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Abstract—The poly(diphenylamine) derivative (PDPA) as amine antioxidant was synthesized via diphenyl-
amine, styrene, and formaldehyde. The steps of the synthesis were discussed in detail, and the structure of
PDPA was fully characterized with multiple analysis techniques. Furthermore, the anti-oxidative properties
of PDPA were evaluated through oxidation–corrosion tests and differential scanning calorimetry. It was
found that PDPA significantly improved the oxidation stability of base oils, especially pentaerythritol ester
when it was added at concentrations of only 0.5 wt % to 0.8 wt %. Thermogravimetric analysis shows that anti-
oxidation behavior of PDPA is better than traditional additive p, p-dioctylphenylamine. The synthesized
PDPA antioxidant is a potential alternate additive in high-temperature conditions.
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INTRODUCTION

Thermal oxidation stability is an important prop-
erty of lubricants. Lubricating oils are influenced by
water, oxygen, sulfur compounds and metal catalysis
during oxidation, and result in a series of chemical
products, including coke, glial, sludge, and other sub-
stances [1, 2]. These oxidation products are harmful to
lubricant, losing lubricity and undergoing lubrication
failure thereat. Thus the service life and working effi-
ciency of engines are evidently affected, so high-per-
formance lubricating oils are developed to cope with
the elevated temperature and pressure environment
[3–6]. The high-temperature oxidation resistance of
lubricating oils depends on the quality of base oils and
the performance of additives [7, 8]. Therefore, select-
ing suitable antioxidants is important to improve the
anti-oxidation capacity of lubricating oils at high tem-
peratures and extend the working life of the lubricants.

Various antioxidants are currently applied to
enhance the anti-oxidation capacity of lubricating
oils. Among these antioxidants, phenolic antioxidants
are mainly utilized in low-temperature conditions,
including universal machine, turbine, hydraulic, and
transformer oils. However, meeting the needs of high-
temperature and high-pressure environments is diffi-
cult [9, 10]. Amine antioxidants, which are suitable for
high temperatures, are widely applied in high-tem-
perature lubricating environment. They are mainly
divided into four types, namely, p-phenylenediamine,
ketone/amine compound, diphenylamine derivatives,

and naphthylamine [11]. These amine antioxidants,
especially alkylated diphenylamine and N-phenyl-
alpha-aniline, are widely used in aviation lubricating
oils. However, they demonstrate limited performance
in the volatilization and inhibition of carbon sludge
[12, 13]. Thus, an excellent antioxidant is required to
improve the performance of lubricating oils elevated
temperature.

Macromolecular amine antioxidants are increas-
ingly drawing attention, since they have a molecular
weight of 1000 or above and exhibit low volatility as
well as thermal stability. Its structure possesses excel-
lent anti-oxidation ability and nearly produces no
sludge in application [14]. This paper aims to synthe-
size poly diphenylamine derivative (PDPA) substi-
tuted by aromatic alkyl. Its structure was examined
through various characterization methods, and its
anti-oxidation properties as a specific additive were
evaluated.

EXPERIMENTAL

Base oils and additives. The mineral base oil 500 SN,
synthetic base oil pentaerythritol ester (PE) and dioc-
tyldiphenylamine antioxidant (DODPA) were pur-
chased from a commercial source. PDPA was synthe-
sized in the laboratory according to the pathway out-
lined in Scheme 1.
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Scheme 1. Reaction pathway of PDPA.
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optimized through the orthogonal array testing, the
steps were as follows. First, diphenylamine (16.9 g,
0.1 mol) was placed in a round-bottom flask and
heated to melt. Activated clay treated by alkali was
combined with diphenylamine in the f lask. The mix-
ture was immediately heated to 220°C. Afterward, sty-
rene (43.2 g, 0.41 mol) was added to the content drop
by drop in a period of 2 h, and the reaction mixture was
refluxed for 2 h at 220°C. Intermediate products were
obtained after hot filtration (yield of 80.1%). Second,
toluene (200 ml), potassium hydroxide (14 g, 0.25 mol),
and the intermediate products (37.7 g, 0.10 mol) were
added to a 500 ml three-necked bottle and stirred at
70°C. Then formaldehyde (2.25 g, 0.075 mol) was
added and the mixtures were stirred for 1.5 h. After
complete reaction, the reaction mixtures were washed
with water, distilled, and dried over anhydrous sodium
sulphate. The brown viscous product PDPA was
finally obtained (yield of 98.4%). The typical proper-
ties of antioxidant PDPA are listed in Table 1.

Characterization of PDPA. The structure of PDPA
was confirmed through infrared spectroscopy spec-
trum (IR) with a PerkinElmer Fourier Transform
Spectrum BX instrument, proton nuclear magnetic
resonance spectroscopy (NMR) with FX-90Q, mass
spectrum (MS) with a MALDI-TOF mass spectrom-
eter, and elementary analysis with JB-750. The syn-
thesized compounds of PDPA were isolated through
chromatography and its structure was identified
through the methods described.

The stretching vibration absorption band of N-H
bonds during FTIR at 3400 cm–1 was observed in the
product. The bending vibration absorption band of C-N
bonds was detected at 1513 cm–1 and confirmed the
formation of amidogen in the aromatic secondary
amine compound. The formation of asymmetric and
symmetric stretching vibration absorption bands of C-H
Table 1. Typical properties of PDPA

Item PDPA

Color Brown liquid
Nitrogen content 4.1%
Kinematic KV (40°C) 650 mm2/s
Density (20°C) 1.09 g/mL
Flash point (opening) 230°C
These results indicated the existence of methyl in the
product. The same C-H bands were observed at 2929
and 2872 cm–1, which were the characteristic peak of
methene. A strong band from 3000–3100 cm–1, a band
that includes 1597, 1513, and 1450 cm–1, and a charac-
teristic band for benzene were observed in the spec-
trum. In addition, the absorption band of C−C bonds
belonging to 1,4-substituted benzene was confirmed
by the peak at 826 cm–1. The absorption spectrum of
the frequency zone at 1650–2000 cm–1 was a typical
characteristic of the substituent counterpoint in ben-
zene. The analysis of infrared spectra revealed the
presence of methyl, methylene, and substituted ben-
zene in the molecules, and the benzene substituents
were likely alkyl and amino which had obvious align-
ment characteristics.

The 1H NMR spectrum showed peaks at 6.82–
7.57 ppm, which indicated benzene formation. The
appearance of peaks at 4.20–4.24 ppm correspond-
ing to hydrogen atoms in amino and peaks at 4.30–
4.38 ppm corresponding to methylene groups between
singlet-connected benzene was detected. The protons
of the methyl groups were observed at 0.88 ppm adja-
cent to alkyl. These protons belonging to aminoben-
zene, benzyl and benzene were all detected. Further-
more, the ratio of hydrogen in benzene to hydrogen in
methyl and methylene was about 9 : 4 according to the
values of the peaks in the spectrum. We can obtain
additional information from the 13C NMR spectrum.
The peaks at 117.1–147.1 ppm indicated the presence
of benzene carbon. The peaks at 22.0–22.5 ppm and
those at around 39.8–44.8 ppm suggested the pres-
ence of methyl and methylene, respectively.

The proportion of each element in the elementary
analysis was (wt %): C—87.58 (87.26); H—7.16 (7.24)
and N—4.09 (4.16). Furthermore, the mass spectrum
data showed that molecular weights were about 1516,
which confirmed the product structures.

Oxidation–corrosion tests. Oxidation degradation
of lubricants usually results in chemical composition
changes in oils and further affects physical and chem-
ical properties. The thermal oxidation stability of
PDPA added to 500 SN and PE was evaluated by kine-
matic viscosity (KV) according to ASTM D445-06
and total acid number (TAN) according to ASTM
D664-06 after the oxidation–corrosion tests. All
experiments were repeated in triplicate. Oxidation–
PETROLEUM CHEMISTRY  Vol. 59  No. 9  2019
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Fig. 1. Variation in KV of 500 SN (a) and PE (b) at 175°C. 
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corrosion tests were conducted at 175°C according to
the Federal Test Method Standard 791b Method 5307.
Dry air at 167 mL/min passed through 250 ml of oil in
the presence of six metals, Cu, Fe, Al, Ag, Mg, and Ti.
Oxidation was indicated by increases in the KV and
TAN of the oil.

Differential scanning calorimetry tests (DSC). DSC
is utilized to evaluate the anti-oxidation performance
of the additives in base oils at different proportions.
The results were recorded on a PerkinElmer 8 instru-
ment according to ASTM E 2009–2008. A 2.0 mg
weighed sample was placed in open aluminum pans
with the oxygen flow maintained at 60 ml/min. The
temperature was increased from 50 to 300°C at a heat-
ing rate of 10°C/min. DSC provided the initial oxida-
tion temperature (IOT), which characterized the oxi-
dative stability of the samples. The higher temperature
was, the better thermal stability was. IOT was obtained
through a temperature-programmed experiment.

Thermogravimetric tests (TGA). TGA is used to
evaluate the oxidation stability of the antioxidants
according to ASTM D 6375-2009. It was carried out
with a NETZSCH STA 449C instrument. A small
amount of antioxidants (2.0 mg) was placed in the
TGA sample holder. The antioxidants were heated
from an initial temperature of 0 to 400°C at a rate of
10°C/min in air. Weight loss was monitored in the
instrument. The procedure for mixing the antioxi-
dants with the base oils was followed. The base oils
were doped with additives at 0.5, 0.8, and 1.2 wt % at
room temperature. Afterward, the mixture was
mechanically stirred at 60°C for 10 min and the anti-
oxidants were mixed with different base oils.

RESULTS AND DISCUSSION
Analysis of the oxidation-corrosion tests. Different

proportions of antioxidant PDPA were added to 500 SN
and evaluated by oxidation–corrosion tests at 175°C.
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The changes in KV of 500 SN (a) and PE (b) are
shown in Fig. 1. The changes in TAN of 500 SN (a)
and PE (b) are shown in Fig. 2.

Figure 1a shows that the KV of the oil samples
increases with the increase of oxidative time, which is
in accordance with the rules of oil oxidation. Further-
more, a substantial increase occurred after 36 h. When
antioxidants were added to the 500 SN, the KV of oils
decreases in varying degrees comparing with base oil,
which shows that antioxidants exhibit better thermal
stability properties. When the oxidative time is increased
from 12 to 72 h, the KV of 500 SN increases from 9.51 to
11.81 mm2/s, with an increment of 2.3 mm2/s. The
increases in other samples successively added to the
different proportions of antioxidant PDPA are 1.84,
1.82, and 1.87 mm2/s.

Figure 2a shows that the change trends of TAN are
same with KV of oils. The addition of PDPA antioxi-
dant can improve the TAN of 500 SN. After 36 h the
increase rate of TAN rapidly changes, which is associ-
ated with the decay of KV. The TAN of 500 SN can be
improved by addition of PDPA. However, increasing
the proportions of PDPA doesn’t enhance the thermal
stability properties comparing to oils containing dif-
ferent proportions of antioxidants. Therefore, the
addition of 0.5 wt % PDPA can efficiently improve the
changes in KV and TAN of 500 SN.

Figure 1b shows that the KV of PE can be signifi-
cantly improved by antioxidant PDPA. The KV of the
PE increases from 5.24 to 7.57 mm2/s at a percentage
of 44.5% from 12 to 72 h. Under the same experimen-
tal conditions, when 0.5 wt % PDPA antioxidants was
added to PE base oil, the KV of it increases from 4.86
to 4.93 mm2/s at a rate of 1.4%. Similarly, Fig. 2b shows
that the TAN of PE base oil significantly increases from
1.62 mg KOH/g at 12 h to 10.52 mg KOH/g at 72 h.
However, the TAN of PE containing different propor-
tions of PDPA antioxidants is almost unchanged after
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Fig. 2. Variation in TAN of 500 SN (a) and PE (b) at 175°C. 
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Fig. 3. The IOT of 500 SN (a) and PE (b) containing different contents of PDPA. 
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different oxidative time, which only increases from
0.18 mg KOH/g at 12 h to 0.85 mg KOH/g at 72 h.
These results show that PDPA exhibits better antioxi-
dative adaptability in PE.

Analysis of DSC tests. To understand the effects of
antioxidants on the properties of 500 SN, the oxida-
tion process of base oils should be considered. Given
that the oxidation of base oils, along with the break-
down and formation of chemical bonds, is an exother-
mic process, DSC is utilized to evaluate the thermal
stability property of 500 SN with different proportions
of PDPA antioxidants, the results are shown in Fig. 3a.
The IOT obtained from the DSC curve is set as the
measurement of the oxidative stability of oils, a high
initial oxidation temperature indicates good oil oxida-
tive stability.
The DSC curve clearly indicates the thermal oxi-
dative degradation of 500 SN. The oxidation stability
of the samples without antioxidants is fairly poor, with
an IOT of 196.6°C. IOT increases as the antioxidant
contents increase, because antioxidants significantly
influence thermal–oxidative decomposition. Results
suggest that the proportion of 0.8% possesses out-
standing oxidation resistance. And the thermal stabil-
ity property of typical mineral base oils can be
improved by PDPA antioxidant.

Figure 3b shows that the IOT of PE without any
antioxidant is only 207.7°C. When PE was combined
with 0.5 wt % PDPA antioxidant, the IOT increases
from 207.7 to 254.1°C at the proportion of 22.3%. The
addition of PDPA at 0.5 wt % results in a relatively
good IOT improvement. However, when the additive
dosage is increased to 0.8 wt %, it only contributes
PETROLEUM CHEMISTRY  Vol. 59  No. 9  2019



SYNTHESIS AND ANTI-OXIDATIVE PROPERTIES OF POLY(DIPHENYLAMINE) DERIVATIVE 1041

Fig. 4. The TGA curves of PDPA and DODPA. 
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8.8°C to IOT, which is a 0.3% increase that failed to
yield highly positive results. When PE was combined
with 1.2 wt % PDPA antioxidant, the IOT is 265.4°C,
its thermal stability is not greatly improved. Therefore,
the antioxidant PDPA is highly effective in enhancing
the IOT of the base oils. However, the increased mass
of antioxidants added to the oils doesn’t necessarily
lead to good thermal stability. Thus, it can be con-
cluded that the thermal stability of base oils can be
significantly improved by antioxidant PDPA. The best
result is acquired at 0.5 to 0.8 wt %, which indicates
that antioxidant PDPA has a better effect on ester-
based oils than on mineral-based oils.

Analysis of TGA tests. TGA is employed to com-
pare the anti-oxidation behaviors of the novel antioxi-
dant PDPA and DODPA in base oils. The TGA curves
of the antioxidants are shown in Fig. 4. This figure
clearly demonstrates that addition of the novel addi-
tives at a concentration of 0.5 wt % doesn’t result in
any weight loss when the temperature is less than
PETROLEUM CHEMISTRY  Vol. 59  No. 9  2019
225°C. The addition of the commercial antioxidant
DODPA at the same concentration results in a rela-
tively low temperature of 190°C. Furthermore, the
temperature of the novel antioxidant PDPA for total
decomposition is approximately 400°C, indicating
that it has high thermal stability. However, the decom-
position temperature for DODPA is 310°C, which is
lower by about 90°C than that of the PDPA.

Anti-oxidation mechanism of PDPA. Arylamine
antioxidants are known to act as radical scavengers by
donating hydrogen atoms to terminate alkoxy and
alkyl peroxy radicals, thus interrupting the radical
chain mechanism of the auto-oxidation process [15,
16]. Generally, arylamine antioxidants, especially
PDPA, display excellent antioxidant properties at ele-
vated temperatures. The outstanding anti-oxidation
performance of PDPA can be explained by two rea-
sons. First, the volatilization of PDPA is significantly
lower than that of other amine antioxidants because of
its high molecular weight. Thus, it exhibits excellent
thermal stability. Second, the structure of PDPA is a
long chain with an aromatic ring. This structure pro-
vides more stable resonance intermediates and more
hydrogen atoms to terminate alkoxy and alkyl peroxy
radicals compared with other traditional amine anti-
oxidants. As shown in Scheme 2, antioxidant PDPA
participates in three steps of chemical reactions to
inhibit the oxidation of base oils. At first step, hydro-
carbons are oxidized to alkyl radicals at the initial stage
of chain reactions and peroxyl radicals are generated
when parts of alkyl radicals reacted with oxygen. At sec-
ond step, PDPA provides alkyl radicals and peroxyl radi-
cals with hydrogen to stable oxidation products. At third
step, parts of formed aryloxyl radicals could react with
alkyl radicals to terminate the chain reaction, due to their
conjugation effects, and the others combined with alkyl
radicals to regenerate the antioxidant. In other words, the
novel antioxidant PDPA exhibits excellent anti-oxidation
to inhibit the oxidation of the base oils and is an ideal
alternative for the traditional amine antioxidants.
Scheme 2. Anti-oxidation mechanism of PDPA. 
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CONCLUSIONS

A novel poly(diphenylamine) derivative (PDPA)
antioxidant was successfully synthesized and found to
exhibit superior antioxidant properties for base oils,
especially ester oil. The oxidative stability of PE was
improved with different concentrations of antioxi-
dants, especially from 0.5 to 0.8 wt %. Besides, TGA
tests demonstrate that novel additive PDPA performs
better than traditional antioxidant DODPA. To some
extent, the synthesized additive PDPA is a promising
high-temperature antioxidant in lubricants.
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