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Abstract: ACTUALITY. In the community of Russian specialists servicing oil-filled
transformers, there is an established opinion that when the concentration of the phenolic
oxidation inhibitor lonol (DBPC) in the oil drops below 0.1% (wt.), the transformer oil begins
to oxidize faster than in the absence of lonol. This is the so-called “pro-oxidizing effect”
described in 1968. Modern hydrocracking transformer oils differ significantly from the former
oils in terms of hydrocarbon composition, but the opinion about the pro-oxidizing properties of
lonol remains, despite the lack of such information in foreign studies. OBJECTIVE. To reveal
the presence or absence of pro-oxidative action of phenolic antioxidants, lonol and 2,6-DTBP,
when their concentration in transformer oil is reduced. METHODS. Two series of oil samples
were prepared for the study: with lonol and 2,6-DTBP additive. The concentration of additives:
0; 0.05; 0.1 and 0.2 % (wt.). VG grade oil produced by hydrocracking technology was used as a
base mineral oil. All oils were subjected to accelerated thermal degradation at elevated
temperature. Destructive changes in the hydrocarbon base of oils were analyzed by IR
absorption spectra. Changes in the relative content of degradation products dissolved in the oil
were analyzed using UV-visible absorption spectra. RESULTS. On the basis of the analysis of
optical spectra of both series of ails, it was obtained that as the initial concentration of any of
the phenolic oxidation inhibitors in the oil decreases, the intensity of thermodestructive changes
in the hydrocarbon composition of the oils consistently increases. It is shown that in transformer
oils produced by hydrocracking technology both additives in the concentration range of
0.05+0.1 % do not show pro-oxidizing properties. It is concluded that the widespread idea
about pro-oxidizing effect of lonol at its concentration in transformer oil less than 0.1 % should
be considered as not corresponding to reality.
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Peszrome: AKTYAJIBHOCTD uccnedosanus 3aKkaouaemcs 8 noiy4eHuu 00CmoSepHbiX C8e0eHuUll
06 uzmeneHuu 3pgexmusnocmu HEHONbHLIX UHSUOUMOPOE OKUCIEHUS NPUMEHUMENbHO K
COBPEMEHHBIM MUHEPATbHLIM MPAHCHOPMAMOPHBIM MACIAM, NPOU3BOOUMBIM NO MEXHOIOUU
2UOPOKPEeKUHed, NpU CHUdCeHUU KoHyenmpayuu ux 6 macie om 0.2 % oo wyns. L[EJIb.
Hccneoosams ¢ nomowplo  onmuyeckoll  CNeKmpOCKONUU — Xapakmep — UMeHeHutl 8
V2neB000pOOHOLl  OCHOBE — MPAHCHOPMAMOPHLIX — MAcCel,  NOOBEPSHYMbIX — UCKYCCMBEHHOU
mepmMoOecCmpyKyuu, 6 3A8UCUMOCIU OM UCXOOHOU KOHYeHmpayuyu 6 Maciax oOOHOU U3
AHMUOKUCTUMENbHbIX Npucadok: 1) 2,6-ou-mpem-oymun-4-wemungpenon (Hownon) u 2) 2,6-ou-
mpem-oymungenon (2,6-DTBP). Onpederumsv, cywecmsyrom Jjau  HPUSHAKU — HATUYUS
NPOOKUCTUMENbHBIX CEOUCME Y OAHHBIX (DEHONbHBIX AHMUOKCUOAHMO8 NPU UX MACCOBOU 00e 8
macne menee 0.1 %. METO/BI. [Jns uccredosanusi 6viiu nod2omosiensvt 2 cepuu odpasyos
macen ¢ pasiuyHvIM COO0epaAcanem 8 HuUx 00Hou u3 npucaook — Hownon u 2,6-DTBP. Hcxoouas
Konyenmpayusi npucadox ¢ macaax: 0; 0.05; 0.1 u 0.2 % (macc.). B xauecmee 6a306020
MUHEPANTbHO20 MACAA UCHONb308ANI0Cy Macio mapku BI, npoussooumoe no mexuonozuu
euopoxpexkunea. Bce macna Oviiu  noodgepeHymul  YCKOPEHHOU MepMOOeCmpyKyuu npu
no8blUEeHHOU memnepamype. AHanus enyounsl 0ecmpyKmuHblX USMEHEHUL 8 Ye1e6000P0OHOU
ocnose macen ocywecmensinoce no MWK cnekmpam noeciowenus. Ananuz uzmeHeHuu
OMHOCUMENLHO2O — COOEPIICAHUSL  PACMBOPEHHbIX 6  Macie  NpodyKmog  oezpadayuu
OCYWecCmenaics ¢ NOMOWDbIO  CneKkmpog noziowjenus 6  Y®D-eudumom  ouanasowe.
PE3VJIIBTATHI. Ha ocrose ananuza onmuieckux cnekmpos 0oeux ceputi maces Oulio noayieHo,
YUMo NO Mepe CHUNCEHUSI 8 MACIEe UCXOOHOU KOHYEHMPAYuU 1106020 U3 heHOTbHbIX UHSUOUMOPOE
OKUCEHUS. UHMEHCUBHOCIb MEPMOOECMPYKMUBHBIX USMEHEHUTI 8 Yene8000POOHOM COCMAse
Mmacen nociedogamenvro eozpacmaem. llokazano, umo 6 mpanc@HopmMamopHvix Maciax,
NPOU3BOOUMBIX NO MEXHONIO2UU 2UOPOKpPeKUHed, 06e Npucadku 8 Ouand3ome KOHYeHmpayuil
0.05-0.1 % wne nposaerdiom  npooxuciumenvhvix  ceoticms. Coeran  6bl800,  UMO
pacnpocmpanennoe npedCmagieHue o NpooKuciumenrbHom oeiicmeuu Howona npu ezo
KOHYyenmpayuu 6 mpancopmamopnom macie menee 0.1 % crnedyem cuumamv He
COOMBEMCMEYIOWUMU OeUCMEUMEIbHOCHIU.

Knrouesvle cnosa: munepaivioe mpancpopmamopHoe MAcio, UHSUOUMOP OKUCLEHUS, UOHOI,
npooxuciumenvuvle  ceoucmsa;  HUK-cnekmpockonusi;,  cnekmpockonus — Y@-euoumozo
ouanasoua.

Jast uuruposanus: Iapudymmun M.IL., Cnoboauna FO.H., buksunypo A.P., I'mHuaTymuiH
P.A., Yepusmmo B.A. HccnenoBanue HaidW4usl NPOOKUCIUTEIBHBIX CBOMCTB y (DEHOIBHBIX
MHICMOMTOPOB OKHCIICHHS B OTHOIIEHHH COBPEMEHHBIX TpaHchopmaropHbeix Macen // V3Bectus
BeICIINX yueOHbIX 3aBenenuii. [IPOBJIEMbI DHEPTETUKU. 2024. T. 26. Ne 6. C. 30-41. doi:
10.30724/1998-9903-2024-26-6-3041.

Introduction

An oil-filled power transformer is one of the most important elements in any power system.
The ability of these transformers to operate at high power levels is due to the use of a liquid
dielectric, transformer oil, which effectively dissipates the heat from the active part of the
transformer into the external environment [1].

The traditional type of transformer oil, used in the very first oil-filled transformers, is
mineral transformer oil, produced from petroleum. The main disadvantages of mineral oil are
related to fire safety problems, as well as the possibility of environmental contamination in case of
oil leaks. A promising alternative to mineral oils at present are ester-based oils - synthetic oils
(Midel 7131, Envirotemp 360) [2, 3] as well as those produced from vegetable raw materials
(MIDEL eN, FR3, etc.) [4-6].

Despite certain advantages, there are a number of factors that will not allow transformer
oils based on esters to displace mineral oils in the near future. The main reason is the high cost of
ester oils, especially the synthetic version. For example, Midel 7131 is more than an order of
magnitude more expensive than GC, one of the best Russian oils. As a result, Midel 7131 oil in
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domestic practice has found a niche use, for example on transformers of nuclear power plants,
where economic aspects go into the background.

For vegetable-based oils, the main disadvantages are the higher viscosity and pour point
values. Therefore, replacement of mineral oil with vegetable oil always leads to an increase in
temperature inside the transformer, which can lead to unacceptable overheating of the equipment.
At the same time, the geography of use of such oils is limited to a minimum winter temperature of
-30°C.

A similar situation is typical for countries with developing economies, where due to the
high rate of expansion of electrical networks the need for transformer oils is particularly high, but
the economic aspect tilts the scales towards the traditional mineral oils [7].

At the same time, the addition of synthetic [8, 9] and natural esters [10, 11] to traditional
mineral oils seems promising, which will increase the operational properties of the resulting oil
mixtures without a significant increase in financial costs.

Based on the above, we can conclude that mineral transformer oil will remain the main type
of liquid dielectric for oil-filled transformer electrical equipment in the foreseeable future.
Therefore, research aimed at improving the efficiency of operation and diagnostics of the
condition of mineral transformer oils continues to be relevant.

At one time, R.A. Lipstein made a great contribution to the development of the theory of
mineral oils. The results of the research conducted under his supervision are presented in the twice
republished monograph [6], which is still a table book for specialists in operation and diagnostics
of oil-filled electrical equipment.

It should be noted that most of the research results presented in this monograph were
conducted more than half a century ago. Since then, there have been significant changes in the
production of oils. Firstly, Baku oils, which served as the main raw material for the production of
transformer oils, have now been completely replaced by domestic paraffinic oils. Secondly, and
more importantly, modern high-quality transformer oils are produced using hydrocracking
technology, which has significantly changed their structural group composition. In particular, the
content of aromatic, resinous-asphaltene and unsaturated compounds in oils has decreased. In this
regard, some provisions on the properties and characteristics of transformer oils as applied to
modern oils may need to be corrected or may be erroneous at all.

One such provision is the idea of the pro-oxidizing properties of the antioxidant additive
Butylated hydroxytoluene (BHT). This additive is the most widely used oxidation inhibitor for
transformer oils. According to the structural formula, the BHT additive belongs to the class of
spatially hindered mononuclear phenols — Figure 1. Other common names for this additive are 2,6-
di-tert-butyl-4-methylphenol or 2,6-di-tert-butyl-p-cresol (DBPC). In Russia, as well as in a
significant part of the post-Soviet space, the additive has a well-established name — lonol. Further
in this article we will use the name lonol along with BHT.

CHs OH CHj

HaC CHs
HaC CHa
CHa
Fig. 1. Structural formula of the antioxidant additive  Puc. 1. CtpykrypHast ¢popMyia aHTHOKHCIHUTEIBHOM
lonol (BHT) npucanku Monon (BHT)

*Ucmounux: Cocmasneno asmopamu Source: compiled by the author.

The mechanism of antioxidant action of this type of additives is to interact with the radicals
R and R02 formed at the initial stage of oxidation, preventing further development of the

oxidation process [13]. During the oil operation the concentration of ionol in it decreases.
According to the industry standard STO 34.01-23.1-001-2017, the residual concentration of ionol
is a regularly monitored parameter and should not fall below 0.1 % (wt.). It is generally accepted
that when the concentration of ionol drops below this limit, transformer oil begins to oxidize faster
than in the absence of ionol. This phenomenon has been called "pro-oxidative effect of ionol" [12,
14] and is now a deeply rooted idea of the properties of ionol additive among domestic specialists.
As a result, the mention of ionol's prooxidative properties not only occurs regularly in domestic
scientific publications [15], but also entered a number of normative documents on transformer oils,
as well as reference literature [16].

At the same time in the international standard IEC 60296 [17] the minimum level of ionol
for operational transformer oils is set at 0.08 % (wt), and there is no information about the
presence of prooxidative effect of ionol at low concentrations.
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In addition to ionol in foreign practice for stabilization of oils the additive 2,6-di-tret-
butylphenol (2,6-DTBP), also belonging to the class of spatially hindered mononuclear phenols, is
used. The structural formula of 2,6-DTBP is shown in Figure 2. The mechanism of action of this
additive is similar to ionol, so one would expect both additives to have similar properties at
concentrations below 0.1 % as well.

CH; OH CHj

HaC CHs
HaC CHs

Fig. 2. Structural formula of the antioxidant additive ~ Puc. 2. CtpykrypHast hopMyna aHTHOKHUCIUTEIBHON
2,6-DTBP npucazaku 2,6-DTBP
*HUcemounux: Cocmasneno asmopamu Source: compiled by the author.

Based on the above, it was interesting to find the presence of prooxidative action of ionol
and 2,6-DTBP additives at their concentration of less than 0.1 % in modern mineral oil, produced
using hydrocracking technology, which was the main purpose of the study. For this purpose the
depth of thermal-oxidative degradation of oils was determined at different initial concentrations of
the specified oxidation inhibitors in them.

Spectral methods are traditionally used to identify the features of changes in the chemical
composition of different materials. For mineral oils, among all spectral methods, optical
spectroscopy is the most convenient tool. Therefore, a comparative assessment of the depth of
destructive changes in oxidized mineral oils was based on changes in their optical spectra. For the
analysis we measured absorption spectra of oils in ultraviolet (UV) — visible and infrared (IR)
ranges.

Materials and methods

For the study were prepared 2 Series samples of mineral transformer oil with different
concentrations of oxidation inhibitor of one of two types: a) lonol (BHT) and b) 2,6-DTBP.

Fresh VG grade oil (PJSC "Lukoil™) produced using hydrocracking technology and
containing no oxidation inhibitors was used as a base mineral oil. The acid number of the base oil
was 0.003 mg KOH/g oil.

The required concentration of the relevant inhibitor was achieved by adding it to the base
oil in the required amount. The inhibitor concentrations in each series are shown in Table 1.

Table 1
Oxidation inhibitor concentrations in two oil series
Series Inhibitor Inhibitor concentration in series
oils, % (wt.)
a lonol (BHT) 0 0.05 0.1 0.2
b 2,6-DTBP 0 0.05 0.1 0.2

*Ucmounux: Cocmasneno asmopamu Source: compiled by the author.

Both series of oils were subjected to thermo-oxidative degradation according to GOST 981-
75 at elevated temperature with oxygen barbotage. Thermal oxidation was carried out with the
help of apparatus APSM-1. Thermal oxidation conditions are presented below.

Oxidation temperature: 150C;

Oxidation time: 14 hours;
Oxygen feed rate: 200 ml/min;
Catalyst: copper plate.

Since only 6 samples can be oxidized simultaneously in the APSM-1 device, the oxidation
of the prepared oil samples was performed in 2 stages: 4 samples of Series a) were oxidized on
one day; 4 samples of Series b) on another day. Thermal destruction resulted in samples of oils
with different degrees of oxidation and different degrees of degradation of the hydrocarbon base.

We designate the samples of oxidized oils derived from Series a) oils as follows: la; lla;
Illa; 1Va in order of increasing initial concentration (before oxidation) of ionol in the oils,
according to Table 1.

Accordingly, samples of oxidized oils derived from Series b) oils will be designated as Ib;
Ib; 111b; Vb, in order of increasing the initial concentration (before oxidation) of DBPC in the
oils, according to Table 1.

For all samples of oils the acid number was determined by titration method, according to
GOST-5985-79.
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To assess the degree of degradation of the hydrocarbon base of the oxidized oil samples
were measured optical absorption spectra in the UV-visible and in the infrared (IR) range.

Absorption spectra in the UV-visible region were measured using a spectrometer "Cary-
100" in the spectral range of 360+600 nm with a resolution of 1 nm. Measurements were made in a
quartz cuvette with thickness (optical path length) of 10 mm.

A TENSOR-27 FT-IR spectrometer was used to measure infrared absorption spectra. IR
spectra were measured with a resolution of 1 cm™ in two spectral ranges. A 10-mm-thick cuvette
was used to measure spectra in the 4800+4500 cm™ wave number region. In the 6000+5600 cm™
wave number region, IR spectra were measured in a 2 mm cuvette. The window material of both
cuvettes was CaF,.

UV and IR spectra of basic VG oil, not subjected to thermal oxidation, were also measured.
Hereafter, the spectra of this oil will be referred to as "Fresh Oil".

Results and discussions

As noted above, the oxidation of oils with lonol (Series a) and with 2,6-DTBP (Series b)
was performed separately. It should be taken into account that the APSM-1 unit has an error of
+10% in maintaining the stability of the oxygen flow rate. Therefore, the oxygen consumption
(instantaneous and integral) during oxidation of Series a) oils differed from the oxygen
consumption during oxidation of Series b) oils. Therefore, the comparative analysis of oil samples
is performed separately for each Series. For the same reason, the comparative effectiveness of
lonol and 2,6-DTBP additives is not discussed in this work.

Table 2 and Table 3 show the values of acid numbers in the oxidized samples of Series a)
and Series b) oils, respectively.

Table 2
Values of the acid number in the samples of Series a) (oxidation inhibitor — lonol (BHT))
Sample lonol concentration Acid number,
before oxidation, % (wt.) mg KOH/qg oil
la 0 25.40
lla 0.05 19.59
Illa 0.10 5.29
IVa 0.20 0.017
*Ucmounux: Cocmasneno aemopamu Source: compiled by the author.
Table 3

Values of the acid number in the samples of Series b) (oxidation inhibitor — 2,6-DTBP)
Sample | Concentration of 2,6-DTBP Acid number,
before oxidation, % (wt.) mg KOH/qg oil

Ib 0 26.30
b 0.05 20.79
Iib 0.10 8.76
Vb 0.20 0.17

*Ucmounux: Cocmasaeno agmopamu Source: compiled by the author.

As can be seen from the tables, in both series, the acid number of the oils consistently
increases as the initial concentration of the oxidation inhibitor decreases. Characteristically, the
samples of oils la and Ib, which had no oxidation inhibitor before oxidation, have significantly
higher acid numbers than the oils with the addition of 0.05 % of any of the inhibitors. Thus,
judging by the acid number of the oils, both inhibitors had no prooxidative effect when their
concentration in the oil was less than 0.1 %.

To identify changes in the chemical composition of oxidized oils, consider the optical
absorption spectra in the spectral range of 360-600 nm, relating to the UV -visible range — Figures
3and 4.

In the spectral region under consideration, the decrease in the intensity of radiation passing
through the oils is due to both molecular absorption by the polyaromatic and asphaltene
compounds present and formed during oil degradation [18] and scattering on colloidal particles
formed from oil degradation products [19]. As can be seen from the presented spectra, the
absorption intensity increases as the initial concentration of the oxidation inhibitor in the oil
decreases, which leads to a shift of the spectra to the longwave region.

For quantitative comparison, according to 14 ASTM D 6802-02, it is necessary to
determine the areas under the analyzed spectra in the range 360600 nm. In the case under
consideration, the content of degradation products in oxidized oils turned out to be so high that in

34



Ilpobnemvi snepeemuxu, 2024, mom 26, Ne6

the short-wave part of the spectrum the values of optical densities of oils exceeded the sensitivity
of the instrument (except for sample 1VVa). Therefore, a correct numerical integration to determine
the value of the area under the spectra was impossible.

However, even a qualitative analysis of the presented spectra suggests that adding any of
the considered oxidation inhibitors at a concentration of 0.05% to the oil leads to a decrease in the
amount of dissolved degradation products, compared to uninhibited oil. Thus, according to the
content of degradation products dissolved in the oil, both oxidation inhibitors have no prooxidative
effect.

Further consider the IR spectra of absorption of oils, analysis of which changes allows to
assess the degradation of the hydrocarbon base of the mineral oil. For carrying out researches the
near infra-red region was chosen, researches in which possess a number of advantages before
average and far IR regions.
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Consideration will begin with the spectral range in the region of wave numbers 60005600
cm™ (about 1.67+1.79 pm). IR absorption spectra of both Series of oils are shown in Figures 5 and
6. In this region of the spectrum there are absorption bands belonging to the first overtones of the
valence C-H vibrations in the methyl (-CH3) and methylene (-CH,-) groups of hydrocarbon
molecules of the oils. A 2-mm-thick cuvette was used to measure the IR spectra.
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According to the theory of hydrocarbon oxidation, methyl groups are the most resistant to
the oxidation process [20]. Oxidation of methylene -CH,- groups occurs relatively easily by the
introduction of oxygen through C-H bonds [21, 22]. In addition, a decrease in the number of
methylene groups occurs during the formation of double C=C and triple C=C bonds, as well as
the breaking of carbon chains. Consequently, oxidative degradation of the hydrocarbon base of
mineral oil is always accompanied by a decrease in its content of methylene -CH,- groups, which
leads to a decrease in the intensity of the corresponding absorption bands. In the spectra under
consideration, the methylene group corresponds to the most intensive absorption band with a peak
near 5795 cm, as well as a weaker one with a peak near 5673 cm™ [23, 24].

From the spectra shown in Figures 5 and 6, it can be seen that the intensity of both -CH,-
absorption bands decreases as the initial concentration of the oxidation inhibitor decreases.
Consequently, the depth of degradation of the hydrocarbon backbone of the oil also increases as
the initial concentration of oxidation inhibitor in the oil decreases.

And if the effect of 2,6-DTBP additive at its concentration in oil of 0.05 % is not so
noticeable compared to uninhibited oil (spectra of samples Ib and Ilb in Figure 6), the addition of
lonol at a concentration of 0.05 % showed a distinct change in IR spectra (spectra of samples la
and lla in Figure 5).
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Thus, the addition of any of the considered inhibitors at a concentration of 0.05 % reduces
the depth of degradation of the hydrocarbon base of the oil compared to uninhibited oil.

Next, let us consider the spectral range 4800+4500 cm™ (about 2.08+2.22 pum). Absorption
bands of various compounds with unsaturated C=C bonds [25] are located in this region. The main
advantage of using this spectral range is that there are no absorption bands of other mineral oil
compounds here. For example, in the spectral range 2000+1600 cm™ in addition to absorption
bands related to double C=C bonds, there are intensive absorption bands of carbonyl groups C=0
of various oil oxidation products (aldehydes, ketones, acids), as well as absorption bands of
aromatic compounds, which makes analysis of changes in the content of unsaturated compounds in
oils difficult.

Since the studied absorption bands are very weak, a cuvette with a thickness of 10 mm was
used to measure the IR spectra, which is a sufficiently large value for IR spectroscopy.

The absorption bands with peaks around 4600 and 4665 cm™, which refer to the vibrations
of =C-H and C=C groups of unsaturated hydrocarbons, act as analytical bands in this range [23].
Figures 7 and 8 show absorption spectra of oxidized oils of Series a) and b), respectively, as well
as of fresh oil.
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Fig. 7. IR absorption spectra of fresh and oxidized Puc. 7. UK crekTpsl NOIJIOMIEHUS CBEKETO W
oils of Series a) in the region of 4800+4500 cm-1. oxucnenHsix Mmacen Cepunm a) B obiactu
Cuvette thickness is 10 mm. Designation of samples  4800+4500 cm™. Tommmna KioBersl — 10 MM.
according to Table 2. O6o3HaueHue o6pasuos cornacuo Tabumie 2.
*Ucemounux: Cocmasneno asmopamu Source: compiled by the author.
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according to Table 3. O603HaueHne 00pasioB coriacHo Tabmuie 3.
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As can be seen from the spectra, the process of thermal oxidation, which is the main
mechanism of degradation of oils in the equipment, leads to an increase in the content of
unsaturated compounds containing C=C double bonds. The unsaturated compounds are also
present in fresh mineral oil, as evidenced by the presence in the spectrum of this oil of both
absorption peaks under consideration, but of low intensity.
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With increasing degree of oxidation of oils (according to Tables 2 and 3) absorption
intensity in the region of the peak 4665 cm™ increases faster than in the region of 4600 cm™. As a
result, there is a change in the shape of the spectrum. This effect can be explained by a significant
increase in the proportion of unsaturated hydrocarbons containing carbonyl C=0 group, which in
turn affects the change in intensity and position in the IR spectrum of some absorption bands. It
should be noted that operational transformer oils have a much lower degree of oxidation, so in
their IR spectra absorption in the area of the 4600 cm™ peak is always more intense [26, 27].

Based on the analysis of changes in the intensities of the considered absorption bands, it
can be argued that the presence of an oxidation inhibitor in oil, even in a small amount - 0.05 % -
leads to a significant slowdown in the formation of unsaturated compounds.

Summarizing the results of the study of IR absorption spectra of oxidized oils, we can
conclude that neither lonol nor 2,6-DTBP at a concentration of 0.05 % lead to an increase in the
depth of degradation of the hydrocarbon base of oils as compared to uninhibited oils.

Conclusions

The presence of phenolic oxidation inhibitor in mineral transformer oil, as expected, slows
down the process of its oxidation and degradation of the hydrocarbon basis. The results of the
study lead to the conclusion that neither lonol (BHT) nor 2,6-DTBP in concentrations below 0.1 %
(wt.) show pro-oxidative properties against modern mineral transformer oils, at least in the
concentration range of 0.05+0.1 %. Thus, the representation about the prooxidative effect of lonol
at its concentration in the mineral transformer oil less than 0.1 % should be considered as not
corresponding to reality.

The minimum concentration of lonol in oil established by the standard at the level of 0.1 %
significantly slows down the process of thermal-oxidative degradation of oil. However, as
demonstrated by the results of the study, bringing the concentration of lonol to the level of 0.2 %
allows to almost completely prevent the process of oil oxidation over a long period of time. This is
relevant, because the periodicity of control of the content of lonol in transformer oil is 2 years. In
this regard, it seems advisable not to allow the concentration of lonol in operating oils to decrease
below 0.2% (wt.).

It should also be noted that in practice there is a problem of separate determination in oil of
both additives — lonol and 2,6-DTBP. The traditional method of solving this problem involves the
use of gas-liquid chromatography with flame ionization detector [28]. It is also possible to use IR
spectroscopy [29, 30], however, the practical realization of this approach has both algorithmic and
instrumental difficulties, since the main IR absorption bands of these additives coincide. It seems
promising to use the near infrared spectral region [31], studies in which can be carried out in the
form of express analysis. The results obtained in solving this problem will be presented in the next
paper.

In conclusion, it should also be noted that the presented in this work optical methods of
controlling the degradation of hydrocarbon base in the UV-visible and near-infrared spectral
regions can be realized using small-size spectrophotometers in which the radiation detector is a
multielement CCD photodetector [32]. The use of spectrometers of this type, in particular, with
cooled CCD photodetectors, will not only significantly simplify and reduce the cost of
measurements, but also make it possible to conduct studies in the field.

The study was carried out within the activities of the Problematic Working Group PWG
D1.1 “Determination of Degradation Markers of Mineral Transformer Oils by Infrared

Spectroscopy” of the National Research Committee D1 of the Russian National Committee of
CIGRE.
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