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ABSTRACT: Evaluation of the acidic characteristics of a jet fuel, especially for the total acid
number (TAN), is of great significance to ensure flight safety. Methylbenzene is commonly
used as the titration solvent; however, it is poisonous and harmful to the environment. It is
highly desirable to develop an alternative solvent for methylbenzene to extract the acidic
compounds from the jet fuel during the determination of the TAN. Here, we develop a
desirable alternative solvent of a mixed ethanol−water solution with the volume ratio of
ethanol to water of 99:1, which exhibits a value of TAN similar to that of the solvent of
methylbenzene in potentiometric titration and acid−base titration methods. The TAN value
derived from the different titration solvents was in the order of 2.96 μg KOH g−1 (Vcyclohexane/
Visopropanol/Vwater = 100:99:1) > 2.68 μg KOH g−1 (Vmethylbenzene/Visopropanol/Vwater = 100:99:1)
≈ 2.6 μg KOH g−1 (Vabsolute ethanol/Vwater = 99:1) > 2.34 μg KOH g−1 (Visopropanol/Vwater =
99:1). The current report presents a nontoxic and eco-friendly alternative solvent for
methylbenzene, which may open up an avenue for evaluating the TAN of jet fuels.

1. INTRODUCTION
Jet fuel, refined from petroleum, consists primarily of
hydrocarbons in different structural families and their
derivatives formed by hydrocarbons with heteroatoms such
as oxygen, nitrogen, sulfur, and metals (iron, sodium, etc.).1−4

Generally, hydrocarbons are non-polar and do not react with
metals at operating temperatures. However, some heteroatom-
containing compounds are acidic and corrosive, such as
naphthenic acids, thiols, and so on, which were generated
during the refining progress, easily leading to the corrosion and
swelling of the equipment and materials to which they are
exposed.4,5 The possible chemical reactions are listed in
equations as 2RCOOH + Fe → Fe(RCOO)2 + H2 and 2RSH
+ Fe → Fe(RS)2 + H2.

6 Such a corrosion and swelling effect
not only affects the service life of the storage and transport
equipment but also has an impact on the cleanliness and
oxidation stability of jet fuels themselves. More seriously, some
severe cases may pose a threat to flight safety directly, for
example, the crash of Aloha airline flight 243 in 1988 because
of the corrosion. Therefore, evaluation of the acidic character-
istics of jet fuel accurately, especially for the total acid number
(TAN, the weight of KOH required to neutralize a gram of
acidic jet fuel, determined according to the ASTM D664
protocol), is of great significance to ensure the flight safety.7

Until now, two main types of measurement methods have
been used to evaluate the TAN of jet fuels, that is, color
indicator titration (acid−base titration) and potentiometric
titration methods according to the ASTM D3242 (similar to
GB/T 12574) protocol8−11 and ASTM D664 (similar to GB/
T 7304) protocol,12−14 respectively. The above methods both
use the mixed solution of water, isopropanol, and methyl-

benzene (Vmethylbenzene/Visopropanol/Vwater = 100:99:1) as the
titration solvent to extract the acidic compounds from the jet
fuel and then titrated with the standard solution of KOH
(RCOOH + KOH → RCOOK + H2O and RSH + KOH →
RSK + H2O). However, the titration solvent contains a large
amount of methylbenzene, which is poisonous and harms the
health of the operator seriously.15−17 Meanwhile, methyl-
benzene is greatly harmful to the environment and is difficult
to deal with because it could pollute water and air as well as it
is not easily decomposed and can exist in the environment for
a long time. Furthermore, methylbenzene is heavily regulated
by the law-enforcing department in China as it is employed as
an indispensable solvent in the manufacture of drugs, making it
difficult to buy freely on the market. Therefore, it is highly
desirable to develop a green titration solvent to extract the
acidic compounds from the jet fuel during the determination of
the TAN.
In this study, we develop a desirable alternative solvent of

the mixed solution of water, isopropanol, and methylbenzene,
that is, ethanol−water solution with the volume ratio of
ethanol to water of 99:1, which can effectively extract the
acidic compounds from the jet fuel and exhibits a value of
TAN similar to that of the solvent of the mixed solution of
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water, isopropanol, and methylbenzene. Such titration results
are verified by the potentiometric titration and acid−base
titration methods.

2. RESULTS AND DISCUSSION

2.1. Color Indicator Titration (Acid−Base Titration). In
the acid−base titration process, α-naphtholbenzein (pH: 8.5−
9.8) usually serves as an indicator to determine the titration

end point, whose color changes from yellow to bright green
during titration,18,19 as shown in Figure 1a. To eliminate the
influence of carbon dioxide in the environment on titration
results, N2 is used as a protective gas to fill the entire titration
flask until the end of the titration.20 The whole titration
process is carried out according to ASTM D3242 (GB/T
12574). Before the titration, the volume of the KOH solution
consumed by the titration solvents was measured. As shown in

Figure 1. (a) Illustrations of the titration process and the structure transformation of the α-naphtholbenzein indicator during titration. (b) TAN
titration results of jet fuels with different titration solvents (Visopropanol/Vwater = 99:1, Vabsolute ethanol/Vwater = 99:1, Vmethylbenzene/Visopropanol/Vwater =
100:99:1, and Vcyclohexane/Visopropanol/Vwater = 100:99:1).

Figure 2. Potentiometric titration curve and the corresponding first-order differential curve of the total acid value of the titration solvent: (a)
Vmethylbenzene/Visopropanol/Vwater = 100:99:1, (b) Visopropanol/Vwater = 99:1, (c) Vabsolute ethanol/Vwater = 99:1, and (d) Vcyclohexane/Visopropanol/Vwater =
100:99:1.
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Tables S1 and S2, 0.23, 0.14, 0.28, and 0.32 mL of KOH
solution are consumed by the titration solvents of methyl-
benzene, isopropanol, and water (Vmethylbenzene/Visopropanol/Vwater

= 100:99:1), absolute ethanol and water (Vabsolute ethanol/Vwater =
99:1), isopropanol and water (Visopropanol/Vwater = 99:1), and
cyclohexane, isopropanol, and water (Vcyclohexane/Visopropanol/
Vwater = 100:99:1), respectively. Note that in the titration
solvents, the organic solvents are used to extract the organic
acids in the jet fuel, such as naphthenic acids, and the water is
used to extract the water-soluble acids.21−23 Meanwhile, the
organic solvents can also improve the solubility of water in the
jet fuel because the hydrocarbon chains of organic solvents
interact with the fuel physicochemically, and the hydroxyl
group forms hydrogen bonds with water molecules.1,24

Figure 1b shows the TAN titration results of jet fuels with
different titration solvents, and the experimental details are
listed in Tables S1 and S2. With the mixed solution of
methylbenzene, isopropanol, and water (Vmethylbenzene/
Visopropanol/Vwater = 100:99:1) as the titration solvent, the
TAN value of five times titration are 2.5, 2.7, 2.8, 2.6, and 2.8
μg KOH g−1 respectively. The repeatability of the test results
(0.3 μg KOH g−1) is in line with the required accuracy of 0.6
μg KOH g−1, specified by GB/T 12574.21,25 The mean of the
five titration results is about 2.7 μg KOH g−1. If methylbenzene
is removed from the titration solvent, namely, the mixed
solution of isopropanol and water (Visopropanol/Vwater = 99:1) as
the titration solvent, the mean of the five titration results is

about 2.3 μg KOH g−1, which is slightly lower than the
titration value of methylbenzene, isopropanol, and water as the
titration solvent. Based on the above data, we speculate that
the ability to extract acids from the jet fuel decreases when
methylbenzene is removed from the titration solvent.
Considering the similar molecular structure of cyclohexane

with naphthenic acids, cyclohexane may be a good alternative
for toluene in the titration solvent.26−28 As shown in Figure 1b,
with the mixed solution of cyclohexane, isopropanol, and water
(Vcyclohexane/Visopropanol/Vwater) as the titration solvent, the TAN
values of five times titration are 3.1, 2.9, 2.7, 3.2, and 2.9 μg
KOH g−1, which are slightly higher than that of methyl-
benzene, isopropanol, and water as the titration solvent. This is
mainly because the main organic acid compounds in petroleum
products are naphthenic acid compounds; the TAN value
should be higher with the solution of cyclohexane, isopropanol,
and water as the titration solvent according to the
compatibility principle of the dissolution in the similar
structure. Compared with the titration results of the mixed
solution of cyclohexane, isopropanol, and water, the titration
values are closer to 2.7 μg KOH g−1 with the mixed solution of
absolute ethanol and water as the titration solvent. The TAN
value of five times titration is 2.6, 2.5, 2.5, 2.7, and 2.7 μg KOH
g−1, and the repeatability of the test results (0.2 μg KOH g−1)
is also within the standard range.

2.2. Potentiometric Titration Method. It is well known
that the potentiometric titration method possesses the

Figure 3. Potentiometric titration curve and the corresponding first-order differential curve of the total acid value of jet fuels with different titration
solvents: (a) Vmethylbenzene/Visopropanol/Vwater = 100:99:1, (b) Vabsolute ethanol/Vwater = 99:1, (c) Vcyclohexane/Visopropanol/Vwater = 100:99:1, and (d)
Visopropanol/Vwater = 99:1.
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characteristics of higher accuracy and less influence of human
factors than the acid−base titration method.29,30 The above
titration results measured by the acid−base titration method
are further verified by the potentiometric titration method,
which determines the end-point of titration by the sudden
potential change of the indicatory electrode. As shown in
Figure 2, the sudden potential changes appear when the
consumptions of KOH solution are 0.25, 0.30, 0.14, and 0.26
mL for the titration solvents of methylbenzene, isopropanol,
and water (Vmethylbenzene/Visopropanol/Vwater = 100:99:1), iso-
propanol and water (Visopropanol/Vwater = 99:1), absolute ethanol
and water (Vabsolute ethanol/Vwater = 99:1), and cyclohexane,
isopropanol, and water (Vcyclohexane/Visopropanol/Vwater =
100:99:1), respectively, which are consistent with the acid−
base titration results. It should be noted that multiple sudden
potential changes appear in the potentiometric titration curve
of the isopropanol and water titration solvent, which may be
caused because the minimum addition volume of potassium
hydroxide solution is too small, resulting in small potential
changes but the signal drifts generated by the electrode are
relatively large.
Figure 3 shows the potentiometric titration curve and the

corresponding first-order differential curve of the total acid
value of jet fuels with different titration solvents. 0.37, 0.41,
0.31, and 0.50 mL of KOH solution are consumed by the jet
fuel with the mixed solutions of methylbenzene, isopropanol,
and water (Vmethylbenzene/Visopropanol/Vwater = 100:99:1), absolute
ethanol and water (Vabsolute ethanol/Vwater = 99:1), isopropanol
and water (Visopropanol/Vwater = 99:1), and cyclohexane,
isopropanol, and water (Vcyclohexane/Visopropanol/Vwater =
100:99:1) as the titration solvent, and the corresponding
TAN values are 2.5, 2.7, 2.1, and 3.3 μg KOH g−1, respectively.
The TAN value derived using the potentiometric titration
method is slightly smaller than that derived using the acid−
base titration method, indicating the measuring accuracy of the
potentiometric titration method.31

3. CONCLUSIONS

In summary, three nontoxic and eco-friendly solutions are
investigated as substitutes for the methylbenzene-containing
titration solvent in evaluating the TAN of jet fuels.
Potentiometric titration and acid−base titration results show
that with the mixed solution of isopropanol and water as the
titration solvent, the TAN value of the jet fuel is lower than
that of the TAN value derived from the standard-specified
titration solvent, that is, the mixed solution of methylbenzene,
isopropanol, and water (Vmethylbenzene/Visopropanol/Vwater =
100:99:1). With cyclohexane, isopropanol, and water
(Vcyclohexane/Visopropanol/Vwater = 100:99:1) as the titration
solvent, the derived TAN value is higher, while the TAN
value obtained from absolute ethanol and water (Vabsolute ethanol/
Vwater = 99:1) as the titration solvent is very close to the TAN
value derived from the standard-specified titration solvent.

4. EXPERIMENTAL SECTION

4.1. Materials. The jet fuel sample used in this study was
produced by Sinopec Shanghai Gao Qiao Petrochemical Corp,
whose composition and physicochemical properties are listed
in Table 1. Methylbenzene, cyclohexane, isopropanol, and
absolute ethanol were purchased from Sinopharm Chemical
Reagent Co. Ltd. of China. Alpha (α)-naphtholbenzein from
Sigma-Aldrich (USA) was used as received. Potassium

hydroxide (KOH) powder was purchased from Aladdin
Industrial Corporation (Shanghai, China). All chemicals were
of analytical grade and used without further purification.
Ultrapure water (18.2 MΩ cm) was used throughout all the
experiments.

4.2. Test Methods. The TAN of the current jet fuel was
evaluated using the color indicator titration and potentiometric
titration methods, respectively. The color indicator titration
was operated according to the GB/T 12574 protocol.
Specifically, 100 ± 5 g of the jet fuel, 100 mL of the titration
solvent, and 0.1 mL of the α-naphtholbenzein indicator were
mixed thoroughly in a titration bottle under the protection of
N2. The mixed solution was bubbled with a nitrogen flow of
600−800 mL·min−1 for 3 min under the condition of
ventilation to extrude the dissolved CO2. Then, the pre-
treated solution was titrated by a standard solution of KOH−
isopropanol under stirring and bubbling with N2 until the
solution turned bright green and held this color for 15 s. The
TAN of the sample was determined following eq 1

V VTAN 56.1 ( ) c/m0= × − × (1)

where V and V0 represent the volumes of the KOH−
isopropanol standard solution consumed by the titrated sample
and blank sample (i.e., the samples with and without the jet
fuel), respectively, and c and m are the actual concentration of
the KOH−isopropanol standard solution and quality of the jet
fuel, respectively. Note that the actual concentration of the
standard solution of KOH−isopropanol was calibrated by
potassium biphthalate. For the accuracy of this research, the
value of TAN was always averaged with five results.
The potentiometric titration was tested according to the

GB/T 7304 protocol on a ZDJ-5B potentiometric titrator
(Shanghai Precision Scientific Instrument Co., Ltd.). Briefly,
100 ± 5 g of the jet fuel and 100 mL of the titration solvent
were mixed thoroughly in a titration vessel under the
protection of a 600−800 mL·min−1 N2 flow. Subsequently,
the pre-treated solution was titrated using the KOH−
isopropanol solution under stirring. A saturated calomel
electrode and a glass electrode were used as the reference
and working electrodes, respectively. The fixed value mode was
used during titrating, and 0.02 mL of the KOH−isopropanol
standard solution was injected each time. Note that the
concentration of the KOH−isopropanol standard solution was
measured by potassium acid phthalate before use.
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Table 1. Jet Fuel Properties in Specifications

parameter value parameter value

aromatics, % v/v 12.0 olefins, % v/v 1.0
naphthalenes, % v/v 0.40 total acid

value, mg KOH/g
0.003

density @ 20 °C, kg m−3 795.3 freezing point, °C −67.0
smoke point, mm 24.6 initial boiling point, °C 153.0
10% v/v recovered, °C 172.0 50%v/v recovered, °C 192.0
90%v/v recovered, °C 223.0 final boiling point, °C 248.0
flash point, °C 45.0 sulfur, % m/m 0.0176
kinematic viscosity
@ −20 °C, mm2 s−1

3.971 kinematic viscosity
@ 20 °C, mm2 s−1

1.631
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Detailed titration results with different titration solvents:
mixed solution of methylbenzene−isopropanol−water
(Vmethylbenzene/Visopropanol/Vwater = 100:99:1) and absolute
ethanol−water (Vabsolute ethanol/Vwater = 99:1) (PDF)
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