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1. Introduction

Trends in the automobile industry, aimed at reducing the
size of machines and mechanisms, as well as environmental
problems of motor transport, result in an increase of the re-
quirements for the level of the functional efficiency of fuels and
lubricants. Thus, the usage of the special additives and, first of
all, oxidation inhibitors (antioxidant substances) is the most
progressive and profit-proved way of obtaining high-quality
fuels and lubricants, as well as their long-term storage.

The following types of compounds have been most
commonly used among the antioxidant additives to fuels
and lubricants: dithiophosphates and dithiocarbonates of
metals (mainly zinc dithiophosphates), secondary aromatic
amines, and hindered alkylphenols. However, each of these
types of additives has both advantages and disadvantages. In
particular, dithiophosphates and dithiocarbonates of metals
together with the antioxidant properties also have anticor-
rosion and antiwear properties. But these compounds, espe-

cially dithiophosphates, have insufficient thermal stability
and, consequently, when they are decomposed at increased
temperatures (for example, in the area of the piston rings
while they are used in motor oils) they lead to the formation
of undesirable sediments and deposits.

An essential advantage of alkylphenol and amine anti-
oxidants is that they belong to the ashless additives. And
alkylphenol Mannich bases (MB), which are obtained by
condensation of the hindered alkylphenols with carbonyl
compounds and different amines, are the most promising
among the high-temperature oxidation inhibitors of fuels
and lubricants. In the composition of such compounds, there
are both hindered phenols and amine groups that can signifi-
cantly enhance antioxidant activity. This fact is important
because the Mannich reaction is very simple from the tech-
nological point of view and, if necessary, the industrial pro-
duction of the target products can be arranged on its basis.

Consequently, the study of the influence of the Mannich
bases on the processes of fuels and lubricants oxidation and




the establishment (at high temperatures) of the synergetic
effect of the interaction of stable nitroxyl radicals with
amines that contain groups of -NH or B-CH< in relation
to Nitrogen is an urgent task. The possibilities of synthe-
sis on the basis of the available reagents of the effective
antioxidants for fuels and lubricants that have antioxidant
properties at high temperatures (that is, under the normal
operating conditions in the engine) are also described in
the paper. These results can be used to create new materials
(additives to fuels and lubricants), as well as technologies for
their manufacture.

2. Literature review and problem statement

Mixtures of nitrogen oxide compounds with aliphatic
amines (or alcohols) have been widely used in the process-
es of the thermo-oxidative inhibition of polyolefins [1].
Nitroxyl radicals (*NO¢) mixed with piperidine are ex-
tremely effective stabilizers of polymers [2]. Today, nitrox-
yl radicals very often attract attention of scientists and
experts [3]. So, the main areas of their application will be
considered. For example, the role of nitroxyl radicals in
the radical oxidation of polypropylene was investigated in
[4], and in [5] the processes of the microcrystalline cellu-
lose transformation in the presence of these radicals were
studied.

The oxidation-reduction potential (redox potential) of
nitroxyl radicals was theoretically researched in [6]. In
particular, the authors found that nitroxyl radicals of the
piperidine series in the oxidation of amines that contain
groups —NH or B-CH< in relation to Nitrogen are effective
reusable antioxidants due to the possibility of their regen-
eration [7]. The effect of autocatalysis of nitroxyl radicals
in the oxidation of polypropylene [8] was also determined,
and in [9] the efficiency of their antioxidant activity in the
mixtures with hydroxylamines was shown.

In order to inhibit undesirable radical processes in the
cross-polymerization reactions, the authors of the patent
[10] used alkoxyamines and hydroxylamine. The basis of
the method is the ability of these compositions to form
stable nitroxyl radicals during heating (under the conditions
of polymerization processes). But this approach cannot be
realized when nitroxyl radicals are used in motor fuels and
oils, since in this case greater thermal stability of the addi-
tives-inhibitors is required.

Nitroxyl radicals (>NOv) are free radical acceptors [11],
and, consequently, the possibility of their regeneration is
conditioned by the ability of the a-aminoperoxide radical
>N-COO-+ to have oxidation-reduction properties [12].
That is

>C(00%)~-NH+>NO+—>NOH+>C=N—+0,. )
>CH-CH(OO*)-N<+>NO+*—->>NOH+>C=CH-N<+0O,. (2)
ROO+*+>NOH—-ROOH+>NO-.

In order to be able to exhibit regenerative properties
(reactions 1 and 2), the ROO-« radical must have the -NH or
B-CH- groups relative to Nitrogen. Thus, the compositions

of stable nitroxyl radicals with amines can be a kind of “re-
pository” of the stabilizers of the oxidation reaction [2].

Similar to amines, phenols can be included in the com-
positions with nitroxyl radicals. In particular, in the patent
[13], in order to block radical reactions in the polymeriza-
tion processes, it was proposed to use the compositions of
hindered phenols with nitroxyl radicals. However, the use
of such compositions as additives to fuels and lubricants
is considered inappropriate because they have insufficient
thermal stability.

Amines, especially in combination with hindered phenols,
have good antioxidation properties; for example, in the patent
[14] in order to stabilize polyolefins, it was proposed to use a
special composition that consists of an antioxidant substance,
a stabilizer containing Phosphorus, and an acidic stabilizer
containing metal salts. At the same time, the antioxidant is a
derivative of the hindered alkylphenol, which composition in-
cludes an amino-group. However, this composition also has a
significant disadvantage because it is ashy due to the presence
of salts of organic acids. In turn, in [15] it was proposed to use
macromolecules (alkylated derivatives of phenols and amines)
as antioxidants for polymers, fuels and lubricants.

Consequently, according to the information given
above, it is appropriate to investigate the influence of stable
nitroxyl radicals with amines as additives to motor fuels and
oils at increased temperatures that are common when fuels
and lubricants are used in internal combustion engines.

3. The aim and objectives of the study

The aim of the research is to determine and study the
synergetic effect of stable nitroxyl radicals and amines
during the fuels and lubricants oxidation at increased tem-
peratures (~150—200 °C), which are the operating tempera-
tures in internal combustion engines.

So, in order to achieve the research aim, the following
tasks were set:

—to synthesize the alkylphenol Mannich bases by con-
densation of 2,6-di-tert-Butylphenol with formaldehyde,
ammonia, n-toluidine and dibenzylamine;

— to synthesize Mannich bases by condensation of alkyl-
phenols with paraform and diethylenetriamine;

—to determine the induction periods during the oxida-
tion of hydrocarbons of fuels and lubricants at increased
temperatures (=200 °C) in the presence of the synthesized
tributylamine additives and stable nitroxyl radicals.

4. The investigation of the synergetic phenomenon of
stable nitroxyl radicals and amines

4. 1. Objects of research

As the research objects, the following nitroxyl radicals
were used: 2,2,6,6-tetramethyl-4-oxopiperidin-1-oxyl (Re)
with a melting temperature (¢,,) of 36 °C and di-(2,2,6,6-
tetramethyl-1-oxyl-4-piperidyl)-isophthalate (*Re) with
¢ ~163°C [3] (Fig. 1).

As amines, tributylamine (TBA) and alkylphenol Man-
nich bases were used because nitrogen-containing derivatives
of the hindered alkylphenols have been known for a long time
as effective antioxidants, including for the use in motor fuels
and oils [16]. The choice of the alkylphenol Mannich bases
was also conditioned by their effectiveness as high-tempera-
ture oxidation inhibitors for fuels and lubricants [17].



The high temperature of the fuels and lubricants usage
in internal combustion engines accelerates undesirable oxi-
dation and corrosion processes, which, in turn, reduces the
working life of the friction units of mechanisms and causes
other technological and environmental problems. Therefore, it
is important to create effective compositions of additives, es-
pecially those with high-temperature antioxidant properties.

H3C, ,CHs
(R*) «O—N =
H3C” MCH3

H3C_ ,CH3 H3C_ ,CH3

(\R+) -0—N >_O_ﬁ (ﬁ—OQ—O-
H3C” “CH3 O O H3C” “CH3

Fig. 1. The chemical formulae of the nitroxyl radicals:
2,2,6,6-tetramethyl-4-oxopiperidin-1-oxyl (Re) and
di-(2,2,6,6-tetramethyl-1-oxyl-4-piperidyl)-isophthalate (*Re)

Thus, nitrogen-containing derivatives of 2,6-di-tert-Bu-
tylphenol and alkylphenols with alkyl radicals Cy—C,, have
been investigated, namely:

— N-(4-methylphenyl)-N,N-bis-(3,5-di-tert-butyl-4-
hydroxybenzyl)amine (MB-MPh); melting temperature
t,,=198-199 °C;

- N,N-dibenzyl-N-(3,5-di-tert-butyl-4-hydroxy-
benzyl)amine (MB-DBA); ¢,,=90-91 °C;

— tris-(3,5-di-tert-butyl-4-hydroxybenzyl)amine (MB-T);
t,,=235°C [18] (Fig. 2);

—a mixture of condensation products of alkylphenols
with paraform and diethylenetriamine (Fig. 3).

As alkylphenols, the following substances were used:
2,6-di-tert-Butylphenol (white crystalline needles, melting
temperature ¢,,=40 °C, boiling temperature (¢,,;) is 120 °C
at the pressure of 2 mm of mercury) and alkylphenols
with alkyl radicals Cy—C,, that had such isomeric compo-
sition, %: paraffin-olefins — 6.0, 2,6-dialkylphenols —13.0,
2,4-and 2-alkylphenols — 50.0, 4-alkylphenols — 30.0.

CH N/R ;
3 N

(MB-MPh)

X
R= —CHz—QOH, X= —C(CH3)3
X

Fig. 2. The chemical formulae of the nitrogen-containing
derivatives of 2,6-di-tert-Butylphenol and alkylphenols with
alkyl radicals C,—C,,: N-(4-methylphenyl)-N, N-bis-(3,5-di-
tert-butyl-4-hydroxybenzyl)amine (MB-MPh); N,N-dibenzyl-
N-(3,5-di-tert-butyl-4-hydroxybenzyl)amine (MB-DBA) and
tris-(3,5-di-tert-butyl-4-hydroxybenzyl)amine (MB-T)

(CsHsCH2)>N—R ; R3N, where

(MB-DBA) (MB-T)

Compounds with n-toluidine (MB-MPh) and dibenzyl-
amine (MB-DBA) were synthesized by the method of 2,6-
di-tert-Butylphenol condensation with formaldehyde and
amines [19]; Mannich bases with Ammonia (MB-T) — ac-
cording to the method [18]. Structures of the synthesized
compounds were confirmed by the elemental analysis, as well
as by proton magnetic resonance and infrared (IR) spectra.

H2N — CH2—CH2— III — CH>—CH2—NH—CH2—Z
CH2

z

,CH2—Z

H:N — CH2—CH2— NH— CH>—CH2—N

NCH2—Z

7—CH2—NH— CH2 —CH2— NH— CH2—CH>—NH—CH2—Z
OH

X
Z - equimolar mixture of QOH and Cg—C2 for (MB-D)
X

OH
z- Cs—Ci2 for (MB-APh).

Fig. 3. The chemical formulae of the compounds included in
the mixture of the condensation products of alkylphenols
with paraform and diethylenetriamine

Consequently, the infrared spectrum for the MB-MPh
(tablets of KBr, v, cm™) is: 3648 (~OH); 2875-3005 (-CH,-);
2958 (~CH,); 1623 (aromatic ring Ar); 756-780 (substituted
1,2,3,5 aromatic ring). In this case, there were no characteristic
bands for ArNH,, Ar—-NH-R.

Proton magnetic resonance spectrum (in CCl, solution),
3, ppm (number of protons, multiplicity, group): 1.41 (36H, s,
t-Bu-);2.25 (3H,s,—CH,); 3.68 (4H,s,>N-CH,); 4.89 (2H, s,
—OH); 712 (4H, s, —Ar); 6.52-7.28 (4H, m, >C,H,). Infrared
spectra were recorded on the UR-20 spectrometer; proton
magnetic resonance spectra — on the Tesla BC-477 spec-
trometer (60 MHz, internal standard — hexamethyldisilane
CH,Si,, HMDS).

4. 2. Mannich bases synthesis at the molar ratio of
diethylenetriamine:2,6-di-ter&-Butylphenol (2,6-DTB):
alkylphenol C,—C,,:paraform=1:1:1:2 (MB-D)

The method of the target product synthesis was as
follows: 20.6 g (0.2 mole) of diethylenetriamine and 41.4 g
(0.2 mole) of 2,6-DTB were heated to 60 °C; then 6g
(0.2 mole) of paraform was added in portions. The reaction
mixture was thoroughly blended. Then the temperature of
the reaction mixture was raised to 120 °C and it was kept in
anitrogen stream for 1 hour. After that, the temperature was
raised to 150 °C and the reaction mixture was kept under
such conditions for 1 more hour.

The reaction mixture was cooled to 90 °C, 46 g (0.2 mole)
of alkylphenol was added and then, while blending and ni-
trogen barbotage, 6 g (0.2 mole) of paraform was added in
portions. The mixture was kept for 2 hours at a temperature
of 120 °C and 2 hours — at a temperature of 150 °C. The reac-
tion mixture was vacuumed for 15 minutes at a temperature
of 150 °C and a pressure of 2—3 mm of mercury. As a result of
the reaction, a transparent, red and brown and very viscous
mass was obtained. By the elemental analysis, it was found
that % N=7.0. Taking into account the molecular weights of
2,6-DTB and alkylphenol, respectively, 207 and 233, it was
calculated that % N=7.4.

4. 3. Mannich bases synthesis at the molar ratio of di-
ethylenetriamine:alkylphenol:paraform=1:2:2 (MB-APh)
For the Mannich base synthesis, a mixture of 20.6 g
(0.2 mole) of diethylenetriamine and 93.2 g (0.4 mole) of



alkylphenol was heated to 60—65 °C. Then 12.1 g (0.4 mole)
of paraform was added during intensive blending. After that,
the temperature of the reaction mixture was raised to 120 °C
and the mixture was kept under these conditions for 2 hours.
Then the reaction mixture was bubbled by nitrogen, the
temperature was increased to 150 °C; the mixture was kept
for 2 hours with Dean-Stark attachment (in order to control
the reaction by the amount of released water). The reaction
mixture was vacuumed for ~0.5 hour (under such conditions:
150 °C, 2-3 mm of mercury). By the elemental analysis, it
was found that % N=6.8.

5. Methods and results of
the investigation of the synergetic effect of
stable nitroxyl radicals and amines

The antioxidant properties of the obtained compounds
were studied in vaseline oil at a temperature of 200 °C by
the method of oxygen absorption. The antioxidant activity
of the compounds was estimated by the induction periods
in the oxygen absorption kinetics. The induction period

of oxidation of the oil with the inhibitor was determined
as the time from the beginning of the experiment to the
point when the rate of the oxygen absorption reached the
initial rate of the uninhibited oil oxidation. This moment
was controlled both by the slop angle change of the oxygen
absorption kinetic curve and by the sharp temperature
change (jump) by several degrees of the oxidizing medium.
The kinetics of the oxygen absorption was studied by the
manometer with an automatic compensation and recording
of spent oxygen [20].

The magnitude of the synergetic effect (f) was calculated
by the formula:

f T12

= ’
T,+7T,

where 1,,, 7, and 1, — periods of oxidation induction with a
mixture of inhibitors and with each inhibitor separately, min.

The periods of induction of the vaseline oil oxidation
at a temperature of 200 °C in the presence of various con-
centrations of nitroxyl radicals and amines are shown in
Table 1.

Table 1
Vaseline oil oxidation in the presence of the inhibitors at a temperature of 200 °C
Experiment Oxidation inhibitor Inhibitoz Oxid.ation in(}ucFion Oxidajtion indu_ction Synergevtic effect
number concentration, % mass period 1,, 7,’, min. period t,,, min. magnitude /
1 eRe 0.25 33 - -
2 eRe 0.5 65 - -
3 Re 0.5 8 - -
4 MB-MPh 0.25 50 - -
5 eRe+MB-MPh 0.25+0.25 - 92 1.1
6 MB-DBA 0.25 45 - -
7 eRe+MB-DBA 0.25+0.25 - 80 1.0
8 MB-T 0.5 65 - -
9 Re+MB-T 0.5+0.5 - 68 0.9
10 MB-D 0.25 24 - -
1 eRe+MB-D 0.25+0.25 - 87 1.5
12 MB-APh 0.25 8 - -
13 MB-APh 0.5 12 - -
14 eRe+MB-APh 0.25+0.25 - 78 1.9
15 eRe+MB-APh 0.5+0.5 - 160 21
16 Tributylamine (TBA) 1.25-10.0 0 - -
17 eRe+TBA 0.25+10.0 - 40 1.2
18 eRe+TBA 0.25+5.0 - 107 3.2
19 eRe+TBA 0.25+2.5 - 57 1.7
20 eRe+TBA 0.25+1.25 - 23 0,7
21 Re+TBA 0.5+5.0 - 40 5,0

Note: the average values of the induction periods from 3 experiments are given



So, according to the experimental data, there is a syner-
getic effect of the alkylphenol Mannich bases and TBA with
nitroxyl radicals of different structure. However, the magni-
tude of this effect depends both on the concentration of the
substances-inhibitors and on their ratio. For example, for the
mixture of *Re+TBA there is an optimum (experiment 18);
at the same time, alkylphenol Mannich bases have synergetic
effects at much lower concentrations than TBA, in particu-
lar, 0.25-0.5 % for Mannich bases and 1.25-10.0 % for TBA.

6. Discussion of the results of the investigation of
stable nitroxyl radicals and amines synergy during fuels
and lubricants oxidation

In order to confirm the appropriateness and importance of
the investigation of antioxidant and synergetic effects of the
alkylphenol Mannich bases with amines to create effective
compositions of additives to fuels and lubricants (in particu-
lar, to motor fuels and oils), the Table 1 data will be analyzed.

It should be noted that synergism was observed only with
alkylphenol Mannich bases that contain the group —NH or
B-CH< in relation to Nitrogen (experiments 11, 14, 15).
However, no synergetic effect was found for Mannich bases
that are highly effective oxidation inhibitors because of the
hindered phenol group but do not contain the -NH and
B-CH< groups (experiments 5, 7, 9).

As can be seen (experiments 14 and 15), the effect
of the inhibitors mixture increases significantly with
the increase in the concentration of the Mannich base
and nitroxyl radical. In particular, for tributylamine,
which has no inhibitory effect within the concentration
of 1.25-10.0 % during the vaseline oil oxidation at a
temperature of 200 °C (experiment 16) in the mixture
with nitroxyl radicals (experiments 17-21), the maximum
synergetic effect was observed when its concentration was
5 % (experiments 18, 21).

At the same time, an increase in the TBA concentration
to 10 % leads to the decrease of the synergetic effect (ex-
periment 17). Perhaps this is due to the fact that the TBA
oxidation rate at increased temperatures is sufficiently high

and therefore only a part of the a-aminoperoxide radicals is
involved in the reduction of the nitroxyl radicals, while the
other part continues to participate in the chain oxidation
process. The obtained results can be explained by the theory
of the action mechanisms of stable nitroxyl radicals, which is
presented and discussed in [3].

Thus, the determined synergetic effect makes it possible
to create effective antioxidant additives for fuels and lubri-
cants in order to inhibit hydrocarbons oxidation processes
and save the original properties of motor fuels and oils. The
conducted investigation confirmed the possibility of ob-
taining synergetic mixtures of nitroxyl radicals and amines,
which are Mannich bases. Such mixtures can have antioxi-
dant properties at high temperatures.

The conducted investigations do not allow establishing
clear patterns of the influence of the structure and compo-
nent concentration of Mannich bases on their antioxidant
ability. In order to answer these questions, wider investi-
gations that should include more products and experiments
with different component ratios are needed. The data from
such studies can be used for the development of industrial
antioxidants and their production technologies.

7. Conclusions

1. It was determined that during the vaseline oil oxida-
tion at increased temperatures (200 °C), there is a synergetic
effect of stable nitroxyl radicals with amines that contain
—NH or B-CH< groups in relation to Nitrogen.

2. The magnitude of the synergetic effect for the Man-
nich bases reaches the value of 2, while for tributylamine — 5,
and depends on the structure, concentration and ratio of the
inhibitors.

3. The obtained results confirm the appropriateness of
further investigations of the alkylphenol Mannich bases in
order to create effective compositions of additives to fuel and
lubricants (in particular for motor fuels and oils) because
they have synergetic effects at significantly lower concen-
trations than TBA (0.25-0.5 % for Mannich bases versus
1.25-10.0 % for TBA).
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