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Abstract: Mineral base oil, a product of multistep fine refining of the relevant fractions from
vacuum distillation of crude oil, is a main component of so-called mineral lubricating oils containing
aliphatic and alicyclic substituted aromatic hydrocarbons, i.e., derivatives of benzene and biphenyl.
Mineral lubricating oil is composed mostly of mineral base o0il and a low amount of enriching
additives, most often products of advanced organic chemical technology. The application of mineral
lubricating oils in open cutting systems has a very negative impact on environment and on the
operator’s health. This work presents a simple, cheap and fast methodology allows identification of
the group-type composition of base oil in lubricating oil and to estimate the content or total absence
of base oil of mineral and vegetable origin in lubricating oil. The first step of the test is an in-situ
screening for fluorescence of petroleum fraction under the 365 nm light. The next is the performance
of infrared spectra with Fourier transformation (FT-MIR) to identify and estimate the content of
vegetable oil and its derivatives and the performance of UV-Vis spectra to identify and determine
the content of aromatic hydrocarbons, as well as dyes present in the lubricating oil. The last stage is
normal phase thin layer chromatography (NP-TLC) using different visualization methods to evaluate
the group-type composition of lubricating oil. Effectivity of the developed procedure has been
confirmed during control of group-type composition evaluation of lubricating oils in cutting systems.
The procedure can be also applied with respect to different oil matrices.

Keywords: chainsaw lubricating oils; new field and laboratory group-type composition estimation
test procedure; group-type composition; mineral oil; base oil

1. Introduction

Lubricating oils are specialized and complex mixtures of base oil (>90%) and a package of
enriching additives [1,2]. The quality, type and mutual proportions of the components determine the
class of the produced oil. Base oils can be classified as oils derived from petroleum (i.e., mineral base
oils), synthetic, semi-synthetic (base oil in part “mineral” and in part “synthetic”) and natural origin
oils (mainly vegetable oils or animal fats) [1].

Mineral base oil is a product of refining of relevant fractions from vacuum distillation of crude
oil. Lubricating oils are composed of base oil and certain refining additives. Mineral lubricating oil
is a lubricating oil composed of mineral base oil and additives, often in a few percent. Enriching
additives are most often products of advanced organic chemical technology. It is worth emphasizing
that lubricating oil composition is a trade secret, both in terms of base oil and enriching additives in
final product.
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The main function of lubricating oil is to reduce friction and frictional heat and to prevent
wear on working components, corrosive links, creation of seals and to keep surfaces clean from
contamination [2—4]. Lubricating oil are emitted into the environment in the form of oil mist and
micro-drops in open cutting systems [5,6]. The range of the pollution effect depends on the size of the
drops, the height of the saw and the wind.

As reported, the use of mineral based lubricating oils in open cutting systems has a negative
impact on health and the environment [7-9]. This is mainly due to low biodegradability of oils of
petroleum origin. Mineral oil clogs the soil pores, which reduces soil permeability, aeration and water
infiltration as a result of an oxygen deficit [10,11]. The oil migrates through soil to the surrounding
water reservoirs, where it interferes the oxygen gas exchange between water and the atmosphere [12].
It also reduces the access of light to the depth of the tank, an oxygen deficit occurs at the bottom [13,14].
Changes in the aquatic ecosystem often lead to changes in the functioning of aquatic organisms, disturb
the development of aquatic plants and cause eutrophication [8,10,14].

Mineral lubricating oils used in open cutting systems are a threat to operators of this type of
equipment. People exposed to long-term contact with oil mist report symptoms such as eye and upper
respiratory tract irritation, headache and fatigue [15,16]. A high level of cancer incidence, including
most often skin cancer may occur [13,17].

Unfortunately, most of the ingredients derived from mineral based lubricating oils undergo
extremely slow biodegradation. Furthermore, structural changes due to chemical reactions under
the influence of sunlight, oxygen presence, as well as reactions with water and soil components
may occur [18,19]. Secondary chemical compounds may be more ecotoxic and harmful to health
than primary chemical forms [13,16,20]. Petroleum based oils may undergo transformation due to
the influence of light and water. Substituted phenols, biphenols, naphthols and other much more
environmentally harmful chemical compounds may be formed.

Lubricating oils used in open cutting systems are applied in forestry or during road and gardening
works [4]. In Polish forests, about 40,000 chainsaws were applied for forestry work during 2015 [21]
and the average age of tractor used in forestry is 23 years. Over 20 million cubic meters of wood
were harvested in 2009 in Poland, and this amount increased up to 40.5 million cubic meters in 2019.
Annually, almost 4 billion cubic meters of wood are treated worldwide.

To obtain one cubic meter of wood, a chainsaw uses 50 mL, while a harvester uses only 20 mL
of lubricating oil for the same amount of harvested wood [22]. Annually, about 112 million liters of
lubricating oils are used to process the wood. The amount of lubricating oil emitted to the environment
is believed to increase annually [22,23]. The vast majority, i.e., over 60% of used lubricating oils,
is produced on the basis of mineral oils. As a consequence, even over 70 million liters of mineral
oils may be emitted into the environment [14]. Lubricants are emitted to the environment during
breakdowns and leaks, natural consequences of exploitation of hydraulic systems of mentioned
machines [21].

In Poland due to the decision of the General Director of State Forests [24] the emission of the
oils is to be prevented using sorbents and sorption mats to absorb spilled fuel or oil and other
technological fluids used in machines, tractors, chainsaws and other devices. Woodcutters are allowed
to use safe canister dispensers preventing pouring of oil and fuel mixture during refueling of the
saw. The issues related to the oil mist remain unregulated. As current regulations allow the use of
lubricating oils containing up to 50% components of petroleum origin, the consumer who decides to
buy and use them unknowingly exposes himself to health damage and contributes to environmental
contamination [7,25-27]. Lubricating oils produced exclusively on a natural basis are more expensive
and less durable, therefore they are not a choice of the first raw among the consumers [7].

In the European Union, biodegradability of lubricating oils is tested using OECD 301 B
procedures [28]. The regulation includes methodologies for assessing biodegradability by subjecting
the test oil to specific microorganisms for 28 days [29,30]. Samples achieving a degradation ratio of 60%
are considered as safe for environment. However, the procedure may not be adequate for lubricating
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oils, as the remaining 40% of the sample may undergo biodegradation for up to several hundred
years [26,31]. The microbiological methodology of OECD 301 B with soil bacteria, which consists of
the volume of CO; released for 28 days determination in relation to the theoretical amount of CO, that
should be formed from the tested material, is inadequate. The method should inform that even with a
50% petroleum base oil content in this type of lubricating oil, the tested oil meets the requirements of
the microbiological OECD 301 B test.

The group-type composition of lubricating oils is an important element in assessing their quality
and environmental impact [32,33]. Commonly, the composition of conventional lubricating oils
produced from the processing of crude oils can be determined using Fourier transformation infrared
spectrometry (FT-MIR) [34-38], proton nuclear magnetic resonance spectroscopy (\HNMR) [39] carbon
isotope 13C nuclear magnetic resonance spectroscopy ('>*CNMR), mass spectrometry (MS), as well
as visible and ultraviolet spectrophotometry (UV-Vis) [40-42]. However, mainly chromatographic
techniques [1,32,37,43-48] i.e., gas chromatography (GC) [49-52], high performance liquid column
chromatography (HPLC) combined with different detection techniques [46,50,53-55], and thin layer
liquid chromatography, with a stationary phase applied to quartz rods and a flame ionization detector
(TLC-FID) [50,56-60] are applied to separate, identify and determine the group-type composition of
conventional lubricating oils produced from the processing of crude oil. Methods for group-type
composition determination are standardized [61-65].

Until 2000 many papers regarding a critical look at methods for determining the group-type
composition of petroleum products, including lubricating oils can be found. Later, only articles
mentioning the use of specific method for a particular application were prepared and developed.
The determination of the group-type composition of modern lubricating oils becomes problematic,
as they contain ingredients derived not only from the processing of crude oil, but also more often
ingredients of natural origin—vegetable base oils and/or animal fats—and it is planned that in the future
modern lubricant oils will contain only highly biodegradable fractions of natural origin. This situation
hinders the matrices analysis, however due to legal regulations, forcing natural origin additives, most
methods and standards are devoted exclusively to mineral lubricating oils [66,67].

The aim of this research is to develop a procedure for technical control of lubricating oils, including
a preliminary in-situ screening test and further laboratory tests, which would confirm whether
environmental contamination may occur.

2. Materials and Methods

2.1. Sample Preparation

The authors applied samples of lubricant oil of every known type. The sample list includes
standards and real samples and is presented in Table 1.

2.2. Drop Test Development

The drop test is based on the phenomenon of fluorescence. The tested oil sample is illuminated
with a mercury lamp emitting light with a wavelength A = 365 nm. The tested material (20 pL) is
introduced into a cylindrical hollow on a black, matte plate (90 x 50 X 10 mm) with eight holes
(each hole 10 mm in diameter and 7 mm deep). The plate is placed in a blind photographic chamber.
The ultraviolet light with an excitation wavelength A = 365 nm is emitted onto the plate by LED
lamp (Manufacturer: MR Chemie, Unna, Germany). The illuminated sample plate is photographed
(camera Xiaomi Mi A2 Lite, resolution 4240 x 2824 pix, matrix: 12 MpXx, Beijing, China) and evaluated.
The performance of the test is presented in Figure 1 (Figure 1).

The test allows to identify the petroleum oil fraction in the tested material. If the test sample
contains unsubstituted, aliphatic, alicyclic or monocyclic aromatic hydrocarbons, then the sample
emits blue fluorescence. In the presence of polycyclic hydrocarbons blue color light is emitted.
The occurrence of fluorescence indicates the presence of a petroleum fraction, most likely monocyclic



Energies 2020, 13, 3772 4 0f 19

structures (benzene, its aliphatic and alicyclic derivatives). Blue fluorescence reveals, when the oil
contains refined petroleum base oil, low volatile alkylates or petroleum oil (e.g., turbine oil). If the
tested material does not emit fluorescence during the test, it is found that the oil is based on vegetable or
synthetic origin (polyalphaolefin type or polyester type). The drop test does not determine the content
of hydrocracked or isomerized oil produced on a petroleum basis. These types of oil bases consist
of very stable, usually synthetic compounds, chemical polymers and are similar to polyisoethylene,
polyisopropylene or synthetic polyesters and their various mixtures. These types of polymers have
lower molecular weights. In this case, there is no absorption of UV light at the excitation wavelength A
= 360 nm and no fluorescence phenomenon [68]. If fluorescence at 365 nm of a different color occurs,
other oil components, i.e., phenol derivatives may be present in the sample [69-71].

Table 1. List of oil samples applied in analyses.

No. Sample Purity Producer Country of Orgin
1 Anhydrous glycerin Analytical purity POCH Poland
Propylene glycol Analytical purity Chempur Poland
3. Edible, rapeseed oil - Szamotuty Poland
4. Fatty aciz:lFsAnl\f}’g?yl esters Technical purity Rafinery in Gdarnsk Poland
Lubricant oil for cutting Commercially .
5. systems based on vegetable - Gliwice, Poland

oil with enriching additives available

Oil base—synthetic

6. polyalphaolefin oil (PAO 6) Technical purity Rafinery in Gdarisk Poland
- Engine oil based on . Commercially Paris. F
' synthetic polyalphaolefin oil available aris, france
8. Mineral base oil SAE 10/95 Technical purity Rafinery in Gdarisk Poland
9. Mineral base oil SAE 30/95 Technical purity Rafinery in Gdarnsk Poland
Lubricating oil for cutting Commerciall
10. system based on vegetable - . y Malbork, Poland
. : available
and mineral oils
11. Machine, mineral oil - Commeraally Ptock, Poland
available

UV lamp

Blind photographic Hole
chamber for plate for camera
lens

Plate sample
for samples fhiole

Single & [ >

STAGE1 STAGE2
Sample application Obtaining and interpretation of results

Figure 1. A schematic diagram of drop test performance.
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2.3. Adaptation of UV-Vis Spectroscopy for Lubricating Oil Composition Determination

UV-Vis spectra were performed for 2.5 mL of analyte solutions with a concentration of 0.25 mg of
sample (oil) per 1 mL of n-hexane (purity for LC, Merck, Darmstadt, Germany). The absorption of
n-hexane can be observed at 205 nm. To perform UV-Vis spectra, the HP DAD Spectrophotometer
8452A (Agilent, CA, USA) was used with the Chemstation UV-Vis (B.02.01 software, Agilent) and a
quartz cuvette with an optical path length of 1 cm. A spectrum of pure n-hexane (purity for LC, Merck,
Darmstadt, Germany) as the background was taken and samples spectra were taken sequentially in
triplicates for each sample to maintain consistent and reproducible results. The test was performed at
a scanning speed of 400 nm/min, in the measuring range of absorbance from 0 to 1.6 as well as in the
wavelength range from 200 to 800 nm. The test was performed at 20 + 1 °C. Due to the limitations
of linearity resulting from the Lambert-Beer law, two wavelengths 230 and 265 nm were chosen for
the comparison of the spectra for tested substances. If the lubricating oil contains a dye, the UV-Vis
spectrum should also be applied in the range of 400-800 nm for the same concentration of 0.25 mg/mL,
but on a scale of 0.00 to 0.01 [Au]—on the light absorption side.

Absorption spectrophotometry is the most widely used instrumental method in chemical analysis
due toits high precision, sensitivity and availability of apparatus [41,72]. Absorption spectrophotometry
in the area of ultraviolet and visible light enables identification and indicative determination of the
group-type composition of aromatic structures present in the oil base. The technique also allows
the determination of the added dye in lubricating oil [42,49,50,73]. By analyzing the location of the
maximum absorption (Amax), the structure of selected systems can be determined [74]. The presence of
aromatic hydrocarbons in the sample causes a formation of a maximum absorption at a wavelength of
approximately 265 nm. Synthetic improvers may also contain aromatic hydrocarbons, ketones, or other
types of organic chemicals that absorb UV in the 270 nm wavelengths. The low content of additives
in lubricating oil indicates that light absorption in this range will be low, if the oil does not contain a
significant content of aromatic (petroleum) as oil base. In the absence of aromatic hydrocarbon fraction,
it is possible to assess the presence and content of natural vegetable or animal origin oil—maximum
absorption at a wavelength of approximately 230 nm. A maximum of absorption occurring at a
wavelength of approximately 230 nm indicates the presence of groups of components—acylglycerols
(triacylglycerols (TAG), diacylglycerols (DAG) and monoacylglycerols (MAG)), as well as fatty acid
methyl esters (FAME). The polyalphaolefins (PAO) absorb light up to approximately 220 nm, without
a maximum.

2.4. FT-MIR Spectroscopy Adaptation for Lubricating Oils Analysis

To perform the FT-MIR spectra, a Bruker Tensor 27 apparatus with an ATR overlay (Bruker, Tucson,
AZ, USA) and a desktop computer with OPUS (software version 2.1b, Bruker) for collecting and
analyzing FT-MIR data were used. Spectral range from 4000 cm™~! to 600 cm~! was applied. A resolution

of 4 cm™1

was used for spectra purposes, the sample and background scans number was equal to 256,
the gap between the monolithic diamond crystal and the adapter was equal to 5 mm. Raw samples
were tested in triplicates.

The examination of the absorption spectrum in the mid-infrared range with Fourier transformation
(FT-MIR) allows the identification and indicative determination of the origin of the oil base used in
the production of the tested lubricating oil. Infrared spectra are characteristic for specific groups
of chemical compounds (groups of several atoms connected with each other by chemical bonds).
For lubricating oils, the FT-MIR technique enables the determination of an easily biodegradable oil
base, i.e., oil base structures of vegetable, ester or synthetic origin. The advantage of using the method

is the speed of testing, while the expensive apparatus is a significant disadvantage.
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2.5. NP-TLC Method Development

TLC Silica Gel 60 F254s plates 100 x 200 mm (Merck, Darmstadt, Germany) were impregnated
with a 25 mL solution of berberine sulfate (6 mg berberine sulfate (analytical purity, Sigma-Aldrich,
Shinagawa, Japan) in methanol (purity to LC, Merck, Darmstadt, Germany) for test purposes. A glass
atomizer (100 mL Erlenmeyer flask, with NS 19/26 socket, Duran spray head (with Duran tube)
with clamp and rubber head (Lenz Laborglasinstrumente, Merck, Darmstadt, Germany) was applied.
The plate was dried after impregnation (40 °C via 15 min, until constant weight). The use of
impregnation allows to increase the fluorescence intensity of aromatic hydrocarbons, all visible groups
of oil components i.e., aliphatic and aliphatic substituted hydrocarbons (paraffins) and alicyclic
hydrocarbons (naphthenics) that are not identifiable and can be assessed using other described
visualization methods.

All tested samples were prepared at a concentration of 20 mg per mL of dichloromethane
(analytical purity, Chempur, Piekary Slaskie, Poland). Glycerin and propylene glycol solutions were
prepared at a concentration of 20 mg sample per mL acetone (analytical purity, POCH, Gliwice, Poland)
and 3 uL of each sample was immediately imposed onto the plate under warm air supply. The plate
was dried (105 °C for 15 min, until constant weight). A three-step elution was performed in a glass
chromatography chamber (250 x 50 X 200 mm) filled to the level of 9 mm with eluent. At the first stage,
a mixture of dichloromethane and methanol 95:5 (v/v), respectively, was applied as eluent and the
plate was developed until the eluent reached 30% of unwinding height. At the second stage, toluene
(analytical purity, POCH, Gliwice, Poland) was applied as eluent, the plate was developed until the
eluent reached 60% of unwinding height. Finally, n-hexane was applied as eluent (purity for LC, Merck,
Darmstadt, Germany) and the plate was developed until the eluent reached 100% of the unwinding
height. After each elution step, the plate was dried (105 °C for 15 min, until constant weight) and
photographed under a UV lamp (A = 254 nm and 365 nm) type TB 02 (Telbid, Warszawa, Poland).
After the three step NP-TLC elution procedure, the plate was placed in a desiccator with crystal iodine
(analytical purity, Sigma-Aldrich, Poznan, Poland) for 15 min, at 35-40 °C. Exposed in iodine TLC
plates were photographed in visible light. Due to chemicals used, the described procedure needs to be
carried under the extract.

The NP-TLC methodology allows to determine the sum of paraffins and naphthenics (P + N),
aliphatic and alicyclic substituted aromatic hydrocarbons (A), the group of acylglycerols and their
derivatives (AG), as well as fatty acids methyl esters (FAME). Thin layer chromatography in normal
phase system (NP-TLC) is most commonly used to separate, identify and determine the composition
of this type of samples. [59,60,75-79].

The retention factor (k) for groups of ingredients was calculated on the basis of the following
formula, where Ry is the quotient of the path traveled through the substances (a) to the entire separation
path (b) [80]:

a
Rf = 5 1)
~ (1-Ry)
k= R ()

3. Results and Discussion

3.1. Drop Test

The luminescence of the drops of oil samples is presented in Figure 2. The intensity and the color
of the drops depends on the group-type composition of the tested sample, especially on the origin
of the base oil. For glycerin (sample 1, Figure 2), propylene glycol (sample 2, Figure 2), as well as
oils of vegetable origin (samples 1 and 5, Figure 2), synthetic ester type oil (sample 4, Figure 2) and
polyalphaolefin type base oil (PAO 6) (samples 6 and 7, Figure 2) no fluorescence was observed. In the
case of lubricant oil for cutting systems produced on the basis of a mixture of vegetable and mineral oil
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(commercially available) (sample 10, Figure 2), a navy-blue light fluorescence is observed, indicating a
mixed composition. However, in the case of oils derived from petroleum (samples 8, 9 and 11, Figure 2),
there is a clear light blue fluorescence caused by the presence of aromatic, aliphatic and/or alicyclic
aromatic hydrocarbons. The results are summarized in Table 2 (please refer).

Figure 2. Photograph of oil drops of 11 samples applied to a black matte plate, placed in a dark

place and illuminated with a UV LED lamp at A = 365 nm. The sample type is presented in Table 1,

please refer.

Table 2. Summary of test results for all tested samples in relation to all developed test techniques.

. . NP-Thin Layer
Technique Drop Method UV-Vis Spectrometry FT-MIR Spectrometry Chromatography
. o LOD for mineral oil,
Limit of detection ];33 ;sfergiur?értfl ?)33;;() characterized by a ~ LOD for the mineral oil of the
(LOD) * base i; maximum at 265 nm is base oil is 5% m/m
N extremely low
LOD for ester structures is
5% m/m for carbp myl LOD for “natural/vegetable”
- - structures present in base base oil is 5% m/m
oil, LOD (wave number °
1747 cm™1) is 3% m/m
No. Sample Results
. . Only ingredients of natural
L (co?r?rfelfciﬁes:s:igt]e) Does not show Presence of Presence of vegetable/ester  origin - acylglycerols (TAG +
y fuorescence vegetable/ester oil oil fraction, absence of DAG)
Vegetable-based no petroleun:l fraction, absence of petroleum oil
lubricating oil for cutting ~ components identified petroleum oil Only ingredients of natural
2. systems with improvers origin—acylglycerols (TAG +
(C}Z)mmercially avpailable) DAG,) and natural additives
3 Fatty acids methyl esters The presence of an ester
: FAME fraction—FAME
Oil base-synthetic
4. polyalphaolefin type No vegetable/ester and No vegetable/ester and No natural
(PAO 6) petroleum fractions petroleum fractions fraction—acylglycerols and
Engine oil based on their derivatives
synthetic
5. polyalphaolefin (PAO)
type (commercially
available)
6. Migi;lﬁ]jzg oil Shows fluorescence, No vegetable/ester No vegetable/ester Presence of paraffin +
presence of components fraction, petroleum fraction, petroleum naphthenes, but also aromatic
7 Mineral base oil of petroleum origin fraction confirmed fraction confirmed hydrocarbons, no
: SAE 30/95 confirmed acylglycerols and derivatives
Oil for lubrication of Presence of
cutting systems based on vegetable/ester oil Presence of vegetable/ester Presence of paraffin +
8. vegetable and petroleum 8 oil fraction and petroleum naphthenes, aromatic
o X fraction and petroleum . -
oils (commercially X " fraction confirmed hydrocarbons and TAG
available) fraction confirmed
Machine oil based on No vegetable/ester No vegetable/ester Presence of paraffin + .
9. petroleum (commercially fraction, petroleum fraction, petroleum naphthenes, but also aromatic

available)

fraction confirmed

fraction confirmed

hydrocarbons, no
acylglycerols and derivatives

* Estimated value.
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In the initial tests, drop test was carried out on a paper sheet. Such attempts failed, as the oil
drops were absorbed by the paper and the diameter of the oil drop grew over time. Consequently,
several samples differed in diameter and the differences in the luminescence intensity between the
samples was not measurable. To improve the method, a plate with hollow places for samples was
proposed. The samples remained unchanged in shape and volume throughout the experiment. In the
literature, a similar idea is reported, however the tested samples were poured onto the surface of
the water, which was placed in a black container [81]. This approach resulted in the samples being
blurred on the water surface. Therefore, it can be stated, that the solution developed in this study
allows to achieve repeatable and comparable results during drop test performance, that has not yet
been proposed in the literature.

Exposure of samples of different concentrations of mineral and non-mineral components on UV
illumination was considered. Two UV lamps emitting light (A = 365 nm) were placed in parallel in the
portable test chamber at a distance of 25 cm from the sample plate. An even exposure for illumination
of all tested samples was achieved. Based on a photograph (Figure 3) of the luminescence of 13 drops
of mixtures of vegetable and mineral oil at different concentrations, LOD and LOQ were determined.

The mass content of rapeseed oil [%]

® ®

0 033 0.67 1 10 30 50 75 100

The mass content of petroleum [%]

Figure 3. Fluorescence of mixtures of vegetable and petroleum oil in various proportions (by mass)
illuminated with a UV LED lamp, A = 365 nm.

The limit of detection (LOD) is equal to 0.33% by mass of mineral oil. Limit of quantitation (LOQ)
was adopted as LOQ = 3 x LOD therefore is equal to 1% by mass of mineral oil. The method has a
fairly high sensitivity and is able to determine small amounts of petroleum components in lubricating
oil sample. Contents higher than 40% of mineral oil in the sample, do not increase the intensity of the
drop color. The drop test is an ideal, field method for the technical control of lubricating oils used in
open cutting equipment, especially in forest areas. Its implementation is very simple, quick and the
cost is relatively low and connected with the purchase of equipment (portable chamber equipped with
UV lamps). The designed plate allows simultaneous testing of several samples. The method eliminates
the sample preparation, which allows the sample to be taken straight from the cutting device tank or
canister to perform the test. Support for the method does not require a specialist employee.

If the presence of fluorescence was confirmed during drop test, further tests may be performed to
confirm the presence and to determine the components of petroleum origin, when necessary.

3.2. UV-Vis Spectroscopy

The superimposed UV-Vis spectra for the tested samples are summarized in Figure 4. All samples
that showed a maximum absorbance at 230 nm were classified as containing a vegetable/natural oil base.
Those showing a maximum absorbance at 265 nm were designated as containing ingredients from the
processing of crude oil. Based on the registered UV-Vis spectra of the tested samples, a calibration curve
was prepared for oil of petroleum origin (Please see Figure S1—Supplementary Material, A = 1.8951c
— 0.0164) and vegetable oil (Please see Figure S1—Supplementary Material, A = 1.6058¢ + 0.0106). Low
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concentration calibration curves were also prepared (Please see Figure S2—Supplementary Material).
A linear relation was observed in the range of concentrations of oil produced on a petroleum basis from
0.01 to 1 mg/mL, for which the analyzed samples were in the Lambert-Beer law range, i.e., they showed
absorbance under 1. LOD and LOQ were determined on the basis of calibration curves. Limit of
detection (LOD) was calculated from LOD = 3S/N, where S—signal [AU], and N—noise [AU] detection
limit for petroleum oil, characterized by a maximum absorbance at 265 nm is 0.50 + 0.003 mg oil/mL
n-hexane, while the limit of quantification is 0.150 + 0.002 mg oil/mL n-hexane. As a result of the
analysis of UV-Vis spectra, a linear relationship was observed in the range of edible rapeseed oil
concentrations from 0.01 to 1 mg/mL. The detection limit for oil of plant origin, characterized by a
maximum absorbance at 230 nm is 0.150 + 0.002 mg oil/mL n-hexane, while the limit of quantification
is 0.450 £ 0.003 mg oil/mL n-hexane.

Analysis of the obtained results shows that the UV-Vis spectroscopy method does not show
sufficient selectivity, despite the use of concentrations above LOD and LOQ. Based on the obtained
spectra, it can only be concluded that the oil is a mixture of the mentioned oils (Figure 4). The presence
of components of plant/ester origin and of petroleum origin (aromatic hydrocarbons) can be identified.
In addition, one can assess whether a given oil base is a 100% synthetic oil base of polyalphaolefin type
(PAO). In the case of tested samples, UV-Vis spectra of vegetable oil, rapeseed oil and saw oil produced
on the basis of vegetable oil with enriching additives and FAME showed a maximum absorbance at
230 nm wavelength, which indicates components of vegetable/ester origin. UV-Vis spectra of petroleum
machine oil, i.e., base oils SAE 10/95 and SAE 30/95 were characterized by maximum absorbance at
265 nm, which means that aromatic hydrocarbons are present. In the case of chainsaw oil produced
on the basis of a mixture of vegetable and petroleum oil—the spectrum was characterized by two
significant absorbance maxima at 230 and 265 nm, which occurs when the lubricating oil is composed
of vegetable/ester and petroleum origin. UV-Vis spectra for synthetic polyalphaolefin oil (PAO) were
characterized by light absorption only for wavelengths up to 220 nm, without a maximum. The main
findings from UV-Vis analysis are summarized in Table 2 (please refer).

2
—\egetable, rapeseed oil
=] ubricant oil produced on plant oil base
with enriching additives
Lubricant oil produced on mixture of
natural and petroleum base oils
e \lachine, mineral oil
1

e==Polyalphaolephins synthetic oil base (PAO
6)

FAME

Absorbance [AU]

Wavelenght [nm]

Figure 4. Compilation of UV-Vis spectra of oil samples (concentration of samples 0.25 mg oil/mL
n-hexane).

Totten et al. [81] also investigated UV-Vis of oils spectra. The maximum absorption for
mono-, di- and multi-aromatic hydrocarbons was observed at 197, 230 and 260 nm respectively.
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Morassuti et al. [82] revealed two main absorption bands with a maximum of about 230 and 260 nm,
corresponding to di- and poly-aromatic regions, also called polycyclic aromatic hydrocarbons, PAHs.
In the case of tests provided in this paper the tested samples of lubricating oils produced from crude
oil processing, the maximum absorbance for aromatic hydrocarbons was found at 265 nm. Modern
lubricating oils contain ingredients and bases of natural origin randomly. Therefore, it is worth
noting that the proposed method can also be applied to identify and determine the composition in
terms of natural ingredients. In literature [74,83-85], the maximum absorbance is often found around
230-235 nm and its occurrence is attributed to diene groups (-C=C—-C=C-), which coincides with the
results of the study presented in this paper. Spectrum testing can also be used to identify oxidized
components in vegetable oils, where the maximum is shifted to 235 nm [86]. In the literature [86]
cyclohexane was used as a solvent, however n-hexane was proposed in these studies for price reasons.
The authors confirmed, that liquid alkane, i.e., n-hexane may also be an optimal solvent for the tested
samples. The method allows the identification and determination of dye in the tested sample.

The main purpose of using the UV-Vis spectrometry method in the technical control procedure for
modern lubricating oils is to confirm the result of the drop method, when necessary. The study aims
to assess the group-type composition of the sample. Since the test can be performed quickly and the
amount of chemicals used is low, the method becomes environmentally friendly.

3.3. FT-MIR Spectroscopy

The FT-MIR spectra were performed for all tested samples, the spectra are presented in Figure 5.
The obtained FT-MIR spectra were interpreted on the basis of the curves, and the main findings are
presented in Table 2.

——Edible, rapeseed oil Lubricating oil produced on plant base
oil with enriching additives
—FAME Polyalphaolephins base oil (PAO 6)
——Lubricating oil produced on Mineral base oil SAE 10/95
polyalphaolefins base oil (PAO)
Mineral base oil SAE 30/95 —— Lubricating oil based on vegetable and mineral oils

—— Lubricating oil based on mineral oil

100% ﬂ = ﬁﬁ i ? ﬁ FA
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Figure 5. Compilation of FT-MIR spectra for tested oil samples.

The signal for a wavenumber of about 1100 cm ™!

occurs due to the stretching vibrations of C-O
bonds, which are characteristic for ester molecular structures, it is a signal characteristic for oils of
vegetable origin. Petroleum oils do not show any light absorption in this area. The absorbance at

1747 cm™! wavelength occurs due to the presence of carbonyl molecular structures. The signal in
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this area is associated with the stretching vibrations of the C=O carbonyl group, present in oil ester
bond. The signal is not found in petroleum oil, due to the lack of ester fraction. With the increase
of the vegetable oil content, the content of carbonyl groups clearly increases, which is also reported
in the literature [73,87,88]. The signals in the range of 1450-1350 cm™! are derived from rocking
vibration and scissor C-H bonds, which occur in an easily biodegradable oil base (of plant origin)
and in an oil base derived from petroleum. Signals in these areas do not show the sense of sample
differentiation. The stretching vibrations in the 2850-3100 cm™! range, correspond to the bands of
the C-H groups, characteristic for simple alkanes (in the 3000-2850 cm~! range) and for alkenes and
aromatic hydrocarbons (in the 3100-3000 cm ™! range). The small presence of these spectral fragments
may take place when some groups of substances are added to the oil i.e., antioxidants. Vibrations in
the 2850-3100 cm™! range occur both in mineral and in vegetable oils.

Based on prepared mixtures of mineral and vegetable oils (% by weight) a calibration curve was
prepared (Figure S3—Supplementary Material). Matwijczuk et.al. [89] also carried measurements on
FT-MIR of vegetable oils and reported presence of ester bonds at the wave number of 1160 cm~! and a
carboxyl group from vegetable oils identifiable at the wavenumber of 1740 cm™.

In the case of rapeseed oil, vegetable-based chainsaw oil and FAME, the recorded spectra show
that the oils mentioned are ester-based, or that the mineral oil content is below LOD. SAE 10/90 and
SAE 30/90 oil bases, as well as machine oil of petroleum origin have a typical mineral oil spectrum,
i.e., no signal at wave number 1100 cm™! and a significant signal at wave number 1774 cm™! occur.
In the case of chainsaw oil produced as a mixture of vegetable and mineral oils it was found that the oil
contains about 37% oil of natural origin. The detection limit for ester structures is 5% by mass, while
the limit of quantification is 15% by mass. For carbonyl structures present in readily biodegradable
lubricating oil, the detection limit (wave number 1747 cm™) is 3% by mass and the quantification limit
is 9% by mass. The course of spectra for ester and mineral oils expose differences for the mentioned
substances. The calibration performed for the signal differentiating these substances enables the
determination of the mineral oil concentration in the ester oil, with the detection limit in the range of
9-15% by volume (LOD = 9% vol) (Please see Figure S3—-Supplementary Material).

The FT-MIR method is a fast method which predestines it for the initial assessment of the
composition of the samples of the tested oil. This method also eliminates the sample preparation
process, which speeds up the test and reduces the amount of engaged chemicals, therefore it is an
environmentally friendly method. The proposed method provides laboratories with fast, automated
and high-throughput alternatives to conventional ASTM titration procedures. ASTM published a
method [90] for monitoring the condition of lubricating oils with the application of FI-MIR technique
in 2018.

3.4. NP-TLC

The authors proposed a modification of the TLC plate method by impregnation with berberine
sulfate. Berberine sulfate increases the fluorescence intensity of all studied groups, in particular
aromatic hydrocarbons. It has also been shown that berberine sulfate impregnation does not change
the retention coefficients of any of the tested substances, thus it does not affect the separation process.
To adopt thin-layer liquid chromatography in normal phase systems (NP-TLC) to separate complex
matrices i.e., modern lubricating oils, a 3-stage development procedure and a 4-stage visualization
procedure are necessary. The development stages of NP-TLC are presented in Figure 6. Spots on late
presented in stage 4 are filled, as the iodine vapors reveals the presence of FAME, acylglycerols, natural
enriching additives and dyes.

During the first stage (Figure 6), a mixture of dichloromethane and methanol was used as eluent
(the highest elution strength), which allows the least polar components to be eluted from the start of
the chromatogram i.e., ingredients of natural origin, acylglycerols (TAG, DAG, MAG), free fatty acids
(FFA), FAME and refining additives produced on a natural basis. The remaining eluents would leave
mentioned substances at the start. At this stage, the separation of individual groups of ingredients
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is not possible (stage 1, Figure 6). In the second stage, toluene is used as eluent. During the plate
development in stage 2, weakly polar substances remain in place, while more polar substances are
eluted. After this elution stage, the group of ingredients of natural and vegetable origin from a group
of ingredients derived from processing of crude oil can be separated (stage 2, Figure 6). Paraffins and
naphthenics are not separated from the aromatics and FAME from the natural components. Therefore,
a third eluent-n-hexane, was applied. The elution strength of n-hexane is higher than of toluene,
but lower than of a mixture of dichloromethane and methanol. This stage allows the separation of
paraffin and naphthenic groups from aromatics. In addition, n-hexane elutes FAME, which allows this
component to be identified. After completing three stage elution, the exposure of the plate to iodine
vapors (stage 4, Figure 6), allows the visualization of components that have a double or ester bond in
their structure.

solvent
STAGE1 STAGE 2 STAGE3 STAGE4 front
/ {9cm)
0
0 © 0
00
0 I o
0000 Oo 0 o
o] o o .
o o o .
& *—o—8 g L 8% e L —— g - L *— 80— :
95% dichlorometane toluene n-heksan iodine vapour exposu:k
5% methanol (v:v) baseline
{1cm)

Figure 6. Schematic diagram of TLC chromatogram development for paraffins and naphthenes (P + N),
Aromatic Hydrocarbons (A), FAME, acylglycerols (Tri- and Di-acylglycerols) (TAG + DAG) (AG),
Natural originating enriching additives, dyes (+).

The NP-TLC test was performed three times for all oil samples to obtain reproducible results.
The results of the tests for samples are summarized in Table 2 and presented in Figures 7 and 8. It was
found that the methodology allows to determine the retention factor (k) for paraffins and naphthenics
(P + N; k = 0.19), aliphatic and alicyclic substituted aromatic hydrocarbons (A; k = 0.29), FAME
(k = 1.04), acylglycerols (TAG + MAG,; k = 1.56). Studies have shown that the detection limit for
components of petroleum origin LOD = 1 mg/mL, while the detection limit for oils of natural origin
(acylglycerol fraction TAG + DAG) is 0.5 mg/mL. Using a professional TLC plate scanner and software
dedicated to this solution, one could determine the content of individual fractions. The group-type
composition of modern lubricating oils can also be determined using thin layer liquid chromatography
in normal phase systems using a flame ionization detector (TLC-FID) [57]. The validation regarding
TLC measurements presented in this paper was within the scope of validation carried out during initial
tests. The detection limit for the petroleum part of the base oil is 5% m/m, while the determination
limit is 10% m/m. For the natural/vegetable part of the base oil, the detection limit is also 5% m/m,
while the determination value is 10% m/m.

The summary of the results obtained during the developed methodology is presented in Table 2.
Spectroscopic methods were adopted for identification and indicative determination of the group-type
composition of modern lubricating oils. The study of UV-Vis light absorbance in the range of
210 + 410 nm allows to identify and approximately determine the content of aromatic hydrocarbons,
as well as dyes present in the lubricating oil. The study of the FT-MIR spectra in the range from 4000 cm ™!
to 550 cm™! were used to identify and determine the content of fatty acid esters, or other types of
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esters, constituting a vegetable or synthetic, biodegradable oil. The NP-TLC method has been modified
and adapted to separate, identify and evaluate the group-type composition of modern lubricating
oils using different visualization methods. Favorable conditions for NP-TLC plate impregnation with
berberine sulfate method and preparation were applied, results confirmed the given hypothesis.

Figure 7. Chromatogram after third stage of plate development, 1 = 365 nm. The sample type is
presented in Table 1, please refer; x—other commercially available lubricating oils.

Figure 8. Chromatogram after fourth stage of plate visualization, i.e., after iodine vapor exposure.

The sample type is presented in Table 1, please refer; x—other commercially available lubricating oils.
3.5. Procedure Summary

The proposed methods form a procedure that allows to identify and preliminary determine the
content of individual groups of components in modern lubricating oils. A detailed possibility of
each test accuracy is presented in Table 2. The developed methodology and equipment enable a fast,
uncomplicated and cheap in situ screening test using the phenomenon of fluorescence of petroleum
fraction under the influence of light with a wavelength of 365 nm (aliphatic/alicyclic aromatic
hydrocarbons substituents), typical for mineral base oils. The determined fraction is a component
of lubricating oils characterized as the most toxic for the environment and health. The developed
procedure consists of several stages that allow to determine the group-type composition, differentiating
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substances in the range of hydrocarbons constituting petroleum components, acylglycerols and their
derivatives, as well as fatty acid methyl esters (FAME).

The prepared procedure has been successfully used in measurements for the Regional Directorate
of State Forests in Poland, on samples taken from both the saw tank and the canisters. As the
obtained results seem promising, future research is directed on the procedure for both identification of
component groups and determination of the group-type composition of lubricating oils.

The possible direction for future investigation is to prepare a detailed determination of individual
groups of lubricating oils, i.e., allowing the calculation of the absolute mass content of individual
groups of compounds, preferably using high performance liquid chromatography (HPLC). To this
end, it is worth conducting further research and interlaboratory tests to obtain more extensive
comparative material and to introduce the HPLC method as a standard method for determining
the group composition of lubricating oils, especially those emitted to the environment and other
low-volatile petroleum fractions.

Independently, methods allowing to separate natural ester oil fractions into components such as
TAG, DAG, MAG, FFA, are described in the literature [57,91]. Methods for determining components in
the fraction derived from the processing of crude oil are described in [56,58,92]. Assessment of the
group composition of base oils [60] and vegetable oils using a flame ionization detector (FID) [57]
should be carried separately.

4. Conclusions

Perceiving the problem of mineral base oil presence in lubricating oils, the aim of this work was to
develop a new, easy, low cost and uncomplicated technical control procedure for testing the group-type
composition of lubricating oils, with particular emphasis on oils emitted to the environment.

The authors proposed a three-step technical control procedure involving:

e A simple drop test, allowing to test the fluorescence of an oil sample against a black, matte
background under the influence of 365 nm light. The test reveals the presence of aromatic
hydrocarbons, if luminescence occurs. Further methodology is proposed as follows:

e Assessing the presence and content of easy biodegradable fraction (acylglycerols and their
derivatives) by examining the spectrum of oil sample in the medium infrared range with Fourier
transformation (FT-MIR), as well as assessing the identification and determination of a group of
ingredients of petroleum origin (aromatic hydrocarbons) by examining the spectrum of the oil
solution in n-alkane, using spectrophotometry in the UV-Vis range.

e  Assessing the group-type composition of oil using multi-stage thin layer chromatography in
normal phase system (NP-TLC), with different methods of visualization of spots representing
groups of oil components, including plate impregnation with berberine salt, for visualization
under the influence of UV light 365 nm and after iodine exposure.

The possible direction for future investigation is to prepare a detailed determination of
individual groups of lubricating oils. For this reason the NP-HPLC technique coupled with
UV-VIS-DAD/RID/LLSD detection, with gradient or step elution are planned to be engaged. The authors
intend to publish the results as the subject of another publication.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/15/3772/s1,
Figure S1. UV-VIS calibration curves for mineral and vegetable oils, A = 230 and A = 265 nm for high concentrations.
Figure S2. UV-VIS calibration curves for mineral and vegetable oils, A = 230 and A = 265 nm for low concentrations.

Figure S3. FT-MIR calibration curves for wave numbers 1100 cm—1 and 1747 cm~ L,
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