
Studying the impact of different additives on the properties of
straight-run diesel fuels with various hydrocarbon compositions
Maria Kirgina, Ilya Bogdanov, Andrey Altynov, Nataliya Belinskaya*, Alina Orlova, and Nurguyaana Nikonova

School of Earth Sciences & Engineering, Tomsk Polytechnic University, 634050 Tomsk, Russia

Received: 6 December 2020 / Accepted: 29 March 2021

Abstract. One of the most widely used way to improve low-temperature properties of diesel fuels is the use of
additives. However, a variety of additives and the effect of susceptibility make it difficult to select additive for a
particular composition of diesel fuel and operating conditions. The laws of interaction between functional
groups of additives and hydrocarbons of the diesel fraction have not been investigated yet. The article discusses
the influence of fractional, group and structural-group composition of straight-run diesel fuels on the effective-
ness of cold flow improvers. The effect of additives concentration on the effectiveness of their action is consid-
ered. It was shown that when selecting a cold flow improver for diesel fuel and determining its optimal
concentration, it is necessary to take into account the optimal content of various groups of hydrocarbons in
diesel fuel, at which a cold flow improver is most effective.

List of Symbols

Cal Mass fraction of carbon in alkyl substituents,
% wt.

Car Mass fraction of carbon in aromatic rings,
% wt.

CIISO Cetane Index proposed by the ISO 4264 2008
“Petroleum products – Calculation of cetane in-
dex of middle-distillate fuels by the four-vari-
able equation”, points, �C

Cn Mass fraction of carbon in naphthenic struc-
tures, % wt.

Cr Mass fraction of carbon in ringed structures,
% wt.

K, K1 Aniline coefficients
Kar Number of aromatic rings
Kn Number of naphthenic rings
Ktot Total number of rings
Tcp Cloud Point, �C
Tpp Pour Point, �C

1 Introduction

In many countries, due to the climate conditions, it is
important not only to produce high-quality and environ-
mentally friendly petroleum products, but also to provide

diesel fuels capable of maintaining their performance in cold
conditions. In addition, the development of the Arctic and
Antarctic territories is one of the strategic directions for
the development of a number of countries (Russian Feder-
ation, Canada, USA, Northern Europe countries). Achiev-
ing success in these tasks is impossible without provision
of diesel fuel, available to operate in cold conditions in inter-
nal combustion engines and machines, including those used
to generate electricity [1–4].

Production of low-freezing high-quality diesel fuel
grades is being complicated from year to year as far as
the raw material for oil refineries deteriorates due to the
involvement of heavy, high-sulfur oil and fractions [5–9].

There are various ways to improve low-temperature
properties of diesel fuel (the cloud point, the pour point
and the Cold Filter Plugging Point (CFPP)). However,
the use of cold flow improvers (depressant, dispersant and
depressant-dispersant) is the most common and the most
cost-effective way [10–12].

Depressant additives interact with the surface of the
incipient crystals and prevent their growth and association.
The mechanism of the depressant action has not been
conclusively established. Two opinions are the most com-
mon. First opinion suggests the adsorption of the depressant
on the surface of the paraffin crystal, second opinion suggests
the co-crystallization of the paraffin and the depressant.
During adsorption, the depressant molecule is adsorbed on
the crystal surface by the polar part, non-polar part faces
the fuel medium and prevents agglomeration of the paraffin
crystals and their association into an ordered structure.
During co-crystallization, on the contrary, the depressant* Corresponding author: belinskaya@tpu.ru
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molecule is embedded by the non-polar part in the paraffin
crystal, and the polar parts, that remain outside, prevent
settling of new paraffin molecules on the surface of the
crystal, ensuring prevention of its further growth.

Compare to other types of fuel, diesel fuel, largely varies
in hydrocarbon composition depending on the raw materi-
als and production technology. At the same time, the use
of additives is not a universal way to improve fuel low-
temperature properties, since in most cases there is a need
to select individual additive compositions for each individ-
ual batch of fuel. This is due to the variety of additive com-
positions existing on the market, which distinguish between
the active components, the required concentrations, etc.
Moreover, the interaction of hydrocarbons of diesel fraction
with the components of cold flow improvers contributes
the efficiency of the additive. These interactions are of a
colloid-chemical nature and cause the effect of susceptibility
of cold flow improvers, i.e. different effects of the same
additive on the low-temperature properties of diesel fuels
of different composition; the existence of the limiting
additive concentration, the excess of which does not change
low-temperature properties of the fuel. In this connection,
the problem of a rational selection of additives and its con-
centrations, taking into account the effect of susceptibility,
is essential.

A large number of research papers are devoted to the
synthesis of the new high-performance cold flow improvers.
The main acting components in the developed additives
are polymers, such as a binary alternating polymer based
on maleic anhydride and vinyl acetate [13], amidopoly-
formaldehyde [14], methacrylate-co-maleic anhydride [15],
nanohybrid poly (tetradecyl-methyl-acrylate)-grafene oxide
[16], polymethyl acrylate, ethylene poly-a-olefin [17], vinyl
acetate copolymer [18, 19], a tetrapolymer consisting of
methacrylates with maleic anhydride and methacrylic
morpholine and their amine compounds [19], n-alkyl acry-
late-vinyl acetate-styrene-ternary copolymer [20], dialkyl
fumarate-styrene-vinyl acetate-terpolymer [21], dimethyl
fumarate-vinyl acetate copolymer [22], dimeric surface-
active substances [23]. Polymeric additives improve pumpa-
bility of diesel fuel by change the crystalline structure of
wax crystals which tend to solidify at low temperatures
and block fuel filters. Due to containing a polar functional
group, cold flow improvers provide wax crystals being more
compact, regular, and uniformly arranged [24]. These
ensure a liquid state of the fuel.

One of the ways, which is used to improve cold flow
properties of diesel fuel is mixing with kerosene [25–29].
This way has a number of disadvantages, such as deteriora-
tion of diesel fuel quality, namely decreasing of the cetane
number, viscosity, flash point, increasing of engine wear.
Moreover, there is a difficulty in selecting optimal composi-
tion of diesel fuel meeting specifications on fractional com-
position (the indicator: no more 10 % vol. boiled lower
that 180 �C). This method does not eliminate the use of
cold flow improvers as well.

Cold flow improvers not only provide flow ability of die-
sel fuels, but also improve their oxidation stability due to
their capability to release a proton of polar functional
group and prevention of free radicals formation, as well as

neutralization of carboxylic acids [30]. Moreover, cold flow
improvers can be used to enhance lubricity of diesel
fuels [31].

In [32] Cheng et al. studied the compatibility of various
additives with respect to the CFPP of diesel fuel. Diesel fuel
was analyzed by X-Ray Diffraction and gas chromatogra-
phy, the carbon number distribution of wax crystals was
determined. It was found that due to the precipitation of
the low carbon atom n-paraffins and formation of the fine
crystal particles with the certain wax crystals, the flow abil-
ity of diesel fuel is improved in two cases: the first case is
when the cold flow improver was added to the diesel fuel,
the second case is when the cold flow improver and the flow
aid were added to the diesel fuel.

By considering a large number of additives having dif-
ferent composition and structure, Han et al. have found
that the most effective additive is one that contains signif-
icant amount of aromatic compounds, which provide good
solubility and dispersion of the additive and thus increase
its efficiency in improving low-temperature properties [33].

The studies were also conducted on the effect of the
amount of additive on the low-temperature properties of
the various fuels, not only the diesel fuel. The works
[34–36] consider the effect of the amount of pour point
depressant on the low-temperature properties of fuel oil.
The authors [37] showed the possibility of obtaining low-
viscosity marine fuel of winter and grades with improved
low-temperature properties using pour point depressants.
Cold flow improvers were also synthesized and effectively
used as the pour point depressants for the lube oils [38–42].

Despite a large number of works, studying the effect of
additives on diesel fuel low-temperature properties, most of
them are devoted to the synthesis of additives, the analysis
of the effectiveness of which does not include research on
fuels of various compositions. Only a limited number of
works [43, 44] consider the composition of diesel fuel as a
factor influencing the effectiveness of cold flow improvers.

Thus, the aim of this work is to study the effect of
hydrocarbon composition (fractional, group, structural-
group) of straight-run diesel fuels on the effectiveness of
cold flow improvers.

2 Experimental

2.1 Materials

In this study, 5 samples of straight-run diesel fuel derived
from Western Siberia oil (the Russian Federation), were
selected as the objects of the study. Samples were assigned
numerical ciphers from 1 to 5.

Straight-run diesel fuels were selected due to their prop-
erties and composition, which differ from those diesel fuels
derived from the secondary processes. Straight-run diesel
fuels, as a rule, are characterized by poor low-temperature
properties and a high content of n-paraffins. In work [45]
the composition of 41 diesel fuel samples was determined
by flow modulated two-dimensional gas chromatography
with flame ionization detection. According to the obtained
results, the content of n-paraffins in the diesel fuel samples
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varies from 16.00% wt. to 25.85% wt. The average content
of n-paraffins in the diesel fuel samples comprises
19.13 % wt. The content of i-paraffins in the diesel fuel sam-
ples varies in the range from 12.33% wt. to 21.41% wt. The
average content of i-paraffins in the diesel fuels samples is
18.98% wt. In work [46] by gas-liquid chromatography on
a Kristallyuks 4000 M gas chromatograph using a fused sil-
ica capillary column, the composition of 9 diesel fuel sam-
ples was determined: the content of n-paraffins varies
within the range from 9.10% wt. to 14.70% wt., the average
content of n-paraffins is 11.98% wt.

According to most standards, the maximum CFPP of
diesel fuel grades for cold climates should be between
�15 �C and �45 �C, while the CFPP of straight-run diesel
is usually not lower than �10 �C and �12 �C.

Three types of diesel fuel cold flow improvers were used
in the study. The improvers under the study are commer-
cially available fuel additives, which are used worldwide.
The additives were assigned the letter ciphers. The coding
of the additives, as well as the information from the pro-
ducer on their use are presented in Table 1.

2.2 Methods for determination of physico-chemical,
low-temperature properties and operational
characteristics of the diesel fuel samples

The studied samples of straight-run diesel fuel were charac-
terized as follows:

� The sulfur content was determined using the X-ray fluo-
rescence energy dispersive analyzer “SPECTROSCAN S”,
according to the ASTM D4294-16 “Standard Test
Method for Sulfur in Petroleum and Petroleum Products
by Energy Dispersive X-ray Fluorescence Spectrom-
etry” [47].

� The density at the temperature of 15 �C and 20 �C
was determined using the Stabinger SVM 3000 Anton
Paar viscometer according to the ISO 3675:1998

“Crude petroleum and liquid petroleum products –

Laboratory determination of density – Hydrometer
method” [48].

� The viscosity at 20 �C was determined using the
Stabinger SVM 3000 Anton Paar, according to the
ISO 3104: 1994 “Petroleum products. Transparent
and opaque liquids. Determination of kinematic vis-
cosity and calculation of dynamic viscosity” [49].

� The Cetane Index (CIISO) was determined according
to the ISO 4264:2018 “Petroleum products – Calcula-
tion of cetane index of middle-distillate fuels by the
four variable equation” [50–52].

� The Cloud Point (Tcp) was determined according to
the ASTM D2500-05 “Standard Test Method for
Cloud Point of Petroleum Products” [53].

� The CFPP was determined according to the
ASTM D6371-17a “Standard Test Method for Cold
Filter Plugging Point of Diesel and Heating
Fuels” [54].

� The Pour Point (Tpp) was determined according to
the ASTM D97-17b “Standard Test Method for Pour
Point of Petroleum Products” [55].

2.3 Methods for determining the composition
of the diesel fuel samples

Fractional composition of the straight-run diesel fuel
samples was determined according to the ISO 3405: 011
“Petroleum products – Determination of distillation charac-
teristics at atmospheric pressure” [56].

Structure-group composition of the diesel fuel samples
was calculated using the n-d-M method according to the
ASTM D3238-17a “Standard Test Method for Calculation
of Carbon Distribution and Structural Group Analysis of
Petroleum Oils by the n–d–M Method” [57]. To calculate
the structural-group composition, according to this method,
the diesel fuel samples were characterized as follows:

Table 1. Composition, properties of the cold flow improvers and producer’s recommendations for their use.

Characteristics Cold flow improver

A B C

Composition Ethylene copolymers,
vinyl ether, acrylates,
ethylene glycol complex

Ligroin, vinyl acetate,
naphthalene,
ethylbenzene

Hydrocarbons C10–C13, paraffins,
aromatic hydrocarbons, cycloalkanes,
naphthalene, combination of various
high-molecular weight ashless chemical
compounds

Producer’s
recommendations

Using 1 mL of the
additive per 1 L of fuel
lowers the pour point for
summer fuel to �22 �C,
for winter fuel to �47 �C

Using 150 mL of the
additive to 65 L of fuel
lowers CFPP to �36 �C,
pour point to �40 �C

Using 150 mL of the additive to 50 L of
fuel lowers the pour point to �31 �C

Density at 20 �C, g/sm3 0.843 0.803 0.807

Viscosity at 20 �C, mm2/s 5.470 3.254 4.010

Molecular weight, g/mol 162.803 158.772 165.412

M. Kirgina et al.: Oil & Gas Science and Technology – Rev. IFP Energies nouvelles 76, 40 (2021) 3



� The sulfur content was determined using the X-ray fluo-
rescence energy dispersive analyzer “SPECTROSCAN S”
according to [47].

� The density at the temperature of 20 �C was deter-
mined using the Stabinger SVM 3000 Anton Paar vis-
cometer according to [48].

� The refractive index was determined using refrac-
tometer according to the ASTM D1218-12 “Standard
Test Method for Refractive Index and Refractive
Dispersion of Hydrocarbon Liquids” [58].

� The molecular weight was determined by the method of
cryoscopy according to the ASTM D2224-78 “Method of
Test for Mean Molecular Weight of Mineral Insulating
Oils by the Cryoscopic Method” [59].

To determine the group composition of the straight-run
diesel fuel samples, the aniline method was used. Determi-
nation of the group hydrocarbon composition of the diesel
fuel samples included the following steps:

� Distillation of the sample into 50-degree fractions
(150–200 �C, 200–250 �C, 250–300 �C).

� Determination of the aniline point of each 50-degree
fraction according to the ASTM D611-12(2016) “Stan-
dard Test Methods for Aniline Point and Mixed
Aniline Point of Petroleum Products and Hydrocar-
bon Solvents” [60].

� Removal of aromatic hydrocarbons by adsorption on
silica gel.

� Determination of the aniline point for the de-aroma-
tized fractions according to [60].

� Calculation of the content of aromatic hydrocarbons,
naphthenes and paraffins.

The content of n-paraffins in the straight-run diesel fuel
samples was determined by the gas–liquid chromatography
method using the Chromatec-Crystal 2000 chromatograph
with quartz capillary column 30 m � 0.25 mm, stationary
phase – SE-54, carrier gas – helium.

2.4 Preparation of the mixtures of straight-run diesel
fuel with cold flow improvers

To study the effect of diesel fuel composition on the effec-
tiveness of cold flow improvers, the mixtures of straight-
run diesel fuel with additives were prepared according to

the producer’s recommendations, as well as the mixtures
with half and double concentrations of the additives
(Tab. 2).

The mixtures were characterized as follows: the cloud
point was determined according to [53]; the CFPP was
determined according to [54]; the pour point was deter-
mined according to [55].

3 Results and discussion

3.1 Characterization of the diesel fuel samples

The detailed results of the determination of physico-chemi-
cal, low-temperature properties, operational characteristics
and compositions of the studied diesel fuel samples are pre-
sented in Appendix.

The most important characteristics compositions of the
studied diesel fuel samples, which are used for the further
analysis, are presented in Table 3.

The main standard regulating the quality of diesel fuels
produced in the Russian Federation is the USS 305-2013
“Diesel fuel. Specifications” [61], developed on the basis of
the EN 590 “Automotive fuels – Diesel – Requirements
and test methods” [62]. This standard establishes require-
ments for diesel fuel in terms of the composition, physico-
chemical, low-temperature properties and performance char-
acteristics, and determines the production of four types of
fuel: summer, off-season, winter and arctic. Specifications
[61] are presented in Table 4.

From the results given in Table A.1, it is clear that all
samples of diesel fuel meet the requirements of [61] by the
cetane index (Tab. 4); by the viscosity at 20 �C all samples
meet requirements for winter grade; by the density at 15 �C
all samples correspond to the winter grade; samples
No. 2, 4, 5 meet the requirements of [61] by the sulfur
content.

From the results given in Table A.2, it can be seen that
none of the tested diesel fuel samples meets the require-
ments for the CFPP of the winter grade (Tab. 4) [61]. These
results allow concluding that the use of the tested diesel fuel
in winter conditions is possible only in the case of the use of
cold flow improvers.

From the results given in Table A.3 it can be seen that
95% vol. fraction of all the studied diesel fuel samples boils
at the temperature not higher than 360 �C, which satisfies
the requirements for all types of fuel according to [61]. By

Table 2. Mixtures of diesel fuel with cold flow improvers.

Additive Addition of the improver in the
amount of half as much as the
amount recommended by the

producer – half concentration (0.5)

Addition of the improver in the
amount recommended by the

producer – singular concentration
(1)

Addition of the improver in the
amount of twice as much as the
amount recommended by the

producer – double concentration (2)

Volume of
additive, mL

Volume of diesel
fuel, mL

Volume of
additive, mL

Volume of diesel
fuel, mL

Volume of
additive, mL

Volume of diesel
fuel, mL

A 0.050 100 0.100 100 0.200 100
B 0.115 100 0.230 100 0.460 100
C 0.150 100 0.300 100 0.600 100
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boiling point of 50% vol. fraction, all samples correspond to
the winter grade [61] (Tab. 4).

Characteristics of the diesel fuel samples, required for the
determination of structural-group composition using the
n-d-Mmethod, are presented in TableA.4. Calculated struc-
tural-group composition of the diesel fuel samples is pre-
sented in Tables A.5 and A.6. According to the obtained
results, carbon is the most abundant in alkyl chains for all
samples, except for sample No. 2. For sample No. 2 carbon
is mostly presented in ringed structures, which are predom-
inantly naphthenic rings. The smallest amount of carbon is
contained in the aromatic rings for all samples. Sample No. 3
is characterized by the highest average number of rings, and
the lowest number of rings is observed for sample No. 1. At
the same time, the prevalence of the number of naphthenic
rings over the aromatic ones is typical of all samples.

The aniline points of 50-degree fractions of the diesel
fuel samples were presented in Table A.7. As it is known,
the value of the aniline point directly depends on the
hydrocarbons constituting the mixture. The value of the
aniline point increases in the series: aromatic hydrocarbons
– naphthenes – paraffins. The aniline point increases with
the increasing molecular weight within hydrocarbon family.
As it can be seen from the obtained results, for all the stud-
ied diesel fuel samples, the greatest depression of the maxi-
mum aniline point (change in the aniline point during
dearomatization) is observed for the fraction boiling in
the range of 250–300 �C. This indicates the highest content
of aromatic hydrocarbons in this fraction. The highest

values of the maximum aniline point depression for diesel
fuel sample No. 1 indicate the highest content of aromatic
hydrocarbons in this sample.

The aniline coefficients required for calculation and cal-
culated group composition of the 50-degree fractions are
presented in Table A.8.

Group composition of the diesel fuel samples is presented
in Table A.9. According to the obtained results, sample
No. 1 contains the greatest amount of aromatic hydrocar-
bons, sample No. 2 contains the largest number of paraffins,
sample No. 5 contains the largest amount of naphthenes. At
the same time, for all samples the highest content of paraf-
fins, the lowest content of aromatic hydrocarbons are
observed, naphthenes occupy an intermediate position.

The content of n-paraffins and isoparaffins in the diesel
fuel samples is presented in Table A.10. As can be seen from
the obtained results, sample No. 4 contains the highest
amount of n-paraffins, sample No. 2 contains the smallest
amount of n-paraffins. The content of heavy n-paraffins
(C16+, C20+) is the greatest in sample No. 3, which explains
the fact that this sample has the worst low-temperature
properties.

3.2 Selection of the most effective cold flow improver
for the diesel fuel samples of different composition

To establish the most effective cold flow improver, the
CFPP of the mixtures of straight-run diesel fuel with vari-
ous additives in the concentration recommended by the

Table 4. Specifications for diesel fuels according to [61].

No. Characteristic Unit Value for the grade

Summer Off-season Winter Arctic

1 Cetane number, minimum Points 45

2 Fractional composition:

2.1 Boiling point of 50% vol. fraction, maximum �C 280 255

2.2 Boiling point of 90% vol. fraction, maximum �C 360

3 Cinematic viscosity at 20 �C mm2/s 3.0/6.0 1.8/5.0 1.5/4.0

4 Sulfur content, maximum ppm 2000

5 Density at 15 �C, maximum kg/m3 863.4 843.4 833.5

6 CFPP, maximum �C �5 �15 �25/�35 �45

Table 3. Compositions of the studied diesel fuel samples.

Diesel fuel sample T, �C Content, % wt. Number of aromatic rings

V, % vol.

50 90 Aromatics Naphthenes Paraffins N-paraffins Kar

1 248 338 23.9 30.1 46.0 20.77 0.225
2 262 332 23.5 29.6 46.9 19.08 0.285
3 271 359 22.3 33.5 44.2 19.61 0.317
4 247 330 22.6 31.1 46.3 22.05 0.330
5 251 312 21.7 34.7 43.7 19.88 0.378
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producer were determined. The differences between the
CFPP of the pure fuel samples and the CFPP of the fuel
samples mixed with the additives were also calculated.
Analysis was carried out on the basis of the CFPP, since
only this characteristic from all the low-temperature prop-
erties of diesel fuel is regulated by the requirements [61].
The results are presented in Table 5.

According to the data from Table 5, the additive B on
the average ensures the smallest average depression of the
CFPP, on the average the greatest depression of the CFPP
is observed in case of using the additive C. Thus, among the
studied hydrocarbon compositions of diesel fuel, the most
effective additive is the additive C. The most effective addi-
tive was selected to increase the visibility of the results at
the next stages of the study.

3.3 The influence of concentration of cold flow
improvers on their effectiveness

Toassess the effect of concentration of coldflow improvers on
their effectiveness, the mixtures of the diesel fuel (samples
No. 3 and No. 4) and the three different additives were pre-
pared with three different concentrations of the additive.
Samples No. 3 and No. 4 were chosen for testing, since they
have the worst and the best low-temperature properties
among the available samples, respectively. Low-temperature
properties of the prepared mixtures were determined.
Dependencies of the CFPP of diesel fuel sample No. 3 on
the additive concentration are presented in Figure 1.

As it can be seen from Figure 1, a linear dependence of
the CFPP on the additive B concentration is observed. An
increase in the concentrations of the additives A and C in
comparison to the concentration, recommended by the pro-
ducer (double concentration of the additive), results in the
higher CFPP depression. In case of using the additive A,
single concentration provides decreasing of the CFPP by
7 �C, double concentration provides decreasing of the
CFPP by 9 �C. In case of using the additive C, single
concentration provides decreasing of the CFPP by 13 �C,
double concentration provides decreasing of the CFPP by
19 �C. Using half of additive concentration, recommended
by the producer does not reduce the effectiveness of additive
(the CFPP of the sample is decreased by 7 �C and 13 �C
for the additive A and the additive C respectively). The
results presented in Figure 1 indicate that the most effective
additive for diesel fuel sample No. 3 is the additive C.

Dependencies of the CFPP of diesel fuel sample No. 4 on
the additive concentration are presented in Figure 2.

From the graph shown in Figure 2, it is clear that the
decrease or increase in the concentration of the additive B
does not influence the effectiveness of the additive in terms
of the CFPP of diesel sample No. 4 (when using half, single
and double concentration of the additive, CFPP is
decreased by 9 �C). For the additives A and C, an increase
in the concentration of the additive as compared to that
recommended by the producer leads to a further decrease
in the CFPP of the fuel (the additive A: single concentra-
tion provides decreasing of the CFPP by 7 �C, double
concentration provides decreasing of the CFPP by 10 �C;
the additive C: single concentration provides decreasing of
the CFPP by 2 �C, double concentration provides decreas-
ing of the CFPP by 10 �C). However, the decrease in the
additive C concentration compared to that recommended
by the producer does not reduce the effectiveness of the
additive action (in both cases the CFPP of the sample
decreases by 2 �C); as for the additive A, the decrease in
the concentration almost does not reduce the effectiveness
of the additive (half concentration provides decreasing of
the CFPP by 6 �C, single concentration provides decreasing
the CFPP by 7 �C). The results presented in Figure 2,

Table 5. CFPP of the diesel fuel and the mixtures of the
diesel fuel with the additives.

Mixture CFPP of the
diesel
fuel, �C

CFPP of
mixture of the
diesel fuel with
additive, �C

CFPP
depression,

�C

1A1 �21 �32 11
2A1 �22 �30 8
3A1 �4 �11 7
4A1 �24 �31 7
5A1 �17 –28 11

Average depression of CFPP, �C 8.8

1B1 �21 �29 8
2B1 �22 �31 9
3B1 �4 �8 4
4B1 �24 �33 9
5B1 �17 �24 7

Average depression of CFPP, �C 7.4

1C1 �21 �32 11
2C1 �22 �30 8
3C1 �4 �17 13
4C1 �24 �26 2
5C1 �17 �28 11

Average depression of CFPP, �C 9.0

Fig. 1. Dependency of the CFPP of diesel fuel (sample No. 3)
on the additive concentration. 1 – singular concentration of the
additive; 0.5 – half concentration of the additive; 2 – double
concentration of the additive, according to Table 2.
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indicate that when comparison is done in the concentra-
tions recommended by the producer, the most effective
additive for diesel sample No. 4 is the additive B. However,
it should be noted that, in fact, the efficiency limit has been
reached for the additive B, while a significant decrease of
the CFPP is observed when the additive C is added in dou-
ble concentration, which makes the additive C more
promising for obtaining low-freezing diesel fuels.

The established dependences clearly show that concen-
tration recommended by the producer for diesel fuel is not
optimal, since the use of an additive in concentration of half
the recommended allows achieving similar results. This
effect is caused by the influence of diesel fuel composition
on the effectiveness of cold flow improvers.

3.4 The effect of diesel fuel composition on the
effectiveness of cold flow improvers

To study the effect of diesel fuel composition on the effec-
tiveness of cold flow improvers, the cloud point, the CFPP,
and the pour point of the diesel fuels mixed with the addi-
tive C were determined (the additive C was selected for this
study as the most effective). The amount of additive was
the amount recommended by the producer (Tab. 1).
Depression of low-temperature characteristics of the diesel
fuel was calculated. The results are presented in Table 6.

Weak dispersing effect of the additive C on all the stud-
ied diesel fuel samples, except for sample No. 2, is observed.
The additives can be attributed to the depressant type. The
best effect on both the CFPP and the pour point improve-
ment is observed for samples No. 3, 5 and the additive C
(Tab. 6).

According to the data presented in Table 6 and group
composition of the diesel fuel samples (Tabs. A.9 and
A.10), with an increase in the content of n-paraffins in
the diesel fuel, the effectiveness of the additive on the CFPP
decreases. From the data on the fractional composition of
the diesel fuel samples, presented in Table 3, it is clear that
with an increase in the boiling point of 50 % vol. and
90 % vol. fraction the effectiveness of the additive in rela-
tion to the pour point of the samples increases.

3.5 The mechanism of the additives action on the cold
flow properties of diesel fuels of various
compositions

According to the obtained results, the following can be con-
cluded: an increase in the content of n-paraffins in diesel
fuel, in general, adversely influences the effectiveness of
the depressant, while an increase in the proportion of heavy
n-paraffins influences the effectiveness of the additive
positively.

The first conclusion is explained by the mechanism of
depressant additives action. N-paraffins are characterized
by the best susceptibility of the depressant additives, since
the depressants are designed to interact with the nascent
n-paraffin crystals. However, if the amount of n-paraffins in
fuel is too high (for the studied straight-run diesel fuel sam-
ples, the n-paraffin content is high, an average of
20.28 % wt.) the effectiveness of the depressant decreases.
To overcome this effect, a significant increase in the additive
concentration is required (for sample No. 3 mixed with the
additive C, the use of single concentration instead of half con-
centration does not further decrease the CFPP, but increas-
ing the concentration of the additive 4 times, relative to half,
allows further decreasing the CFPP by 6 �C). Feasibility of a
such significant increase in the concentration of the additives
in each case should be evaluated, first of all, from the eco-
nomic point of view. Thus, it is necessary to establish the
optimal n-paraffin content in diesel fuel, at which the maxi-
mum effectiveness of the depressant is achieved.

The revealed positive effect of an increase in the content
of heavy n-paraffins on the effectiveness of the additive, is
also explained by the mechanism of the depressants action.
Heavy n-paraffins easily form crystal nuclei, which are
necessary for adsorption of the depressant on their sur-
face [29, 44].

The influence of the content of aromatic hydrocarbons
in diesel fuel can be described as follows: with a decrease
in the content of aromatic hydrocarbons, the additive more
effectively influences the pour point, however, with an
increase in the average number of aromatic rings in the
molecule (Car), the effectiveness of the additive increases.
It follows from the above: an increase in the proportion of
aromatic hydrocarbons in diesel fuel, in general, adversely
influences the effectiveness of the additive, but the presence
of heavy polycyclic hydrocarbons increases the effectiveness
of the additive.

The established effect can be explained as follows: it is
known that aromatic hydrocarbons are characterized by
high susceptibility to the depressant additives. Depending
on the structure of the aromatic hydrocarbon molecule,
its susceptibility to the depressants may be higher than that
of paraffinic hydrocarbons. A high amount of aromatic
hydrocarbons in diesel fuel leads to the fact that the depres-
sants are adsorbed on aromatic molecules, without stopping
the growth of the paraffin crystals, and the effectiveness of
the cold flow improver decreases. With an increase in the
number of rings, the susceptibility of aromatic hydrocar-
bons to the depressants decreases. The presence of heavy
polycyclic aromatic hydrocarbons increases the effectiveness
of the additive [63].

Fig. 2. Dependency of the CFPP of diesel fuel (sample No. 4)
on the additive concentration. 1 – singular concentration of the
additive; 0.5 – half concentration of the additive; 2 – double
concentration of the additive, according to Table 2.
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The established dependences explain the best effect of
the additive C in relation to diesel fuel samples No. 3 and
No. 5, as well as the worst effect of the additive C in relation
to diesel fuel sample No. 4. These samples are characterized
by the lowest content of n-paraffin and aromatic hydrocar-
bons, sample No. 3 is characterized by the highest content
of heavy n-paraffin hydrocarbons, and sample No. 5 is char-
acterized by the highest content of polycyclic aromatic
hydrocarbons. Sample No. 4 is characterized by the highest
content of n-paraffins, comparably low content of aromatic
hydrocarbons and the lightest fractional composition.

To analyze isoparaffins influence, it is known that
isoparaffins are characterized by low crystallization temper-
atures. Due to this fact, the more the content of isoparaffins
in the diesel fuel, the better the low-temperature properties
of the fuel. Regarding the effect of cold flow improvers, the
content of isoparaffins does not have a significant influence
on the effect of depressants, since depressants begin to act
only after the appearance of the first crystals, in the case
of isoparaffins this occurs only at sufficiently low tempera-
tures. At the same time, isoparaffin molecules are not as
polar as aromatic ones, and cannot drag the effect of the
additive on themselves.

Thus, when selecting a cold flow improver for diesel fuel
and determining its optimal concentration, the following
should be considered:

� Optimal n-paraffin content in diesel fuel at which the
effect of the depressant is most effective.

� High content of heavy n-paraffins in diesel fuel (deter-
mined by the boiling temperature of 90 % vol. frac-
tion) increases the effectiveness of the cold flow
improvers.

� High content of aromatic hydrocarbons in diesel fuel
decreases the effectiveness of the cold flow improvers,
while increasing polycyclic aromatic hydrocarbons
content increases the effectiveness of the additives.

4 Conclusion

1. It was established that the use of the considered
straight-run fuels in winter conditions is possible only
in case of the cold flow improvers use.

2. The effect of three depressing-dispersing additives on
the low-temperature properties of the straight-run
diesel fuel was experimentally studied. The investi-
gated additives contain in their composition ethylene-
vinyl-acetate copolymers and some of paraffin and
aromatic hydrocarbons. It was found that the most
effective additive for the studied compositions of
diesel fuel is the additive C. The most effective addi-
tive was selected to increase the visibility of the results
at the next stages of the study.

3. It was established that, for the additives A and C, a
decrease in concentration twice (compared to the pro-
ducer’s recommended value) does not influence the
effectiveness of the additive, but an increase in the
concentration twice (as compared to the producer’s
recommended value) increases the effectiveness of
the additive. In case of the additive B, increasing
the concentration improves the effectiveness of the
additive.

4. The qualitative influence of fractional, group and
structural-group composition of the straight-run

Table 6. Low-temperature properties of the pure diesel fuel and the diesel fuel mixed with the additive.

Mixture Tcp of pure diesel fuel, �C Tcp of fuel mixed with additive, �C Depression of Tcp, �C
1C1 �15 �16 1
2C1 �12 �17 5
3C1 �3 �4 1
4C1 �12 �12 0
5C1 �13 �15 2

Mixture CFPP of pure diesel fuel, �C CFPP of fuel mixed with additive, �C Depression of CFPP, �C

1C1 �21 �32 11
2C1 �22 �30 8
3C1 �4 �17 13
4C1 �24 �26 2
5C1 �17 �28 11

Mixture Tpp of pure diesel fuel, �C Tpp of fuel mixed with additive, �C Depression of Tpp, �C

1C1 �35 �35 0
2C1 �32 �39 7
3C1 �18 �28 10
4C1 �45 �50 5
5C1 �29 �39 10
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diesel fuel on the effectiveness of the depressing-dis-
persing additives was studied. It was established that
an increase in the proportion of n-paraffins in diesel
fuel, in general, adversely influences the effectiveness
of the additive, while an increase in the proportion
of heavy n-paraffins influences the effectiveness of
the additive positively. This conclusion is explained
by the mechanism of depressing additives action.

5. It was established that an increase in the proportion of
aromatic hydrocarbons in diesel fuel, in general,
adversely influences the effectiveness of the additive,
but the presence of heavy polycyclic hydrocarbons
increases the effectiveness of the additive.

6. It was shown that when selecting a cold flow improver
for diesel fuel and determining its optimal concentra-
tion, it is necessary to take into account the optimal
content of n-paraffins in diesel fuel, at which the
depressing additive is the most effective.

Based on the obtained dependencies, the mechanism of
interaction between the functional groups of additives and
the diesel fraction components will be further developed,
as well as the method of selection of cold flow improvers
and their optimal concentration, taking into account the
composition of diesel fuel.
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Appendix

Table A.3. Fractional composition of the diesel fuel samples.

Diesel fuel sample T, �С
TIBP V, ml

10 20 30 40 50 60 70 80 90 95

1 160 189 200 216 232 248 265 284 304 338 342
2 149 190 211 229 248 262 276 292 309 332 343
3 151 183 211 222 254 271 289 310 329 359 360
4 138 161 179 204 227 247 266 284 306 330 –

5 145 159 190 211 235 251 270 282 297 312 320

Table A.4. Characteristics of the diesel fuel samples required for calculation of the structural-group composition.

Diesel fuel sample Sulphur content, %wt Density at 20 �C, g/sm3 Refractive index Molecular weight, g/mol

1 0.1846 0.8275 1.4610 230.736
2 0.0540 0.8365 1.4649 178.545
3 0.2476 0.8435 1.4691 210.947
4 0.1759 0.8384 1.4671 190.345
5 0.2055 0.8419 1.4698 196.046

Table A.1. Physico-chemical properties and operational characteristics of the diesel fuel samples.

Diesel fuel sample Sulphur content,
mg/kg

Density at 15 �C,
g/sm3

Density at 20 �C,
g/sm3

Viscosity
at 20 �C, mm2/s

CIISO, points

1 2420 0.832 0.828 3.815 48.6
2 711 0.838 0.834 4.227 49.0
3 2517 0.842 0.838 4.583 48.7
4 1700 0.831 0.828 1.960 47.2
5 1710 0.833 0.830 2.490 47.1

Table A.2. Low-temperature properties of the diesel fuel samples.

Diesel fuel sample Tcp, �C CFPP, �C Tpp, �C
1 �15 �21 �35
2 �12 �22 �32
3 �3 �4 �18
4 �11 �24 �45
5 �13 �17 �29
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Table A.6. The average number of rings in the molecule of diesel fuel samples.

Diesel fuel sample Average number of rings in the molecule

Kar Kn Ktot

1 0.225 0.736 0.961
2 0.285 0.931 1.216
3 0.317 0.930 1.247
4 0.330 0.839 1.169
5 0.378 0.798 1.176

Table A.7. Aniline points of 50-degree fractions of the diesel fuel samples.

Diesel fuel
sample

Cut boiling
ranges, �C

Aniline point, �C Depression of maximum
aniline pointInitial fraction Dearomatized fraction Pure paraffins

1 150–200 57.6 68.6 78.0 11.0
200–250 61.8 77.4 85.8 15.6
250–300 70.0 87.4 93.0 17.4

2 150–200 57.6 71.0 78.0 13.4
200–250 62.0 76.4 85.8 14.4
250–300 70.6 86.2 93.0 15.6

3 150–200 57.4 69.4 78.0 12.0
200–250 62.4 76.2 85.8 13.8
250–300 70.4 85.4 93.0 15.0

4 150–200 57.2 69.2 78.0 12.0
200–250 63.8 76.8 85.8 13.0
250–300 70.5 86.9 93.0 16.4

5 150–200 57.1 68.2 78.0 11.1
200–250 62.8 76.4 85.8 13.6
250–300 70.9 85.8 93.0 14.9

Table A.5. Carbon distribution in the diesel fuel samples.

Diesel fuel sample Carbon distribution, % wt.

Car Cn Cr Cal

1 8.063 25.860 33.924 66.076
2 13.229 41.242 54.471 45.529
3 12.453 35.684 48.137 51.863
4 14.385 35.259 49.644 50.356
5 16.021 32.639 48.660 51.340

Car – the mass fraction of carbon in aromatic rings, % wt.; Cn – the mass fraction of carbon in naphthenic structures,
% wt.; Cr – the mass fraction of carbon in ringed structures, % wt.; Cal – the mass fraction of carbon in alkyl
substituents, % wt.
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Table A.8. Group composition of 50-degree fractions of the diesel fuel samples and the aniline coefficients.

Diesel fuel
sample

Cut boiling
ranges, �C

Aniline
coefficients

Content of hydrocarbons, % wt.

K K1 Aromatics Naphthenes Paraffins

1 150–200 1.495 5 16.45 39.27 44.28
200–250 1.624 25.33 31.36 43.31
250–300 1.719 29.91 19.63 50.46

2 150–200 1.483 19.87 28.04 52.08
200–250 1.636 23.56 35.93 40.51
250–300 1.744 27.21 24.75 48.04

3 150–200 1.490 17.88 35.31 46.81
200–250 1.658 22.88 37.02 40.10
250–300 1.750 26.25 28.03 45.73

4 150–200 1.490 17.88 36.13 45.99
200–250 1.650 21.45 35.35 43.20
250–300 1.734 28.44 21.83 49.74

5 150–200 1.495 16.59 40.87 42.54
200–250 1.644 22.36 36.49 41.15
250–300 1.751 26.09 26.61 47.30

Table A.9. Group composition of the diesel fuel samples.

Diesel fuel sample Content of hydrocarbons, % wt.

Aromatics Naphthenes Paraffins

1 23.9 30.1 46.0
2 23.5 29.6 46.9
3 22.3 33.5 44.2
4 22.6 31.1 46.3
5 21.7 34.7 43.7

Table A.10. The content of n-paraffins and isoparaffins in the diesel fuel samples.

Diesel fuel sample Content of n-paraffins, % wt. Content of isoparaffins, % wt.

Total C16+ C20+ Total

1 20.77 7.79 2.71 25.23
2 19.08 7.88 2.78 27.82
3 19.61 8.88 4.01 24.59
4 22.05 8.34 3.04 24.25
5 19.88 7.14 2.32 23.82
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