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Abstract: Diesel fuel is the main fuel for transport and power generation for remote areas, especially
the Arctic. For these territories, it is important to produce low-freezing fuel grades. The most
effective way to improve the low-temperature properties of diesel fuels (cloud point, pour point,
and cold filter plugging point) is the use of depressant additives. Existing research shows that the
depressant additives’ effectiveness is influenced by many factors. The most important factors are
diesel fuel composition, additive concentration, and the temperature of additive introduction into
the fuel (adding temperature). The purpose of this work is to find ways to increase the efficiency of
depressant additives for the production of low-freezing diesel fuels by choosing the most effective
additive concentration and adding temperature for fuels of various compositions. During the work,
low-temperature properties were determined and the effectiveness of three depressant additives
was assessed on four samples of diesel fuel at four concentrations (0.5, 1.0, 2.0, and 5.0 c.u., where
c.u. (conditional unit) is the concentration recommended by the manufacturer of the additives).
In addition, low-temperature properties for blends of six depressant additives and two samples of
diesel fuel at five adding temperatures (15, 25, 35, 45, and 55 ◦C) were determined. In this work, in
contrast to existing works, it was established for the first time that the composition of the fuel affects
not only the depressant additives effectiveness, but also the dependence of the additive effectiveness
on the concentration in which it is used. It is shown that the higher the content of paraffins in the
composition of the diesel fuel, the less the depressant additive’s effectiveness in relation to cold filter
plugging point depends on the concentration and the more the depressant additive’s effectiveness
in relation to the power point depends on the concentration. An inverse relationship was revealed
for the content of aromatic hydrocarbons in diesel fuel. It was also found for the first time that an
increase in the adding temperature of depressant additives up to 35–55 ◦C enhances the effectiveness
of their action in relation to the cold filter plugging point (maximum at 6–7 ◦C). It is shown that
the greater additive effect on the cold filter plugging point of the diesel fuel, the more strongly the
depressant effectiveness depends on the adding temperature. The work provides recommendations
for obtaining the most low-freezing classes of fuel based on the samples considered. The regularities
identified in the work will make it possible, depending on the composition of the fuel, to select the
optimal concentration of the additive and the temperature of its adding, which will increase the
efficiency of the additives, as well as the volume of low-freezing grades of diesel fuel production.

Keywords: diesel fuel; depressant additive; fractional composition; hydrocarbon composition;
n-paraffins; cold filter plugging point; pour point; input temperature

1. Introduction

The volume of diesel fuel production is growing every year. The production growth
trend can be explained by a wide range of diesel consumption: the transport sector of the
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economy (cars and trucks, river and sea vessels, railway transport), agriculture, industry,
construction, etc., [1]. Despite the development of alternative fuels, diesel is still a key fuel
in the world [2].

The global trend of active development of the Arctic territories with harsh climatic
conditions also contributes to the growth in demand for diesel fuel [3]. However, in this
case, we are talking about low-freezing grades for which the most important are low-
temperature characteristics, such as the cloud point (Tc) and pour point (Tp), as well as the
cold filter plugging point (CFPP) [4]. Tc characterizes the change in the phase composition
of the fuel, namely the formation of not only the liquid phase of the fuel, but also the solid
phase—in which the crystallization of n-paraffins that make up the fuel begins. With a
further decrease in temperature, the growth and association of n-paraffin crystals and the
formation of framework structures occurs. At this point, CFPP is noted as the fluidity of the
fuel decreases, preventing it from passing further through the fuel filters. Tp characterizes
the temperature at which the fuel finally loses its mobility, the frame structures become
more branched, the length of the paraffins chains increases, and the fuel solidifies.

According to the standard EN 590 2009 “Automotive fuels—diesel—requirements and
test methods” [5], low-freezing diesel fuel is divided into several classes: for Class 0, the Tc
should be no more than −10 ◦C, the CFPP should not be more than −20 ◦C; for Class 1:
−16 ◦C and −26 ◦C; for Class 2: −22 ◦C and −32 ◦C; for Class 3: −28 ◦C and −38 ◦C; and
for Class 4: −34 ◦C and −44 ◦C, respectively.

The history of the oil-refining industry includes about a dozen technologies that improve
the low-temperature properties of fuels, which are based on different approaches. Now
low-freezing diesel fuels are obtained by lowering the end boiling point of the fraction,
compounding of fuels with different low-temperature properties, and using catalytic processes
(the dewaxing process, for example). However, these methods are quite labor-intensive and
inevitably lead to deterioration in the quality of the resulting fuel and noticeable losses of
the target product [6]. To date, one of the most effective and cost-effective ways to improve
the low-temperature characteristics of diesel fuel is the addition of depressant additives;
this method is especially relevant when it comes to fuel production in mini refineries and
remote areas [4,7]. According to statistics [8], the additives market in regions such as North
America, Asia-Pacific, Europe, South America, the Middle East, and the Africa will grow by
5.11% per year from 2022 to 2029. However, the effectiveness of depressants largely depends
on the composition of the fuel [9–11], which can vary significantly depending on the place
of production and feedstock [12], which leads to a different effect of the depressant on the
low-temperature characteristics of fuels.

As a rule, additives are a blend of an active substance, which directly possesses depres-
sant properties, and an organic solvent necessary for the uniform and rapid distribution of
the depressant in fuel and oil products [13–15].

There is currently no unified theory that could explain the effect of a particular chemi-
cal compound used as an active substance in depressant additives on the low-temperature
characteristics of diesel fuel. There are two common and at the same time competing
theories about the mechanism of action of depressants on diesel fuels.

According to the first one, depressant molecules interact with the surface of formed
n-paraffin crystals and prevent their growth and association. This mechanism of action
involves the adsorption of the depressant molecule on the surface of the n-paraffin crystal.
During adsorption, the depressant molecule is sorbed on the surface of the crystal by the
polar part. The nonpolar part is directed into the medium and prevents the approach
of n-paraffin crystals and their association into an ordered structure. The second theory
assumes the co-crystallization of n-paraffin and the depressant molecule. The nonpolar
part of the depressant molecule is incorporated into the structure of the n-paraffin crystal,
while the polar part faces the solution, which prevents further convergence and coarsening
of the crystals [16,17].
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It can be assumed that, depending on the structure of the active substance of the
depressant, the first or second mechanism of interaction of the depressant with n-paraffin
crystals will prevail. Also, the possibility of a mixed mechanism cannot be ruled out [18].

Presumably, additives acting by the adsorption mechanism are more effective at
relatively low concentrations, since the possibility of crystallization of the active substance
itself at elevated concentrations will be excluded, which will lead to a deterioration in low-
temperature characteristics. Additives that co-crystallize with n-paraffins, on the contrary,
are most effective at relatively high concentrations.

In addition, there are experimental data according to which the mechanism of depres-
sants’ action is considered as the mechanism of surfactants’ action in dispersed systems [19].
This mechanism leads to an increase in the stability of the fuel dispersed system, resulting
in an improvement in the low-temperature characteristics of diesel fuel [20].

To date, a wide range of depressant additives is presented on the world market, which
differ among themselves in the content and type of active substance, as well as in other
characteristics. There is also an active development of new depressants, which would meet
all modern requirements for them [21–24].

The additive effectiveness, in addition to the composition of the fuel, is also affected by
the concentration at which the depressant is used and at what temperature it is added into
the fuel. The content of n-paraffins also has the greatest influence on the low-temperature
characteristics of diesel fuel, since they are the first to crystallize when the temperature
goes down [25,26].

Thus, research into the influence of fuel composition and other characteristics on the
efficiency of depressants is extremely relevant.

Literature analysis shows that despite the many researchers noting that the composi-
tion of diesel fuel significantly affects depressants’ effectiveness, there are no works which
consider the regularities of fuel composition influence in dynamics—under conditions of
varying additive concentrations and adding temperatures. From a practical point of view,
understanding the regularities of the concentration and temperature of depressant adding
influence on the effectiveness of its action on diesel fuel samples with various compositions
will allow the use of additives as efficiently as possible.

Thus, the aim of this work is to evaluate ways to improve the effectiveness of depres-
sant additives for the production of winter and arctic diesel fuels, as well as to identify
regularities of influence in the concentration and adding temperature of depressant addi-
tives on the effectiveness of their action.

2. Materials and Methods

The objects of study in the work were four different samples of straight-run diesel fuel
(DF) No. 1–4, and their blends with six different commercial depressant additives (DA)—A, B,
C, D, E, F.

To prepare the blends of DF with DA, 100 mL of a DF sample was taken using a graduated
cylinder; the flask with the test sample was closed by a stopper with a thermometer so that
the thermometer was immersed in DF and did not touch the bottom or walls of the flask.

Next, the flask was placed in a liquid thermostat, and held to a given temperature for
30 min, stirring occasionally. Upon reaching the specified temperature, a depressant was
added into the DF sample.

The blend was stirred for 1 min and placed in a thermostat, thermostatically controlled
for 20 min. The resulting blend was left for 1 day in a cold, dark place.

For each DA, the manufacturer has set the concentration in which it is recommended
to be used [27–32]. The concentration recommended by the manufacturer, converted to
100 mL of DF, for each DA is taken as 1 c.u. (conditional unit) and is presented in Table 1.
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Table 1. The volume of a single concentration (1 c.u.) of DA per 100 mL of DF.

DF DA Volume, mL DF DA Volume, mL

A 0.10 D 0.31
B 0.10 E 0.20
C 0.65 F 0.26

For the study of the DA concentration’s influence on the efficiency of action, blends of
all DF samples with three DAs (D, E, F) in various concentrations were prepared. These DAs
(D, E, F) are used as the most effective. The concentrations of the added DA were 0.5; 1.0;
2.0; 5.0 c.u. from the one recommended by the manufacturer. In this part of the work, the
depressant additives were added at a temperature of 25 ◦C.

Table 2 shows the labeling of the prepared blends depending on the used DA and
its concentration.

Table 2. Labeling of blends of DF samples with DA depending on the used DA and its concentration.

DA Concentration, c.u. Labeling DA DA Volume, mL

D

0.5 D0.5 0.155
1.0 D1 0.310
2.0 D2 0.620
5.0 D5 1.550

E

0.5 E0.5 0.100
1.0 E1 0.200
2.0 E2 0.400
5.0 E5 1.000

F

0.5 F0.5 0.130
1.0 F1 0.260
2.0 F2 0.520
5.0 F5 1.300

For the study of the DA adding temperature influence on the efficiency of action,
blends of two DF samples (No. 1 and No. 2) with all DAs were prepared, taking into account
the DA adding temperature. No. 1 and No. 2 DF samples were used as characterized by
the most unsatisfactory low-temperature properties. The DA concentration was 1 c.u., and
the adding temperature was varied in 10 ◦C increments (15, 25, 35, 45, and 55 ◦C).

Table 3 shows the labeling of the prepared blends depending on the adding tempera-
ture of the DA and its concentration.

Table 3. Labeling of blends of DF samples with DA depending on the used DA and its adding temperature.

Adding Temperature, ◦C Labeling DA

15 DA15
25 DA25
35 DA35
45 DA45
55 DA55

To determine the composition and characteristics of DF samples, as well as the result-
ing blends, the following methods were used in the work:

• The fractional composition according to [33]. A 100 mL test portion using the distilla-
tion flask, condenser tube, and cooling bath is distilled under the specified conditions
appropriate to the group into which the sample falls, and systematic observations of ther-
mometer readings and volumes of condensate recovered are made. The volume of the
residue in the flask is measured, and the loss on distillation recorded. The thermometer
readings are corrected for barometric pressure and the data are then used for calculations
appropriate to the nature of the sample and the specification requirements;
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• The density at the temperature of 15 ◦C is determined using the Stanbinger SVM3000 Anton
Paar viscometer according to [34]. The test sample is introduced into a temperature-controlled
sample cell. The density of the test sample is noted. Repeatability for transparent middle
distillates: r = 0.2 kg/m3, reproducibility for transparent middle distillates: R = 0.5 kg/m3;

• The kinematic and dynamic viscosity at 20 ◦C is determined using the Stanbinger
SVM3000 Viscometer Anton Paar, according to [35]. The charged, by the sample,
viscometer is placed in the bath in the manner dictated by the design of the instrument.
After that, the viscometer is allowed to remain in the bath long enough to reach the
test temperature. Next, using the suction, the head level of the test sample is adjusted
to a position in the capillary of the instrument above the first timing mark. With the
sample flowing freely, in seconds to within 0.1 s, the time required for the meniscus to
pass from the first to the second timing mark is measured. The described procedure
is repeated to make a second measurement of the flow time and to record the results.
The calculated average of the two measurements is used as the kinematic viscosity.
Repeatability of the method: r = 0.11%, reproducibility of the method: R = 0.65%;

• The sulfur content is determined using the X-ray fluorescence energy dispersive ana-
lyzer “SPECTROSCAN S”, according to [36]. The sample is placed in the beam emitted
from an X-ray tube. The resultant excited characteristic X radiation is measured, and
the accumulated count is compared with counts from previously prepared calibration
samples to obtain the sulfur concentration in mass percent or mg/kg, or both;

• The cetane index is calculated according to [37,38]. The density at 15 ◦C and the
temperatures at which 10 vol.%, 50 vol.%, and 90 vol.% are recovered (distillation
temperatures) are determined by standard test methods [33,34] and the cetane index is
calculated from these test data using known correlations. The precision of the cetane
index equation is dependent on the precision of the original density and distillation
temperature determinations which enter into the calculation. The precision of these
determinations is stated in [33,34];

• The group composition of the feedstock DF sample and the products of the upgrading
process is determined by the aniline method [39] and calculated from these test data
using known correlations;

• The structural-group composition is calculated using the n-D-M method according
to [40]. This test method covers the calculation of the carbon distribution and ring
content of olefin-free petroleum oils from measurements of the refractive index, den-
sity, and molecular weight (n-d-M). The refractive index and density of the oil are
determined at 20 ◦C. The molecular weight is determined experimentally. These data
are then used to calculate the carbon distribution (aromatic structures, naphthenic
structures, annular structures, alkyl substituents) or the ring analysis (average number
of rings, average number of aromatic rings, average number of naphthenic rings) using
the appropriate set of equations. The precision of the carbon distribution equation
is dependent on the precision of the original refractive index, density, and molecu-
lar weight determinations which enter into the calculation. The precision of these
determinations is stated in [33,41,42];

• The cloud point (Tc) is determined according to [43]. The method for determining Tc
is as follows: a double-walled test tube filled with the test sample is immersed in a
liquid low-temperature thermostat and gradually cooled. Every 1–2 ◦C, the test tube
is removed from the thermostat and compared with a previously prepared test fuel
sample at room temperature. If there is visible turbidity of the fuel relative to the
standard, Tc is recorded. Repeatability of the method: r = 1 ◦C, reproducibility of the
method: R = 3 ◦C;

• The cold filter plugging point (CFPP) is determined according to [44]. The method
for determining CFPP is as follows: in a low-temperature liquid thermostat, using a
CFPP determination unit on a cold filter, the sample under study is gradually cooled.
At intervals of 1 ◦C, the test sample is automatically pumped through a standardized
wire mesh filter into a glass pipette under a controlled vacuum. If the test sample does
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not have time to fill the pipette within 60 s, then the experiment is stopped and CFPP
is recorded, because the fuel has lost the ability to pass through the filter. Repeatability
of the method: r = 2 ◦C, reproducibility of the method: R = 0.102 (25 − x) ◦C, where
x—average of two measurements;

• The pour point (Tp) is determined according to [45]. The method for determining Tp
is as follows: a double-walled test tube filled with the test sample is immersed in a
liquid low-temperature thermostat and gradually cooled. Every 1–2 ◦C, the test tube
is removed from the thermostat. Tp is fixed when the test tube is tilted at 45◦ and held
in this position for 1 min and the meniscus of the sample does not shift. Repeatability
of the method: r = 3 ◦C, reproducibility of the method: R = 6 ◦C.

3. Results and Discussion
3.1. Composition and Characteristics of DF Samples

Tables 4–6 show the results of determining the composition, basic physicochemical,
and low-temperature characteristics of DF samples.

Table 4. Composition and characteristics of DF samples.

Characteristic Measure Unit DF No. 1 DF No. 2 DF No. 3 DF No. 4

Density at 15 ◦C kg/m3 822.0 837.3 827.2 839.5
Dynamic viscosity at 20 ◦C mPa/s 2.5774 3.3033 2.352 3.7745
Kinematic viscosity at 20 ◦C mm2/s 3.1492 3.9629 2.8559 4.5159

Sulphur content mg/kg 2865 5781 1704 516
Cetane index by [35]

Point
50.7 50.1 47.0 51.4

Cetane index by [36] 49.4 48.9 46.1 49.6
Fractional composition

IBP

◦C

149 145 125 118
10 vol.% 170 190 164 199
50 vol.% 242 261 236 270
90 vol.% 348 329 300 310
95 vol.% – – – 326

Table 5. Hydrocarbon composition of DF samples.

Characteristic Measure Unit DF No. 1 DF No. 2 DF No. 3 DF No. 4

Content:
paraffins

% wt.
60.29 49.62 52.24 53.26

naphthenes 17.55 23.74 23.32 24.64
aromatic hydrocarbons 22.16 26.64 24.43 22.09

Carbon content in:
aromatic structures

% wt.

13.997 16.875 14.911 15.984
naphthenic structures 30.282 27.511 37.100 50.200

annular structures 44.279 44.386 52.011 66.184
alkyl substituents 55.721 55.614 47.989 33.816

Average number of rings
–

1.182 1.181 1.174 1.315
Average number of aromatic rings 0.372 0.453 0.329 0.306

Average number of naphthenic rings 0.81 0.73 0.85 1.01

Table 6. Low-temperature characteristics of the DF samples.

DF Sample Tc, ◦C CFPP, ◦C Tp, ◦C

1 0 0 −17
2 −4 −5 −14
3 −25 −27 −33
4 −12 −19 −22

Based on the values presented in Table 4, the No. 4 DF sample is characterized by
the highest density, and the No. 1 DF sample by the lowest. The No. 3 DF sample is
characterized by the lowest values of kinematic and dynamic viscosity, the No. 4 DF
sample is characterized by the highest values, while the sulfur content in this sample on
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the contrary, is the lowest, and in the No. 2 DF sample it is the highest. The highest value
of the cetane index, calculated according to two standards, is observed for the No. 4 DF
sample, and the lowest for the No. 3 DF sample.

Based on the results of determining the fractional composition, the No. 1 DF sample
contains the highest-boiling components, and the No. 4 DF sample contains the lowest-
boiling components.

The No. 2 DF sample is characterized by the lowest content of paraffins, and the No. 1
DF sample is characterized by the highest. The content of naphthenes, on the contrary, is
the lowest in the No. 1 DF sample, and the highest in the No. 4 DF sample. Analyzing the
content of aromatic hydrocarbons, it can be seen that the No. 2 DF sample has the highest
content of aromatic hydrocarbons, and the No. 4 DF sample has the lowest content.

The carbon content in aromatic structures is the highest in the No. 2 DF sample, and
the lowest in the No. 1 DF sample. The carbon content in naphthenic structures is the
highest in the No. 4 DF sample, and the lowest in the No. 2 DF sample. The highest carbon
content in the annular structures is typical for the No. 4 DF sample, and the lowest for the
No. 1 DF sample, and vice versa in alkyl substituents, respectively.

The largest average number of rings in molecules is typical for the No. 4 DF sample
and the smallest for the No. 3 DF sample. At the same time, the largest number of aromatic
rings is typical for the No. 2 DF sample, and the smallest for the No. 4 DF sample; the
number of naphthenic rings, respectively, is opposite.

To evaluate the effectiveness of the DA action, it is necessary to investigate the low-
temperature characteristics of the initial DF samples. The results of determining the
low-temperature characteristics of the DF samples are presented in Table 6.

According to the obtained results, the No. 2 DF sample corresponds to Class 1 in terms
of low-temperature characteristics. The No. 1, No. 3, and No. 4 DF samples do not meet
the requirements for any of the classes [5].

3.2. Low-Temperature Characteristics of DF Samples and DA Blends under Conditions of Varying
the Concentration of Additive

Table 7 shows the results of determining the low-temperature characteristics of the No.
1 and No. 2 DF samples with the D, E, and F additives blends under conditions of varying
the concentration of additive.

Table 7. Low-temperature characteristics of DF samples and DA blends at various additive concentrations.

DA
DF No. 1 DF No. 2 DF No. 3 DF No. 4

Tc CFPP Tp Tc CFPP Tp Tc CFPP Tp Tc CFPP Tp

Measure Unit ◦C

D0.5 −2 −2 −39 −6 −23 −40 −25 −39 −58 −10 −28 −39
D1 −2 −4 −43 −6 −26 −42 −25 −49 −63 −10 −25 −45
D2 −2 −5 −50 −6 −20 −40 −25 −45 −70 −10 −25 −53
D5 −2 −10 −6 −7 −20 −10 −26 −38 −60 −10 −15 −45

E0.5 0 −1 −17 −6 −14 −36 −26 −31 −57 −9 −20 −22
E1 −1 −3 −20 −6 −17 −36 −25 −31 −57 −9 −22 −24
E2 −1 −5 −53 −7 −17 −56 −25 −39 −62 −9 −27 −56
E5 −1 −9 −48 −7 −24 −59 −25 −38 −60 −9 −31 −60

F0.5 −1 −6 −25 −6 −21 −27 −26 −29 −44 −11 −23 −26
F1 −1 −6 −30 −6 −21 −32 −26 −41 −51 −11 −33 −26
F2 −1 −8 −33 −6 −25 −37 −26 −46 −64 −11 −27 −32
F5 0 −13 −4 −6 −16 −34 −26 −50 −69 −10 −27 −43

Analyzing the obtained data, it can be seen that when F5 was added to the No. 3 DF
sample, the smallest observed CFPP value (−50 ◦C) was achieved, and when D2 was added,
the smallest observed Tp value (−70 ◦C) was achieved.

For the No. 1 DF sample, the lowest CFPP was achieved with the addition of F2, and
the lowest Tp was achieved with the addition of E5. For the No. 2 DF sample, the lowest
CFPP was achieved with the addition of D1, and the lowest Tp was achieved with the
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addition of E5. For the No. 4 DF sample, the lowest CFPP was achieved with the addition
of F1, and the lowest Tp was achieved with the addition of E5.

Evaluating the obtained low-temperature characteristics of DF samples and DA blends,
for compliance with the classes of DF in terms of low-temperature characteristics, according
to the requirements of [5], it can be concluded that all blends of the No. 1 DF sample with
DAs did not meet the requirements for any of the classes.

When adding D1 to the No. 2 DF sample, D1 managed to obtain a DF corresponding
to Class 1, and when adding D0.5, D2, and D5, only Class 0. When adding E5, F0.5, F1, and
F2, it was possible to obtain a DF corresponding to Class 0. In the rest of the cases, blends
of the No. 2 DF sample with DAs did not correspond to any of the classes.

Class 4 was obtained by adding the additives F2, F5, D1, and D2 to the No. 3 DF sample.
Blends of the No. 3 DF sample with the addition of F1, E2, E5, D0.5, and D5 correspond to
Class 3. The remaining blends correspond to Class 1.

Also, Class 2 corresponds to a blend of the No. 4 DF sample with the addition of F1,
and Class 1 with the addition of D0.5, E2, E5, F2, and F5. A blend of the No. 4 DF sample
with the addition of D5 did not correspond to any of the classes. In other cases, blends of
the No. 4 DF sample with DAs corresponded to Class 0.

Based on Table 7, the variation in DAs and their concentrations practically did not
affect the change in Tc. The obtained values are within the error range of the laboratory
determination of Tc (±3 ◦C). Therefore, in the future, the influence of DAs and their concen-
trations will be analyzed only on the CFPP and Tp of DF samples of various compositions.

The obtained results do not conflict with the data presented in [9–11,25,26].
Table 8 shows the average effectiveness of DAs at various concentrations in relation

to the CFPP and Tp of DF samples of various compositions. The average effectiveness of
DAs was calculated as the difference between the low temperature properties before and
after adding the additive. Next, for each of the low-temperature properties (CFPP, Tp), the
average was calculated for all DF samples, as well as the average for all DF samples for
both low-temperature properties (Total).

Table 8. Average effectiveness of DAs.

DA
Average Effectiveness, ◦C

in Relation to CFPP in Relation to Tp Total

D −10.6 −22.4 −16.5
E −7.8 −23.7 −15.8
F −11.8 −14.6 −13.2

As can be seen from the data presented in Table 8, on average, Additive A is the most
effective for CFPP, Additive C for Tp, and Additive B for both low-temperature characteristics.

Table 9 shows the average effectiveness of all DAs in various concentrations in the
context of DF samples. The average efficiency of all DAs by DF samples was calculated as
the difference between the low-temperature properties before and after adding the additive.
Next, for each of the low-temperature properties (CFPP, Tp), the average was calculated for
all additives for each DF sample, as well as the average for all additives for each DF sample
for both low-temperature properties (Total).

Table 9. The average efficiency of all DAs by DF samples.

Average Efficiency, ◦C DF No. 1 DF No. 2 DF No. 3 DF No. 4

in relation to CFPP −6.0 −15.3 −12.7 −6.0
in relation to Tp −13.7 −23.4 −26.6 −13.7

Total −9.8 −19.4 −19.6 −9.8
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As can be seen from the data presented in Table 9, on average, all DAs most effectively
improve the CFPP of the No. 2 DF sample, Tp of the No. 3 DF sample, and both low-
temperature characteristics also of the No. 3 DF sample.

3.3. Analysis of the DAs Concentration Effect on the CFPP and Pour Point of DF Samples of
Various Compositions

Figure 1 shows the dependences of the change in CFPP of the No. 1–4 DF samples
(different composition) on the concentration of the D–F additives.
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Figure 1. Effect of the DAs concentration on the CFPP of DF samples of various compositions:
(a) DA D; (b) DA E; (c) DA F.

Based on Figure 1, it can be seen that the concentration of DAs that allows the most
effective change in the CFPP of the DF samples is as follows:
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1. Additive D: for the No. 1 DF sample—5.0 c.u.; for the No. 2, 3 DF samples—1.0 c.u.;
for the No. 4 DF sample—0.5 c.u.

2. Additive E: for the No. 1–2, 4 DF samples—5.0 c.u.; for the No. 3 DF sample—2.0 c.u.
3. Additive F: for the No. 1, 3 DF samples—5.0 c.u.; for the No. 2 DF sample—2.0 c.u.;

for the No. 4 DF sample—1.0 c.u.

Figure 2 shows the dependences of the change in Tp of the No. 1–4 DF samples
(different composition) on the concentration of the D–F additives.
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Based on Figure 2, it can be seen that the concentration of DAs that allows the most
effective change in the Tp of DF samples is as follows:
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1. Additive D: for the No. 1, 3, 4 DF samples—2.0 c.u.; for the No. 2 DF sample—1.0 c.u.
2. Additive E: for the No. 1, 3 DF samples—2.0 c.u.; for the No. 2, 4 DF samples—5.0 c.u.
3. Additive F: for the No. 1, 2 DF samples—2.0 c.u.; for the No. 3, 4 DF samples—5.0 c.u.

A number of regularities can be identified by analyzing the data presented in Figures 1 and 2.
Regularity No. 1: The No. 1 DF sample requires the highest concentration of additives

(5.0 c.u.) to be most effective with respect to CFPP.
The observed regularity is explained by the influence of the composition of DF. The No.

1 DF sample is characterized by the highest content of paraffins. With a decrease in
temperature, the number of formed paraffin crystals will be significant, and a large amount
of DA will be required to effectively prevent their growth.

Regularity No. 2: On average, the highest efficiency of additives in relation to CFPP,
when used in a minimum concentration, is achieved for the No. 4 DF sample.

The observed regularity is also explained by the influence of the composition of DF.
The No. 4 DF sample is characterized by the lowest content of aromatic hydrocarbons.
It is known that polar aromatic hydrocarbons in the composition of fuel can attract DA
molecules to themselves, thereby preventing their interaction with paraffin crystals that
grow larger with decreasing temperature. To suppress the negative effect of aromatic
hydrocarbons, the concentration of the DA needs to be increased. In the case of a fuel with
a minimum aromatics content, the concentration of the DA required to effectively improve
the CFPP will be less.

Regularity No. 3: The effectiveness of the additives’ action in relation to the CFPP
varies depending on the concentration to the greatest extent when used on the No. 3 DF
sample, to the least extent when used on the No. 1 DF sample.

The observed regularity is also explained by the influence of the composition of DF. The
No. 3 DF sample is characterized by the most optimal composition of all samples—the average
content of both paraffins and aromatic hydrocarbons. The action of DA is not hindered by
aromatic hydrocarbons; the amount of DA is sufficient to interact with all formed paraffin
crystals. An increase in the concentration of DA makes it possible to stop the growth of
crystals more quickly, and the effectiveness of the DA increases. This explains the greatest
effect of all DAs in relation to the low-temperature characteristics of the No. 3 DF sample.

In the case of the No. 1 DF sample, which is characterized by the highest content of
paraffins, the number of formed paraffin crystals is so high that they will plug the standard
filter element in any case. According to the mechanism of DA action, these additives are able
to stop the growth of paraffin crystals, but not prevent their formation. Moreover, without
the formation of initial crystallization centers, DA cannot begin to act. The effectiveness
of the additive on CFPP in this case is limited, and increasing its concentration will not
give such a significant effect. In this connection, the effect of all DAs on the CFPP of the
No. 1 DF sample is minimal.

Regularity No. 4: For CFPP, on average, DA C is most effective at high concentrations (5.0 c.u.),
DA B at low concentrations (0.5–1.0 c.u.), and DA A at medium concentrations (1.0–2.0 c.u.).

From Table 2, it can be seen that the concentration of DA recommended by the
manufacturer (single concentration, 1.0 c.u.) for DA B is at a maximum, for DA C it is at a
minimum, for DA A it has an intermediate value.

Comparison of depressants in different concentrations is advisable, because any DA is
an active ingredient that is dissolved in a solvent. The composition of the DA is a trade
secret; the manufacturer gives recommendations on the involvement of the additive, based
on the ratio of the solvent/active component in the composition of the DA.

For DA B, it can be seen that the concentration recommended by the manufacturer
(the maximum among all additives) is optimal; if used on fuel with a favorable composition
(No. 4 DF sample), the concentration of the additive can even be halved.

For DA C, the concentration recommended by the manufacturer is the lowest among
all additives and, according to studies, is not optimal; it must be significantly increased (up
to 5.0 c.u.) to effectively improve the CFPP of fuels.
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Regularity No. 5: In most cases, an increase in the concentration of DA to 5.0 c.u. is
inappropriate, because it results in a higher Tp than the additive effect when used at 2.0 c.u.

The active components of DAs are high-molecular compounds, which at low temper-
atures, like paraffins, are prone to the formation of spatial structures. In the case of the
involvement of DAs at a concentration of 5.0 c.u. the content of high-molecular compounds
becomes so high that they degrade the Tp of fuels.

Regularity No. 6: In relation to Tp, on average, DA A and C are most effective at high
concentrations (2.0–5.0 c.u.) and DA B at medium concentrations (1.0–2.0 c.u.).

The explanation is similar to Regularity No. 4.
Regularity No. 7: The greatest efficiency of additives in relation to Tp when used in a

minimum concentration is achieved for No. 1 DF sample.
As noted earlier, the No. 1 DF sample is characterized by the highest content of

paraffins from the all samples. The effectiveness of the DA on the CFPP of this sample
is limited. However, for Tp, the effect is reversed. DA can begin to act only in the event
of the appearance of the first crystals of paraffins and stop their growth. The faster the
crystals appear, the more efficiently the DA will act, and the longer the fuel will retain
mobility (not freeze). In the case of the No. 1 DF sample with a high content of paraffins in
the composition, the number of initial crystallization centers is high, and the DA will be
effective in relation to Tp even at low concentrations. With an increase in the concentration
of the DA, its effectiveness will only increase, because crystal growth will stop faster and
the fuel will retain its mobility at lower temperatures.

Regularity No. 8: The effectiveness of the additives’ action in relation to Tp varies
depending on the concentration to the greatest extent when used on the No. 1 DF sample,
to the least extent when used on the No. 3 DF sample.

The explanation of the effect for the No. 1 DF sample is similar to that presented for
Regularity No. 7.

For the No. 3 DF sample, it should be noted that this sample of fuel is characterized
by an extremely low Tp, both in a blend with additives (up to −60 ◦C) and without them.
The maximum effectiveness of the additives in relation to Tp has been achieved, and
increasing the concentration does not provide a significant improvement.

Summarizing the conclusions presented above, it is possible to identify the following
regularities of the DAs concentration influence on the effectiveness of their action when
used on samples of DF of various compositions:

• The lower the content of aromatic hydrocarbons in the composition of the DF, the
lower the concentration of DA that will improve (decrease) the CFPP;

• The higher the content of paraffin hydrocarbons in the composition of the DF, the
lower the concentration of DA that will improve (decrease) the Tp;

• The lower the content of aromatic hydrocarbons in the composition of the DF, the more
strongly the DA effectiveness in relation to the CFPP depends on the concentration
and the less the DA effectiveness in relation to the Tp depends on the concentration;

• The higher the content of paraffinic hydrocarbons in the composition of the DF, the
less the DA effectiveness in relation to CFPP depends on the concentration and the
more the DA effectiveness in relation to Tp depends on the concentration;

• The revealed regularities do not conflict with the data presented in [9–11,25,26].

3.4. Results of Determining the Low-Temperature Characteristics of DF Samples and DA Blends,
under Conditions of Varying the DA Adding Temperature

The results of determining the low-temperature characteristics of the No. 1, 2 DF
samples with adding the DAs A–F are presented in Tables 10 and 11.
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Table 10. Low-temperature characteristics of the DF sample No. 1 and DAs blends, at different
temperatures of adding.

Blend Tc, ◦C CFPP, ◦C Tp, ◦C Blend Tc, ◦C CFPP, ◦C Tp, ◦C

A15 −2 −3 −35 D15 −2 −4 −31
A25 −2 −3 −35 D25 −2 −5 −31
A35 −2 −3 −35 D35 −2 −8 −31
A45 −2 −4 −36 D45 −2 −11 −31
A55 −2 −4 −36 D55 −2 −11 −31

B15 −1 −3 −30 E15 0 −3 −20
B25 −1 −3 −30 E25 0 −3 −20
B35 −1 −3 −31 E35 0 −4 −20
B45 −1 −4 −31 E45 0 −4 −20
B55 −1 −4 −31 E55 0 −4 −20

C15 −1 −2 −36 F15 −1 −4 −32
C25 −1 −2 −36 F25 −1 −4 −32
C35 −1 −2 −36 F35 −1 −5 −32
C45 −1 −3 −36 F45 −1 −5 −32
C55 −1 −3 −36 F55 −1 −5 −32

Table 11. Low-temperature characteristics of the DF sample No. 2 and DAs blends, at different
temperatures of adding.

Blend Tc, ◦C CFPP, ◦C Tp, ◦C Blend Tc, ◦C CFPP, ◦C Tp, ◦C

A15 −6 −7 −36 D15 −6 −10 −46
A25 −6 −7 −36 D25 −6 −11 −46
A35 −6 −7 −37 D35 −6 −14 −46
A45 −6 −7 −37 D45 −6 −15 −46
A55 −6 −7 −37 D55 −6 −15 −46

B15 −6 −7 −23 E15 −7 −9 −40
B25 −6 −7 −23 E25 −7 −10 −40
B35 −6 −9 −24 E35 −7 −10 −40
B45 −6 −9 −24 E45 −7 −12 −41
B55 −6 −9 −24 E55 −7 −12 −41

C15 −7 −8 −41 F15 −7 −20 −37
C25 −7 −8 −41 F25 −7 −23 −37
C35 −7 −9 −42 F35 −7 −25 −37
C45 −7 −9 −42 F45 −7 −26 −38
C55 −7 −10 −42 F55 −7 −26 −38

From the results presented in Table 10 it follows that addition of the DAs A–F slightly
improves (reduces) the Tc of the No. 1 DF sample (∆Tc = 1–2 ◦C). Changing the temperature
of the adding of additives does not enhance the depressant effect in relation to the Tc.

The addition of the DAs A–D and F significantly improves (reduces) the Tp of the
No. 1 DF sample. The greatest depression of Tp is observed when Additives A and C
are added (∆Tp = 18–19 ◦C). The addition of the DA E had the least depressant effect
(∆Tp = 3 ◦C). Changing the temperature of adding additives slightly enhances the depres-
sant effect in relation to the Tp (maximum enhancement is 1 ◦C).

The addition of the DAs A–F improves (reduces) the CFPP of the No. 1 DF sample.
Additive C had the least depressant effect (∆CFPP = 3 ◦C), and Additive D had the greatest
depressant effect (∆CFPP = 11 ◦C). At an adding temperature of 35–55 ◦C, an increase in the
depressant effect of additives in relation to CFPP is observed. Thus, when adding Additives
A–C at an adding temperature of 45–55 ◦C, the increase in temperature depression is
1 ◦C; when Additives E and F are added at an adding temperature of 35–55 ◦C, the
increase in temperature depression is 1 ◦C. When Additive D is added, an increase in the
effectiveness of action against the CFPP is observed over the entire range of varying the
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adding temperature (15–55 ◦C), and the maximum increase in temperature depression is
7 ◦C at an adding temperature of 55 ◦C. The obtained results do not conflict with the data
presented in [9–11,25,26].

From the results presented in Table 11, it follows that addition of the DAs A–F slightly
improves (reduces) the Tc of the No. 2 DF sample (∆Tc = 2–3 ◦C). Changing the adding
temperature of additives does not enhance the depressant effect in relation to the Tc.

The addition of the DAs A–F significantly improves (reduces) the Tp of the No. 2 DF
sample. The greatest depression of Tp is observed when the C–E additives are added
(∆Tp = 24–29 ◦C). Additive B had the least depressant effect (∆Tp = 6 ◦C). Changing the
temperature of adding additives slightly enhances the depressant effect in relation to the
Tp (maximum enhancement is 1 ◦C).

The addition of the DAs A–F reduces the CFPP of the No. 2 DF sample. Additive A
had the least depressant effect (∆CFPP = 2 ◦C), and Additive F had the greatest depressant
effect (∆CFPP = 15–21 ◦C). At an adding temperature of 35–55 ◦C, an increase in the
depressant effect of the B–F additives in relation to the CFPP is observed. Thus, when
Additive B is added at an adding temperature of 45–55 ◦C, the increase in temperature
depression is 1 ◦C; when Additive C is added at an adding temperature of 45–55 ◦C, the
increase in temperature depression is 2 ◦C. When adding Additives D-F, an increase in
the effectiveness of action against the CFPP is observed over the entire range of adding
temperature variation (15–55 ◦C). The maximum increase in temperature depression at an
adding temperature of 55 ◦C is: for Additive D—5 ◦C, for Additive E—3 ◦C, for Additive
F—6 ◦C. The effect of Additive A on CFPP is independent of the adding temperature.

In addition, it can be seen that the adding of Additive F at temperatures of 15–35 ◦C
made it possible to obtain from the No. 2 DF sample, which does not correspond to any
of the classes, a fuel corresponding to Class 0 for winter and arctic fuels, according to the
requirements [5]. And the adding of additive F at temperatures of 45–55 ◦C produced a
fuel corresponding to Class 1 for winter and arctic fuels, according to the requirements [5].
The obtained results do not conflict with the data presented in [9–11,25,26].

3.5. Influence of the Adding Temperature on the DA Efficiency

The effects of the DAs A–F at different adding temperatures on the Tc, Tp, and CFPP of
the No. 1, 2 DF samples are presented in Figures 3–5, respectively. ∆ values are presented
in comparison with DF samples without the addition of DAs.
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As can be seen from the data presented in Figure 3, a change in the temperature of
adding additives to the No. 1, 2 DF samples does not influence the additives’ effectiveness
in relation to the Tc (∆Tc = 0 ◦C). DAs do not affect the Tc of DF samples, since depressants
prevent the growth of paraffin crystals that have already formed but are not able to stop
their formation. Thus, the action of the additive begins when the temperature of the
formation of crystals of the heaviest paraffins, which is Tc, is reached.

According to the data presented in Figure 4, a change in the additive adding temper-
ature in individual DF samples slightly influences the additives’ effectiveness in relation
to the Tp (∆Tp = 0–1 ◦C), which is comparable to the error of the measurement method.
The slight effect of the additive adding temperature on the Tp is also explained by the
mechanism of DA action. Improving the interaction of the additive with paraffin is relevant
only at the initial stage of crystal association; when the Tp is reached, all paraffin crystals
line up in a single crystal lattice, the difference in the arrangement of the additive molecules,
in which it does not give a significant effect.

However, one can notice the difference in the depressant effect of the additives when
added to the No. 1 and No. 2 DF samples. Thus, when Additives A and C–F are added, the
effect is greater on the Tp of the No. 2 DF sample both at an additive adding temperature
of 15 ◦C and 55 ◦C. This result can be explained by the fact that the solubility of these
additives is better in the No. 2 DF sample, while Additive B has a better solubility in the
No. 1 DF sample.

From the results presented in Figure 5, it follows that the greater the effect of the DA
on the DF sample CFPP, the stronger its effectiveness depends on the adding temperature.
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It can also be seen that the greatest DA efficiency is achieved at an adding temperature
of 45–55 ◦C. However, increasing the adding temperature from 45 ◦C to 55 ◦C does not
change the additive effectiveness in relation to the CFPP.

The obtained result can be explained by the fact that the DA has a final solubility tem-
perature in DF and at a temperature of additive addition above the solubility temperature,
no improvement in the depressant effect is observed, which is confirmed by theoretical
ideas about the mechanism of DA action described earlier.

With an increase in the additive adding temperature, the paraffin melting point is
reached, as a result of which the properties of the molecules change and during crystalliza-
tion a hexagonal crystal lattice with a lower packing density will form, which contributes
to a more efficient interaction of the additive and paraffins. In addition, with an increase in
the adding temperature, complete dissolution of the additive components occurs, which
leads to their uniform distribution in the volume of the DF sample. At 45 ◦C, the melting
temperature of the most paraffins in the composition of DF is reached, and most of the addi-
tive components are dissolved; a further increase in the temperature of adding the additive
is impractical. The obtained results do not conflict with the data presented in [9–11,25,26].

4. Conclusions

In this work, in contrast to existing works, it was established for the first time that
the composition of the fuel affects not only the DA effectiveness but also the dependence
of DA effectiveness on the concentration in which it is used. The regularities of the Das’
concentration influence on the effectiveness of their action when used on samples of DF of
various compositions are revealed. It was found that the higher the content of paraffinic
hydrocarbons in the composition of the DF, the less the DA effectiveness in relation to the
CFPP depends on the concentration and the more the DA effectiveness in relation to the Tp
depends on the concentration. It was also shown that the lower the content of aromatic
hydrocarbons in the composition of the DF, the more strongly the DA effectiveness in
relation to the CFPP depends on the concentration and the less the DA effectiveness in
relation to the Tp depends on the concentration.

The regularities of the DA adding temperature’s influence on the effectiveness of their
action for the first time are revealed. It is shown that a change in the additives’ adding
temperature does not enhance the additives’ effectiveness in relation to the Tc and also
slightly enhances the additives effectiveness in relation to the Tp (maximum enhancement
is 1 ◦C). It has been established that an increase in the DAs adding temperature to 35–55 ◦C
enhances their effectiveness in relation to the CFPP (for the No. 1 DF sample by a maximum
of 7 ◦C when Additive D is added at a temperature of 45–55 ◦C; for the No. 2 DF sample by
a maximum of 6 ◦C when Additive F is added at a temperature of 45–55 ◦C). In addition, it
was shown that the greater the DA effect on the CFPP, the stronger its effectiveness depends
on the adding temperature. It has also been established that the optimal temperature
for adding a DA to increase its effectiveness is 45 ◦C, a further increase in the adding
temperature to 55 ◦C is inappropriate, since it does not give an additional positive effect.

The following recommendations for the production of commercial winter and arctic
fuels by varying concentrations of additives have been developed: (1) for the No. 2 DF
sample (original fuel is substandard, does not meet the requirements [5] for any of the
classes), it is recommended to obtain Class 0, use D0.5, D2, D5, E5, F0.5, F1, and F2; to obtain
Class 1, use D0.5, D2 and D5. (2) for the No. 3 DF sample (original fuel—Class 1 according
to [5]), it is recommended to obtain Class 3, use F1, E2, E5, D0.5, and D5; to obtain Class 4,
use F2, F5, D1, and D2. (3) for the No. 4 DF sample (original fuel is substandard, does not
meet the requirements [5] for any of the classes), it is recommended to obtain Class 1, use
D0.5, E2, E5, F2, and F5; to obtain Class 2, use F1.

The following recommendations for the production of commercial winter and arctic
fuels by varying the additives adding temperature have been developed: for the No. 2
DF sample (original fuel is substandard, does not meet the requirements [5] for any of the
classes), it is recommended to obtain Class 0, add additive F at a temperature of 15 ◦C; to
obtain Class 1, add additive F at a temperature of 45 ◦C.
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Methods for increasing the efficiency of DA for the production of low-freezing DF by
selecting the most effective additive concentration and its adding temperature for fuels
of various compositions have been developed. It has been shown that the composition of
DF effects the DA efficiency in dynamics—under conditions of varying the concentration
and adding temperature. The regularities identified in the work will make it possible,
depending on the composition of the fuel, to select the optimal concentration of the additive
and the temperature of its adding. It can allow an increase in the efficiency of the additives
used, as well as the volume of production of low-freezing grades of DF. At further stages of
work, it is planned, based on the obtained regularities, to develop a mathematical model for
predicting the effectiveness of the DA, taking into account the fuel composition, additive
concentration, and temperature of its adding.
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Abbreviations

DF diesel fuel
DA depressant additive
Tc cloud point
Tp pour point
CFPP cold filter plugging point
A depressant additive A
B depressant additive B
C depressant additive C
D depressant additive D
E depressant additive E
F depressant additive F
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