread among industrially manufactured greases and
the value of their worked penetration is in the range of
265 t0 295 mm-10™",

The mass fraction of the dispersed phase was 18 %
at a molar ratio of WFO and acetic acid equal to 1:6. The
complex soap was synthesized in 70 % of the total amount
of dioctyl sebacate by saponification of WFO fatty acids
and neutralization of the complexing acid with an aqueous
solution of calcium hydroxide at the temperatures of 368—
373 K. Then dehydration to 413-433 K was carried out
followed by heat treatment at 498—503 K for 15 minutes.
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After that, the remaining dioctyl sebacate was added; the
grease was cooled to room temperature and homogenized
using a laboratory three-roll mill. A sample of base com-
plex calcium (CaX) grease was obtained, the dispersed
phase of which was formed by calcium soaps of WFO
fatty acids and calcium acetate. To test the antioxidant
properties of FAAA of WFO, a sample of CaX grease was
prepared according to the above technology with the
following difference, namely: 2 wt.% of bioSAA was
introduced at the cooling stage at the temperatures of
353-343 K.

2.4. Testing Methods

The volumetric and mechanical characteristics of
the synthesized greases were evaluated by penetration,
dropping point and effective viscosity. Penetration was
determined according to ISO 2137, which is expressed by
the depth of immersion in a mixed 60 double stroke
grease of a cone weighing 150 g for 5 s at a temperature
of 298 K. This indicator characterizes the consistency of
the grease, which is the basis for the NLGI classification.
The dropping point was set according to ISO 2176, it is
the maximum temperature at which a drop of grease falls
from the cup of the Ubbelohde thermometer, which was
heated at a rate of 1.0-1.5 K per minute. Since greases are
multicomponent systems that consist of components with
different melting points, this method conditionally charac-
terizes the melting point of greases. The dropping point
characterizes the upper temperature limit for the greases
use. At the dropping point of the grease of up to 423 K,
the maximum working temperature is 25 K lower, at the
dropping point from 423 to 478 K, working temperature is
40 K lower, and at the dropping point above 478 K, the
working temperature will be 70 K lower."” The effective
viscosity of greases was determined using an automatic
capillary viscometer AKV-2 at a temperature of 243 K
and strain-rates of 10s™."® This indicator determines the
resistance of greases at negative temperatures when they
are pumped to friction nodes, starting bearings. The effec-
tive viscosity at the lower temperature limit of the grease
use should not exceed 2000 Pa-s per 10s™.

The stability of the greases samples was character-
ized by a colloidal stability, resistance to oxidation and
water resistance. Colloidal stability was determined by the
amount of oil, which was pressed out of the grease on the
KSA apparatus for a load of 1000+£10 g.'® Resistance to
oxidation of greases was analyzed by the change in acid
number after treatment at 423 K for 10 hours on a copper
plate.'® Water resistance was determined according to
ASTM D 1264 — the ability of the grease to remain in the
bearing under the influence of a water jet heated to 352 K
for 1 h and expressed as the amount of washed off grease
in percentage.
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Anti-corrosion properties of greases were evaluated
according to ASTM D 4048. The essence of the method
consists in keeping a copper strip in the samples of
greases for 24 hours at a temperature of 373 K and visual
comparison of the strip color change with corrosion stan-
dards.

Tribological characteristics of greases were deter-
mined on a four-ball friction machine at a constant tem-
perature, with a rotation frequency of 14501500 min™ for
10 s and a stepwise increase in the load according to the
critical load (Pc) and welding loading (Pw) indicators
according to ISO 20623.

Environmental characteristics were assessed by the
indicator biodegradation according to CECL 33-A-93.
The essence of the method is to compare IR spectra of
greases, aged in a mineralized aqueous solution with an
inoculant for 21 days in aerobic conditions, and to com-
pare the degree of biodegradation relative to control mate-
rial RL 130 (diisotridecyl adipate).

3. Results and Discussion

Phospholipids are some of the best known natural
self-assembly surfactants. They are distributed in nature
and are the main structural components of the lipid matrix
of biological membranes. Research has accumulated ex-
tensive material on their structural organization in synthe-
sis environments. These are monomolecular layers, bimo-
lecular films, vesicles, liquid crystals, organogels, emul-
sions, and microemulsions. The main factors of self-
assembly surfactants are the presence of two parts of dif-
ferent polarity: the non-polar component is represented by
hydrocarbon chains and polar components are the rem-
nants of glycerol, acid of phosphoric, choline or colamine.

The minimum surface tension of bioSAA and
waste food oils is respectively 35-36 and 42—43 mN/m at
T=303 K. As the temperature increases, the surface
tension of bioSAA decreases to 33—34 mN/m at T=333 K,
because the solubility of the phases increases, thermal
motion increases, the intermolecular distance increases
and the forces of attraction of phosphatide molecules
decrease.

The results of '"H NMR analysis are consistent with
the IR spectroscopy data. The formation of bioSAA was
proven by 'H NMR spectrum (Fig. 1).

"H NMR (500 MHz, CDCly/TMS, ppm): 6.01 (wide
band, N-H), 5.33 (m, HC=CH), 4.21(q, CH-N), 3.81 (t,
CH,-0), 3.72-3.43 (q, CH-N), 2.76 (t, =CHCH,CH=),
2.20 (t, -CH,CH,C=0), 2.04 (m, =CHCH,-), 1.62 (m,
—CH,CH,C=0), 1.51-126 (m, —-CH,CH,CH,~ and
—CH,CH3), 6 = 0.88 (m, CH,CH3).

The IR analysis identified the formation of bioSAA
as well (Fig. 2).
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Fig. 1. NMR 'H spectrum of alkanolamides
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Fig. 2. Infrared spectra: 1 — waste food oils, 2 — alkanolamides
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In IR spectra of the products, new characterlstlc
bands at 3300 cm ' (N-H stretching vibrations), 1640 cm’'
(C=0 amide stretching vibrations), and 1560 cm' (N-H
amide bending vibrations) appeared after reactions of WFO
and alkanolamides. At the same time, the characteristic
vibrations of ester bonds at 1745 cm ' (C=O ester stretching
vibrations) disappeared after syntheses, additionally
providing evidence in favour of the generation of blOFAA
Changes have also been noted at 3400 3200 cm ' (O-H
stretching vibrations) and 1050 cm ' (P-O stretching vib-
rations of POOH), they are likely associated w1th the
interaction of phosphatides and calcium hydroxide."

DTA and DTG analyses revealed the thermal stabil-
ity of bioSAA obtained from waste food oils (Fig. 3a, 3b).

DTA curve fixed three exothermic transitions at 339,
464 and 502 K, which are accompanied by the loss of
weight of bioSAA. Specifically, the weight loss started at
377K that can be considered a dehydration process, for
example, through the removal of water from the surface-
active amide groups. The dehydration is accounted for 7 %
of the total weight losses. Further mass losses occurred at
492, 639, and 693 K (93 % of total weight losses) and are
likely attributed to the thermal decomposition of the prod-
uct in several steps, which mechanisms are not yet clear.
From these results, it is deemed that synthesized amides can
be exploited in technical processes at the temperatures up to
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463 K; such high temperatures are an upper reasonable
borderline in the surfactant applications. A lubricating ma-
terial is considered to be a high-temperature one if at least
one of the requirements is met: its dropping point is above
503 K or the temperature limit of application is 423 K and
more.’ Thus, according to the results of derivatographic
analysis, the synthesized bioSAA is suitable for use in high-
temperature lubricating compositions.

Fig. 4 shows the derivatographic analysis of the
sample of base CaX grease. On the DTA curve (Fig. 4a),
starting from a temperature of 615 K, several exothermic
effects are observed, which characterize the thermo-
oxidative destruction of the dispersion medium and the
dispersed phase. Upon reaching a temperature of 1228 K,
any energy effects disappear due to the complete thermal
decomposition of the sample. On the TG curves (Fig. 4b),
the initial horizontal section up to 539 K indicates the high
stability of the lubricating composition to thermal trans-
formations. When the temperature rises to 573 K, the
sharp weight loss of the grease is observed due to the
intensive chemical decomposition and evaporation of its
synthetic dispersion medium. The weight loss of the
grease sample was 97.7 %. The obtained results make it
possible to determine the upper temperature limit of using
the synthesized grease at the level of 523 K.
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Table. Physicochemical properties of developed complex calcium greases based on waste food oils

Name of indicator, unit of measure Values of indicators
’ Base CaX grease CaX grease with bioSAA

Penetration after 60 double strokes at 298 K, mm-10" 283 279
Dropping point, K > 523 > 523
Effective viscosity at 243 K and strain-rates 10 s, Pa-s 1039 1039
Colloidal stability, % of extracted oil 3.7 3.6
Resistance to oxidation: increase in acid number (423 K, 10 hours), mg
KOH/g 7.5 1.8
Water washout at temperature 352 K, % 2.5 2.6
Copper strip corrosion la la
Tribological characteristics on four ball machine at (293+5) K:
— critical load (Pc), N 1039 1039
—welding loading (Pw), N 2764 3087
Biodegradation, % 91 94

The results of laboratory and bench tests of devel-
oped CaX greases based on waste food oils are presented
in Table.

As shown in Table, synthesized CaX greases are
characterized by a high dropping point (above 523 K), the
lack of corrosion activity and water-wash resistance. The
calcium glycerolphosphatides present in these greases
improve anti-wear properties by the critical load (Pc) and
anti-seizure characteristics by the welding load (Pw) com-
pared to basic commercial CaX greases based on the dis-
persed phase, which form calcium soaps of stearic and
acetic acids.”'

However, the presence of double bonds in unsatu-
rated higher fatty acids in the structural frame worsens the
thermo-oxidative stability of the base CaX grease. The use
of synthesized bioSAA made it possible to increase the
resistance of the thixotropic system to oxidative transfor-
mations. A long-term test under the conditions of thermo-
oxidizing factors (high temperature, copper catalyst and
oxygen atmosphere) led to the inhibition of acid number
growth. That is, FAAA interrupted the chain reaction at an
early stage of peroxide radical generation.

The use of dioctyl sebacate as a dispersion medium
of lubricating compositions made it possible to expand the
temperature limits of their operation. Samples of greases
do not solidify at 243 K, which is confirmed by the low
effective viscosity at this temperature.

An environmentally safe lubricating composition
was obtained due to the selected components, the indicator
of its biodegradability is above 90 %. A product with a
degradation value of more than 60 %, determined by CEC
L-33 or OECD 301 methods, is considered biodegradable.”

4. Conclusions

SAA and components of dispersed phases of lubri-
cating compositions were synthesized based on waste
food oils. Tests of these SAA prove that they are capable

of operating at temperatures up to 463 K and are effective
multifunctional additives. The obtained complex calcium
greases are characterized by the high colloidal stability. In
addition, these thixotropic systems do not cause corrosion
of non-ferrous metals and are able to operate in contact
with water. Due to the use of bioSAAt in the lubricating
composition, resistance to oxidation increases. Derivatives
of phosphoric acid in the composition of waste food oils
form a strong structural framework of lubricants, which is
characterized by an increased melting point — above
523 K and tribological properties with a welding loading
above 2450 N, which in turn determines the capability of
operating in highload friction points. Due to the use of a
synthetic dispersion medium in the composition of lubri-
cating compositions, the temperature limits of application
are extended from below 243 K to 523 K, and the bio
splitting ability is more than 90 %.

In addition, synthesized SAA combine with almost
all mineral and synthetic oils and based on them composi-
tions of lubricating materials™ were developed.
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EKOBE3NEYHI MACTUJIA HA OCHOBI
BIAITPAIIbOBAHUX XAPYOBHUX OJIIU

Anomauia. Ilpooemoncmposano MoHcusicms 00epIHCaAHH s
HA OCHOBI 6I0X00i68 — GIONPAULOBAHUX XAPHUOBUX OJII EKOJLO2IYHO
Oe3neuHUX NOBEPXHeBO-AKMUBHUX PEYOBUH [ BUCOKOMEMNEPamyp-
HOI OucnepcHoi hazu muxcomponuux niacmuynux cucmem. 14- ma
'H SAMP-cnexmpomempicio niomeepoaiceno 6y006y CUHME308aHUX
AIKAHONAMIOI HCupHUX Kuciom. Memooom mepmo2pasimempuyro-
20 AHANI3Y BUSHAYEHO, WO BEPXHS MEeMNEPAmypHa Mexicd 3acmocy-
BAHHA CUHME308AHUX ANKAHOLAMIOIE HCUPHUX KUCIOM [ KOMNIEKC-
HO20 Kanbyicso2o macmuna nepesuuye 463 K. Bemanoeneno, ujo
66e0eHHsl 00 CKIAOY BUCOKOMEMNEPAMYPHO20 MACMUILA AIKAHO/A-
MIOI8 JIHCUPHUX KUCTOM NONINUWYE U020 3MAWYBATbHI, AHMUOKUCHIO-
8ANIbHI Ul €KONIO2IUHT XAPAKIMEPUCTIUKLL.

Kniouoei cnoea: sionpayvosana xapuosea omlis, aiKaHoia-
MIOU HCUPHUX KUCTION, BUCOKOMEMNEPATYPHE MACMUILO.



