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Abstract

This study investigates the rheological behavior and wax-deposition tendency of a model high-paraffin crude oil prepared by blending
samples from the Palchig-Pilpilasi field. The oil is characterized by a density of 901.0 kg/m?, resin content of 4.3 wt%, asphaltenes of
0.18 wt%, and paraffins of 15.2 wt%, forming a stable paraffin-resin-asphaltene system suitable for laboratory evaluation.

The performance of individual depressor additives, Difron-3971 and HY-154, was first assessed and resulted in a moderate viscosity
reduction of 15-25% at low temperatures while preserving non-Newtonian behavior. To enhance treatment efficiency, a composite
formulation was developed and tested at a dosage of 600 g/t. Rheological measurements showed that the composite reduced the
viscosity by 3.5-4.0 times and decreased the yield stress from 0.1625 Pa to 0.0325 Pa, indicating a pronounced weakening of the
internal structure and a transition toward near-Newtonian flow.

Cold-finger experiments confirmed a strong suppression of wax deposition, with inhibition efficiency reaching approximately 95%
at low temperatures. The results highlight the synergistic effect of the composite formulation and its potential as an effective flow-

assurance solution for high-paraffin crude oils.
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1 Introduction

Crude oils with high paraffinic content are complex col-
loidal systems whose structural and rheological behavior
is strongly governed by temperature and applied mechan-
ical stress. At elevated temperatures such oils behave as
homogeneous liquids, whereas cooling reduces the sol-
ubility of high-molecular-weight n-paraffins, leading to
the formation of a dispersed solid phase. Linear paraf-
finic hydrocarbons crystallize to form primary nuclei that
grow and interact, generating extended crystalline struc-
tures within the liquid phase [1-4].

The initiation and evolution of paraffin crystalliza-
tion critically control the rheological behavior and trans-
portability of high-paraffin crude oils. When straight-
chain alkanes in the C —C, range exceed approximately
10—15 wt%, crystallization can occur even under moderate
cooling. As wax crystals interact through van der Waals
forces and resin—asphaltene associations, a three-dimen-
sional network develops, resulting in increased viscosity
and the emergence of yield stress. This structural evolution

restricts flow and significantly complicates crude oil trans-
portation and processing [5-9].

Conventional thermal and mechanical methods provide
only temporary mitigation and do not eliminate crystal-
lization mechanisms. Consequently, recent studies have
emphasized chemical treatment strategies that modify
wax nucleation, crystal growth, and aggregation. Pour-
point depressants, dispersants, and composite formula-
tions can suppress network formation by maintaining wax
crystals in a dispersed state, thereby improving low-tem-
perature flow properties [10—14].

The use of chemical wax inhibitors and depressor addi-
tives represents one of the most widely applied approaches
for improving the flowability of high-paraffin crude oils.
Numerous studies have demonstrated that polymeric
depressants, surfactant-based additives, and aromatic sol-
vents are capable of modifying wax crystallization behav-
ior by influencing nucleation and crystal growth pro-
cesses. In particular, ethylene—vinyl acetate copolymers,
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comb-like polymers, and alkylated aromatic compounds
have been shown to reduce pour point and apparent vis-
cosity by altering the morphology and size distribution of
paraffin crystals. These additives interact with n-paraffin
molecules through adsorption and co-crystallization mech-
anisms, resulting in the formation of smaller and less inter-
connected crystal structures, which reduces the formation
of a rigid three-dimensional paraffin network [15-18].

Previous investigations have reported viscosity reduc-
tion in the range of 20—-60% and wax-deposition inhibi-
tion efficiencies typically between 50—85%, depending on
crude oil composition and additive structure. However,
the effectiveness of individual depressor additives is often
limited due to the complex composition of crude oils con-
taining paraffins, resins, and asphaltenes, which may
interact competitively with inhibitor molecules. In addi-
tion, single-component additives may exhibit insuffi-
cient compatibility with high-molecular-weight paraffin
fractions, resulting in incomplete suppression of crystal
growth and aggregation [19-22].

Recent studies suggest that composite formulations
containing polymeric depressants combined with aro-
matic solvents or dispersing agents may provide enhanced
inhibition efficiency due to synergistic effects between
components. Aromatic solvents such as xylene improve
the solubility of heavy hydrocarbon fractions, while sur-
factant-type molecules enhance the dispersion of asphal-
tene—resin structures and prevent agglomeration of wax
crystals. As a result, composite systems are capable of
simultaneously influencing crystal nucleation, growth
kinetics, and structural organization of paraffin networks.

Despite the significant progress achieved in the develop-
ment of wax inhibitors, further research is required to opti-
mize the composition of multifunctional additives capable
of providing stable rheological behavior under low-tem-
perature conditions typical for transportation of high-par-
affin crude oils. In this context, the development of com-
posite depressor systems remains a promising direction for
improving flow assurance and reducing wax deposition in
petroleum production and transportation systems [23].

Chemical depressor additives influence the crystal-
lization behavior of paraffin waxes by modifying both
nucleation and crystal-growth processes. Many poly-
mer-based inhibitors contain long alkyl side chains capa-
ble of co-crystallizing with n-paraffin molecules, thereby
disturbing the regular packing of wax crystals and lead-
ing to the formation of smaller and less ordered crystal-
line structures. As a result, the formation of an extended

three-dimensional network of interlocking paraffin crys-
tals is suppressed. This structural modification reduces
the rigidity of the oil matrix and delays the onset of gela-
tion at low temperatures [24, 25].

In addition to affecting crystallization, depressor addi-
tives significantly influence the rheological properties of
crude oil systems. The presence of inhibitor molecules
reduces intermolecular interactions between paraffin crys-
tals, leading to a decrease in apparent viscosity and yield
stress. The reduction in crystal size and the disruption
of the continuous paraffin network improve the mobility
of the liquid phase and enhance flowability under pipe-
line conditions. Several studies have reported that effec-
tive depressor formulations are capable of reducing plastic
viscosity and yield stress while simultaneously lowering
the pour point temperature, which is particularly import-
ant for transportation of high-paraffin crude oils under
low-temperature conditions.

Furthermore, the interaction between depressor mole-
cules and resin—asphaltene components plays an import-
ant role in stabilizing dispersed structures and prevent-
ing aggregation of solid paraffin particles. This combined
effect contributes to improved rheological stability and
reduced intensity of wax deposition on cold surfaces.
Therefore, understanding the relationship between addi-
tive composition, crystallization behavior, and rheological
response is essential for the development of efficient mul-
tifunctional inhibitor systems.

In this context, the present study examines the effec-
tiveness of a Difron-HY Combination (DHC) compos-
ite formulation designed to reduce wax-network forma-
tion and improve the low-temperature flow properties of
high-paraffin crude oil. The proposed approach empha-
sizes microstructural modification of paraffin crystalliza-
tion as a chemical alternative to energy-intensive thermal
treatment methods.

Despite the considerable progress achieved in the devel-
opment of wax inhibitors and depressor additives, many
conventional single-component formulations exhibit lim-
ited efficiency when applied to crude oils with complex
group composition. High-paraffin crude oils typically con-
tain significant amounts of resins and asphaltenes, which
influence intermolecular interactions and may reduce the
effectiveness of depressor molecules. In such multicompo-
nent systems, the inhibitor molecules may preferentially
interact with certain hydrocarbon fractions, resulting in
incomplete suppression of paraffin crystallization and
only partial improvement of rheological behavior.



In addition, many traditional depressor additives are
primarily designed to reduce pour point temperature and
do not always provide sufficient inhibition of wax depo-
sition on cold surfaces. As a result, flow assurance prob-
lems may persist during transportation and production of
high-paraffin crude oils, particularly under low-tempera-
ture operating conditions. The complexity of interactions
between paraffin crystals, resin—asphaltene structures,
and dispersing media requires the development of mul-
tifunctional additive systems capable of simultaneously
influencing crystallization kinetics, structural organiza-
tion, and rheological properties.

Composite formulations combining depressor polymers
with aromatic solvents and dispersing components have
demonstrated the potential to enhance inhibition efficiency
through synergistic effects between components. Aromatic
solvents improve compatibility between additive mole-
cules and heavy hydrocarbon fractions, while surface-ac-
tive components promote dispersion of solid particles and
prevent aggregation of paraffin crystals. Nevertheless, the
optimal composition and interaction mechanisms of such
multifunctional systems remain insufficiently studied, par-
ticularly for crude oils with elevated paraffin content.

Therefore, the present study aims to develop and investi-
gate a DHC designed to improve rheological behaviour and
reduce wax deposition intensity through combined physi-
cochemical mechanisms. The proposed approach contrib-
utes to the development of more effective flow-assurance
strategies for transportation of high-paraffin crude oils.

2 Materials and methods

2.1 Materials and sample preparation

A high-paraffin model crude oil was prepared under lab-
oratory conditions by blending crude oil samples col-
lected from several wells of the Palchig—Pilpilasi oil field.
The physicochemical properties of the prepared oil, includ-
ing density, resin, asphaltene, and paraffin contents, were
determined using standard analytical methods and are
summarized in Table 1 [25-29]. Resin and asphaltene con-
tents were determined in accordance with GOST 11858-66,
while paraffin content was measured following
GOST 11851-85 [25, 29]. The elevated paraffin content of
the crude oil accounts for its pronounced tendency toward
wax crystallization and deposition.

The model crude oil was prepared by blending crude oil
samples obtained from several wells of the Palchig—Pilpilasi
oil field in equal volume proportions (1:1:1). The mix-
ture was homogenized under continuous stirring at 50 °C
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Table 1 Physicochemical properties of the high-paraffin model oil

sample
Ne Indicator Value Test method
| Demsityat20°C, o o ASTM DI1298-24 [26] /
ke/m? : GOST 3900-85 [27]
2 Resin content, 43 GOST 1185866 [25]
wt.%
3 Asphaltene content, 0.18 ASTM D6560-22 [28]/
Wt% : GOST 11858-66 [25]
4 Paraffincontent, 5, GOST 11851-85 [29]

wt.%

for 30 min to ensure uniform distribution of components
prior to further analysis. The DHC composite formula-
tion was prepared by sequential mixing of Difron-3971,
HY-154, kerosene, and xylene in predetermined propor-
tions. The components were combined under continuous
magnetic stirring at 40 °C for 30 min to ensure complete
homogenization of the mixture. The prepared composi-
tion was visually inspected to confirm the formation of a
uniform single-phase system and was subsequently intro-
duced into the crude oil samples at the required dosage.
Kinematic viscosity measurements were performed
using an Unbeholden capillary viscometer in accor-
dance with GOST 33-2016 and ISO 3104:2020 [30 31].
Measurements were carried out at controlled tempera-
tures, and each experiment was repeated three to four
times. The relative deviation between repeated measure-
ments did not exceed 0.6%, indicating high reproducibil-
ity and measurement accuracy. Rheological properties
of the crude oil samples were further evaluated using a
Brookfield rotational rheometer following the require-
ments of GOST 1929-87. Rheological terminology and
measurement principles were applied in accordance with
ISO 3219-1:2021 and ISO 3219-2:2021 standards [32-34].
The inhibition of asphaltene—resin—paraffin deposits
was investigated using the cold-finger method in a ther-
mostatic stainless-steel vessel. Before the cold-finger mea-
surements, the crude oil samples were preconditioned by
heating to 60 °C to eliminate previous thermal history and
ensure complete dissolution of paraffin crystals, followed
by cooling to 20 °C under controlled conditions. This pre-
treatment step ensures identical initial conditions for all
experiments. Subsequently, cold-finger tests were car-
ried out in the temperature range of 0-30 °C for 120 min.
A steel rod maintained at 3 °C was immersed into the oil
under continuous stirring at 300 rpm, and deposition was
allowed to proceed for 4 h. After completion of the exper-
iment, the rod was removed, rinsed with acetone, and the



4 | Gasimzade and Nurullayev
Period. Polytech. Chem. Eng.

deposited material was collected and weighed. The inhibi-
tion efficiency W% was calculated according to standard
procedures [25, 29] using the expression.

m, —m

W% = -100 1)

un
where m is the mass of asphaltene-resin—paraffin depos-
its formed in the untreated oil and m is the mass of depos-
its formed in the treated oil.

The hydrocarbon group composition of the crude
oil was analyzed by gas chromatography (GC) using an
Auto System LX chromatograph (PerkinElmer, USA) in
accordance with GOST 13379-82 to determine the car-
bon-number distribution of hydrocarbon fractions relevant
to wax crystallization and deposition behavior [35]. The
properties and classification of petroleum paraffin waxes
were interpreted with reference to GOST 23683-89 [36].

All experimental measurements were carried out under
identical conditions, and the obtained results are presented
as mean values. The consistency and repeatability of the
experimental data were evaluated using established statis-
tical approaches for repeatability analysis [37].

The physicochemical properties of the prepared model
oil are summarized in Table 1.

As shown in Table 1, the crude oil is characterized by
a high paraffin content, which accounts for its pronounced
wax crystallization tendency and associated flow-assur-
ance challenges. In this study, the depressor additives
Difron-3971 and HY-154 were selected as the primary
research objects, as they represent widely applied com-
mercial formulations and serve as the base components for
the development of the composite system. Their individ-
ual physicochemical properties were therefore evaluated
to establish a reference framework for both single-additive
performance and subsequent composite formulation design.

Difron-3971 and HY-154 exhibit distinct physical and
chemical characteristics that influence their interaction
with wax-forming fractions of crude oil. The system-
atic comparison of these additives provides the basis for
assessing their standalone efficiency and for rationalizing
their combined use in the composite formulation investi-
gated in this work.

The structural characteristics of paraffin crystals in
the crude oil samples were analyzed using X-ray diffrac-
tion (XRD) (Rigaku MiniFlex 600 diffractometer, Rigaku
Corporation, Tokyo, Japan). Diffraction patterns were
recorded using a 620 scanning mode with Cu Ka radi-
ation (1 = 1.5406 A). The measurements were performed
over a 20 range of 5-50° with a scanning step of 0.02° and

a scanning rate of 2°min. The obtained diffraction pat-
terns were used to evaluate changes in structural ordering
of paraffin crystals in the presence of depressor additives
and the composite formulation.

3 Results and discussion

3.1 Effect of temperature on wax deposition behaviour
in the presence of individual depressor additives

The experimental investigation initially examined the
wax-deposition behavior of the crude oil as a function
of temperature. Due to the high paraffinic content of the
investigated oil, a pronounced tendency toward wax pre-
cipitation was observed. Accordingly, the effect of tem-
perature alone on the deposition process was evaluated in
the first stage of the study.

Cold-finger experiments were conducted over a tem-
perature range of 0-30 °C with an exposure time of
120 min. The mass of paraffin deposits formed at each
temperature was determined, and the corresponding
results are presented in Fig. 1. At 0 °C, the untreated crude
oil formed 0.44 + 0.15 g deposits after 120 min. In con-
trast, treatment with the DHC composite at a dosage of
600 g/t reduced the deposit mass to 0.10 + 0.02 g (n = 3,
which indicates that the experiment was performed in
triplicate, and the reported values represent the mean
+ standard deviation of three independent measurements),
corresponding to a substantial decrease in wax deposition
under the investigated conditions.

As shown in Fig. 1, asphaltene, resin, paraffin (ARP)
deposition in the crude oil strongly depends on tempera-
ture and depressor treatment. Under reagent free con-
ditions, the highest deposit masses are observed at low
temperatures and prolonged exposure. With increasing
temperature, the amount of deposited ARP decreases but
is not completely eliminated within the investigated range.

The application of depressor additives leads to a sys-
tematic reduction in ARP deposition compared to the
untreated sample. Difron-3971 shows a stronger inhibitory
effect than HY-154 at equivalent dosages and the reduc-
tion becomes more pronounced with increasing additive
concentration. At a dosage of 600 g/t, Difron-3971 pro-
vides the most effective suppression of ARP deposition
across the studied temperatures, whereas HY-154 results
in a more moderate reduction particularly at lower tem-
peratures where residual deposition remains.

Effective control of ARP deposition is primarily deter-
mined by the application and dosage of chemical addi-
tives, while temperature increase alone is insufficient to
suppress deposition.
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Fig. 1 Effect of temperature and depressor additives type on wax deposition in crude oil: (a) reagent-free, (b) Difron-3971, 300 g/t,
(¢) Difron-3971, 600 g/t, (d) HY-154, 300 g/t, (¢) HY-154, 300 g/t

3.2 Rheological behaviour of crude oil treated with
individual depressor additives

The subsequent stage of the study examined the tem-
perature dependent rheological and flow behavior of the
investigated crude oil under different treatment condi-
tions. Measurements were first conducted for the reagent
free sample to establish a reference baseline and were then
compared with samples treated with chemical additives.
The combined rheological results are presented in Fig. 2.
At low temperatures, the untreated oil exhibits a high yield
stress indicating the formation of a rigid internal structure.
In contrast, treatment with the DHC composite at a dosage
600 g/t leads to a pronounced reduction in yield stress,
decreasing from 0.162 + 0.012 Pa to 0.020 £ 0.003 Pa

at 0 °C (n = 3), which reflects a substantial weakening of
the low temperature structural network.

Subsequent experiments were conducted using treat-
ments at an increased dosage 600 g/t, with the correspond-
ing results presented in Fig. 2.

Fig. 2 summarizes the temperature-dependent rhe-
ological behavior of the model high-paraffin crude oil
under reagent-free and depressor-treated conditions. For
the untreated sample, decreasing temperature leads to a
pronounced increase in yield stress, apparent viscosity,
and shear stress, reflecting the development of a rigid
non-Newtonian structure. The low data scatter indicates
good measurement repeatability.
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Fig. 2 Temperature-dependent rheological parameters of crude oil for reagent-free and depressor-treated samples (Difron-3971 and HY-154 at 300 and

600 g/t): (a) yield stress (z,); (b) apparent viscosity at y =5 s™ and 10 s7; (c) shear stress at y =5 s and 10 s™!

The application of depressor additives substantially
alters this response. Difron-3971 significantly reduces
yield stress and apparent viscosity across the investigated
temperature range, with enhanced effectiveness at higher
dosage, as evidenced by suppressed structural buildup
and reduced shear-rate sensitivity. In contrast, HY-154
produces a weaker rheological modification at equivalent
concentrations, and residual non-Newtonian behavior per-
sists at lower temperatures.

Rheological response is governed by the combined
influence of temperature and chemical treatment, while
the effectiveness of depressor additives depends strongly
on their formulation and applied dosage. Among the eval-
uated systems, Difron-3971 exhibits the highest efficiency
in limiting structural strengthening at low temperatures.

3.3 Effect of temperature on wax deposition and
rheological behavior of the studied composition
Based on the combined wax-deposition and rheologi-
cal assessments, a composite formulation exhibiting the
most effective behavior under the investigated conditions
was identified. This formulation, designated as the DHC

composite, consists of Difron-3971 (25%), HY-154 (6%),
kerosene (55%) and xylene (14%).

Following the evaluation of the individual reagents,
the wax-deposition inhibition efficiency of the DHC com-
posite was examined separately, and the corresponding
results are presented in Fig. 3.

The results in Fig. 3 demonstrate that the DHC composite
provides the most effective suppression of wax deposition
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Fig. 3 Temperature dependence of paraffin deposit mass at different
exposure times obtained by cold-finger tests of the model crude oil
treated with the DHC composite



among the investigated treatments. Compared with both the
reagent-free system and single-component depressor addi-
tives applied at the same total dosage, the DHC formulation
results in a pronounced reduction in paraffin deposit mass
across the entire temperature range. The low data scatter
confirms good repeatability of the cold-finger measure-
ments and supports the reliability of the observed trend.

Following the evaluation of wax-deposition behavior,
the flow characteristics of the crude oil treated with the
DHC composite were further investigated. The corre-
sponding rheological results are presented in Fig. 4.

Fig. 4(a) shows that the yield stress of the crude oil
treated with the DHC composite remains low across the
investigated temperature range and increases only slightly
at lower temperatures, indicating strong suppression of
low-temperature structural development. The small data
scatter confirms good measurement repeatability.

As illustrated in Fig. 4(b), the apparent viscosity at fixed
shear rates decreases smoothly with increasing tempera-
ture and shows minimal dependence on shear rate, reflect-
ing a pronounced weakening of shear-thinning behavior.

Fig. 4(c) demonstrates that shear stress remains low
and decreases monotonically with increasing temperature,
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with only minor separation between curves obtained
at different shear rates. This behavior indicates reduced
internal structural resistance and confirms that the DHC
composite provides the most pronounced improvement in
rheological stability among the investigated treatments.
To further evaluate the reliability of the experimen-
tal results, wax-separation tests were conducted in trip-
licate (n = 3), and the corresponding mean values and
standard deviations obtained at different temperatures are
summarized in Tables 2 and 3. It should be noted that the
tabulated values characterize the overall wax-precipitation

tendency of the crude oil in the bulk phase prior to thermal

Table 2 Repeatability of bulk wax-precipitation measurements at
different temperatures (n = 3)

Temperature (°C)  Mean total wax precipitation mass (g)  SD (g)
0 2.10 0.15
5 1.85 0.12
10 1.42 0.10
15 1.05 0.08
20 0.68 0.05
25 0.40 0.04
30 0.22 0.03

Table 3 Comparative effect of chemical additives on wax deposition and yield stress at different temperatures (mean + SD, n = 3)

Temperature (°C) Condition Total wax precipitate mass (g) Wax deposition (g) Yield stress 7, (Pa)
Reagent-free 2.10+0.15 0.44+0.04 0.162 + 0.012
0 Difron-3971 (600 g/t) 0.95 +0.08 0.09 +0.01 0.072 = 0.006
DHC (600 g/t) 0.10 +0.02 0.03 +£0.004 0.020 = 0.003
Reagent-free 1.42+0.10 0.32+0.03 0.098 + 0.009
10 Difron-3971 (600 g/t) 0.62 +0.06 0.07 £0.008 0.041 +0.004
DHC (600 g/t) 0.06 +0.01 0.025 +0.003 0.015 £ 0.002
Reagent-free 0.68 +0.05 0.22 +0.02 0.051 £ 0.005
20 Difron-3971 (600 g/t) 0.28 +0.03 0.04 +0.005 0.023 +0.003
DHC (600 g/t) 0.03 +£0.01 0.016 + 0.002 0.010 & 0.001
(a) - T, 0.175 F (b) —e— n(y=5s1) 16F (©) —e=— T(y=5s71)
0.0200 r-e. —_ [ ] —m= (y=10s71) u —m= T(y=10s71)
@ 0.150 o) 14ED)
= g \ < \
& g.0150 [ i < 0.125F g 12F \
© 2 [ \
9 G 0.100 g Lor \
£ oo100f o § W, 5 08Fe \o
@ 2 0.075F v o S o
§ §0050 \\\ EO‘GV\ e
S 0.050 & % -~
0.0050 - I § \-~.ihi 04l o\ S
N 0.025 0.2F o,
0.0000 £ L L L e 1 1 L L 1 L 1 1 L \T
0 5 10 15 20 0-00075 5 10 15 20 0055 5 10 15 20

Temperature (°C)

Temperature (°C)

Temperature (°C)

Fig. 4 Temperature-dependent rheological parameters of crude oil treated with the DHC composite (600 g/t): (a) yield stress; (b) apparent viscosity
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conditioning, whereas Fig. 4 illustrates the mass of depos-
its accumulated on the cooled surface during the con-
trolled deposition test. Because only a fraction of the pre-
cipitated paraffinic material is retained on the test surface,
the surface deposit masses shown in Fig. 4 are lower than
the total precipitate masses reported in Tables 2 and 3.
This distinction explains the apparent difference in abso-
lute values while confirming consistent temperature-de-
pendent trends observed in both datasets.

The statistical analysis of the wax-separation experi-
ments demonstrates a high level of repeatability across
the entire investigated temperature range. As shown in
Table 2, the standard deviation values remain consistently
low at all temperatures, indicating that the observed
trends are not the result of random experimental fluctu-
ations but reflect stable and reproducible system behav-
ior. This consistency supports the reliability of the error
bars presented in Fig. 4 and confirms the robustness of the
cold-finger measurements.

A comparative evaluation of chemical treatments sum-
marized in Table 3 reveals a pronounced dependence of
wax precipitation intensity and yield stress on both tem-
perature and reagent composition. Under reagent-free con-
ditions, a systematic decrease in precipitated wax mass
with increasing temperature is observed, which is consis-
tent with enhanced paraffin solubility and a reduced ther-
modynamic driving force for crystallization at elevated
temperatures. Nevertheless, even at moderate tempera-
tures, the untreated oil exhibits substantial wax precipi-
tation and elevated yield-stress values, indicating a strong
tendency toward structural buildup.

The introduction of the Difron-3971 depressor addi-
tive leads to a significant reduction in both precipitated
wax mass and yield stress across the investigated tempera-
ture range. However, the persistence of measurable solid
fractions and non-zero yield-stress values suggest that,
when applied as a single-component additive, Difron-3971
reduces but does not fully suppress the formation of a
three-dimensional paraffin—resin—asphaltene network,
particularly under low-temperature conditions.

In contrast, the DHC composite exhibits the most pro-
nounced inhibitory effect throughout the studied tem-
perature range. As summarized in Table 3, the composite
consistently yields the lowest wax-deposition masses and
yield-stress values at all investigated temperatures. These
results indicate a substantial weakening of non-Newtonian
behavior under conditions where the untreated oil remains
strongly structured. The enhanced performance of the

composite is attributed to the synergistic action of its
components, which collectively limit crystal nucleation,
restrict crystal growth, and reduce interparticle aggre-
gation, thereby suppressing the formation of an extended
solid-like network.

Importantly, the superior performance of the DHC
composite is not only reflected in the mean values but is
also supported by the relatively low standard deviations
obtained from repeated measurements. This observation
indicates that the composite action is stable and repro-
ducible rather than sporadic, reinforcing its relevance for
low-temperature flow-assurance applications.

As shown in Fig. 5, the presence of chemical reagents
leads to a systematic decrease in plastic viscosity
K, across the investigated temperature range, with the
magnitude of the reduction depending on additive type
and dosage. The relatively small scatter and narrow error
ranges associated with the K, values indicate good repeat-
ability of the measurements and support the reliability of
the observed trends [38].

Fig. 5 presents a comparative analysis of the tempera-
ture dependence of plastic viscosity for the model crude oil
under reagent-free conditions and in the presence of var-
ious chemical additives at different dosages. In all cases,
K, decreases with increasing temperature; however, both
the magnitude and rate of this decrease vary depending on
the type of additive and its concentration. The relatively
small scatter and narrow error ranges associated with the
data indicate good repeatability of the measurements.

The reagent-free crude oil exhibits high plastic viscos-
ity at low temperatures, with K, values exceeding 1.0 Pa's
at 0 °C, followed by a gradual decrease as temperature
increases. This behavior is characteristic of high-paraffin

—#— Reayeni-iree Difran-3671 (00)
—®— [[V-154 (600 g/} =—h— DHC (600 gt)
=%~ Difron-3971 (300) =%~ HY-154 (30 git)

K, (Pa-s)

Temperature (*C)

Fig. 5 Temperature-dependent plastic viscosity of high-paraffin crude
oil under reagent-free and additive-treated conditions (Difron-3971,
HY-154, and DHC at indicated dosages). Plastic viscosity was evaluated
using the Bingham model [38]; error bars denote +SD.



crude oils and reflects the development of an internal
structure associated with paraffin crystallization.

The application of Difron-3971 and the DHC compos-
ite at a dosage of 600 g/t leads to a pronounced reduc-
tion in plastic viscosity over the entire temperature range.
In particular, Difron-3971 at 600 g/t results in a mini-
mum K within the 10-20 °C range, indicating a substan-
tial improvement in flow plasticity. The consistency of
the data across repeated measurements suggests that this
effect is systematic rather than incidental.

The influence of HY-154 exhibits a clear dependence
on dosage. At 600 g/t, HY-154 contributes to stabilization
of K, and yields reduced viscosity values, particularly in
the intermediate temperature range. In contrast, at a dosage
of 300 g/t, the reduction in K is less pronounced, especially
at lower temperatures, indicating incomplete suppression of
structural effects. This behavior highlights the importance
of dosage optimization for effective rheological control.

Difron-3971 applied at 300 g/t produces a moder-
ate decrease in plastic viscosity; however, a more stable
dispersing effect is observed only at the higher dosage.
This observation further confirms the decisive role of
reagent concentration in regulating the plastic flow prop-
erties of high-paraffin crude oils.

Among the investigated treatments, the DHC compos-
ite at a dosage of 600 g/t demonstrates the most consis-
tent reduction in K, across the entire temperature range.
The sustained decrease in plastic viscosity indicates a
significant weakening of structural resistance to flow.
The observed behavior reflects the combined action of the
composite components, providing enhanced rheological
control compared to single-component additives.

The results confirm that chemical treatment represents
an effective approach for controlling the plastic viscos-
ity of high-paraffin crude oils. While viscosity natu-
rally decreases with increasing temperature, appropriate
selection of reagent composition and dosage significantly
enhances this effect, contributing to more stable and pre-
dictable flow behavior under low-temperature conditions.

Using gas chromatography, the variation in car-
bon-number distribution within asphaltene—resin—paraffin
deposits under the influence of the composite at different
temperatures was also investigated. The corresponding
results are presented in Fig. 6.

Fig. 6 presents the carbon-number distribution of
n-paraffins (C_—~C,.) in asphaltene-resin—paraffin depos-
its formed at 20—50 °C in the presence of the DHC com-
posite, as determined by gas chromatography. The results
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Temperature
—e— 20°C
—e— 30°C
—e— 40°C
—e— 50 °C

Mass fraction of n-paraffins, %

17 19 21 23 25 27 29 31 33 35 37 39 41 43 45
Carbon atom number

Fig. 6 Carbon-number distribution of n-paraffins (C,,-C,,)
within asphaltene—resin—paraffin deposits obtained at different
temperatures (20—50 °C) under the influence of the DHC composite,
determined by gas chromatography

show a clear temperature dependence of paraffin distribu-
tion, with dominant contributions from the C, ~C,, frac-
tion across all conditions.

At 20 °C, paraffin crystallization is most pronounced,
with peak concentrations in the C,—C, range reaching
approximately 14%. Increasing temperature to 30—40 °C
leads to a gradual reduction in peak intensities to
about 10-11% and 9-10%, accompanied by smoother
distribution profiles. At 50 °C, peak intensities further
decrease to 8-9%, indicating enhanced solubility of par-
affinic components and reduced crystallization propensity.

These results confirm that paraffin deposition is pri-
marily governed by C,—C,, hydrocarbons and is effec-
tively suppressed by increasing temperature in combina-
tion with chemical treatment, consistent with the observed
improvements in rheological behavior and wax-inhibition
performance.

The subsequent section examines the structural charac-
teristics of high-paraffin blended oil systems and the influ-
ence of chemical additives using X-ray diffraction analy-
sis. The diffraction patterns presented in Fig. 7 illustrate
the effect of reagent treatment on the degree of structural
ordering and molecular arrangement within the oil matrix.

Fig. 7(a)—(d) presents the X-ray diffraction patterns of
the reagent-free high-paraffin blended oil and of samples
treated with Difron-3971, HY-154, and the DHC compos-
ite at a dosage of 600 g/t. The reagent-free system (Fig.
7(a)) is characterized by a broad diffraction halo in the 26
range of approximately 18-25° which is typical of pre-
dominantly amorphous hydrocarbon media containing
disordered paraffin chains and weakly developed crystal-
line domains. The absence of sharp diffraction peaks indi-
cates limited long-range molecular ordering despite the
high paraffin content of the blended oil.
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Fig. 7 X-ray diffraction patterns of high-paraffin model oil: (a) reagent-free sample, (b) Difron-3971 (600 g/t), (c) HY-154 (600 g/t),
and (d) DHC composite (600 g/t)

Treatment with Difron-3971 (Fig. 7(b)) results in a
noticeable decrease in the intensity of the primary diffrac-
tion halo accompanied by slight peak broadening. These
features indicate a reduction in structural ordering and
disruption of paraffin chain packing. The additive appears
to inhibit the growth and stabilization of ordered paraffin
domains, leading to a more disordered internal structure
relative to the untreated system.

A comparable modification of the diffraction pattern is
observed for the sample treated with HY-154 (Fig. 7(c)).
Although a reduction in diffraction intensity is evident
compared with the reagent-free blended oil, the effect is
less pronounced than that observed for Difron-3971. This
suggests that HY-154 partially suppresses paraffin order-
ing while allowing a degree of residual structural organi-
zation to persist within the oil matrix.

The most substantial structural modification is observed
for the sample treated with the DHC composite (Fig. 7(d)).
This diffraction pattern exhibits the lowest overall inten-
sity and the broadest halo among all investigated systems,
indicating a pronounced reduction in crystallinity and a
high degree of structural disorder. Such behavior reflects
the synergistic action of the composite formulation, which
effectively disrupts paraffin chain alignment and prevents
the formation of stable crystalline aggregates.

The XRD results demonstrate that chemical treat-
ment modifies the internal structural organization of the
high-paraffin blended oil by decreasing the degree of
molecular ordering associated with paraffin crystalliza-
tion. The progressive structural disruption observed in the
sequence reagent-free < HY-154 < Difron-3971 < DHC
composite is consistent with the rheological results,
where increased structural disorder corresponds to lower
viscosity, reduced shear stress, and improved low-tem-
perature flow behavior.

The obtained results clearly demonstrate the pro-
nounced effectiveness of the DHC composite formulation
in suppressing wax deposition and improving the rheo-
logical behavior of high-paraffin crude oil. The inhibition
efficiency achieved in this study reaches approximately
95% at low temperature, which exceeds the typical per-
formance range reported for conventional single-com-
ponent depressor additives. Previous investigations indi-
cate that polymer-based wax inhibitors generally provide
deposition reduction within 50—-85%, depending on crude
oil composition and experimental conditions. The sig-
nificantly higher efficiency observed for the DHC system
confirms the advantages of the proposed multifunctional
formulation and highlights the importance of synergistic
interactions between its components [39—41].



The enhanced performance of the composite system
can be attributed to the combined action of depressor poly-
mers and aromatic solvent fractions, which simultaneously
influence nucleation, crystal growth, and aggregation pro-
cesses of paraffin structures. The results indicate that the
DHC formulation effectively disrupts the formation of a
continuous three-dimensional network of interlocking par-
affin crystals responsible for structural strengthening of
crude oil at low temperatures. The substantial reduction in
deposit mass, together with the observed decrease in vis-
cosity and yield stress, confirms that the composite formu-
lation significantly weakens intermolecular interactions
governing the development of rigid paraffin networks.

Similar behaviour has been reported for multifunc-
tional inhibitor systems in which synergistic effects
between polymeric depressants and dispersing compo-
nents enhance control of crystallization processes and
improve flow characteristics. Compared with individual
depressor additives such as Difron-type formulations,
the DHC composite demonstrates superior ability to sup-
press wax crystallization and maintain stable flowability
of high-paraffin crude oil. This improvement is associ-
ated with enhanced compatibility of the composite com-
ponents with both paraffin fractions and resin—asphaltene
structures, resulting in improved dispersion stability and
reduced tendency toward crystal agglomeration.

From a physicochemical perspective, the effectiveness
of the DHC formulation can be explained by cooperative
interactions between its components and the complex
hydrocarbon matrix of crude oil. Depressor molecules
present in Difron-3971 and HY-154 contain long hydro-
carbon chains capable of co-crystallizing with n-paraffin
molecules, thereby disturbing the regular packing of crys-
tal lattices and limiting crystal growth. This leads to the
formation of smaller, less ordered paraffin crystals that are
unable to form a strong interconnected network structure.

At the same time, aromatic solvent components such as
xylene enhance compatibility between inhibitor molecules
and heavy hydrocarbon fractions, facilitating dispersion of
resin—asphaltene structures and preventing the formation
of dense aggregates. Kerosene contributes to improved
distribution of active components within the oil matrix
and promotes more uniform interaction between inhibitor
molecules and crystallizing paraffin structures. The com-
bined action of these components results in simultaneous
modification of crystallization kinetics, structural organi-
zation, and aggregation behaviour of paraffin particles.
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Consequently, paraffin crystals remain smaller, less
interconnected, and more uniformly dispersed in the lig-
uid phase, which significantly reduces structural viscosity
and deposition intensity. The observed synergistic effect
confirms that the developed composite formulation pro-
vides a more efficient strategy for controlling wax crys-
tallization and improving the rheological stability of
high-paraffin crude oils compared with conventional sin-
gle-component depressor additives.

4 Conclusion

1. At a dosage of 600 g/t, the deposit mass at 0 °C
decreased from 0.44 g to 0.10 g, corresponding to an
inhibition efficiency of approximately 95%, demon-
strating the superior effectiveness of the composite
system compared with individual depressor addi-
tives. The obtained results confirm the strong ability
of the DHC formulation to suppress paraffin crystal-
lization and reduce the intensity of wax deposition
under low-temperature conditions.

2. Under reagent-free conditions, shear stress increased
sharply with decreasing temperature, and the differ-
ence between measurements at shear rates of 5 s
and 10 s! became significant, reflecting pronounced
shear-rate sensitivity and structural strengthening
of the crude oil. Treatment with Difron-3971 and
HY-154 reduced shear stress but retained noticeable
shear-rate dependence at low temperatures. In con-
trast, the DHC composite markedly lowered shear
stress over the entire temperature range and mini-
mized the separation between curves at different
shear rates, indicating more effective suppression of
temperature-induced structuring processes.

3. For the untreated oil, effective viscosity increased
considerably with decreasing temperature and
exhibited pronounced non-Newtonian shear-thin-
ning behaviour. The application of Difron-3971
and HY-154 resulted in partial viscosity reduction;
however, relatively high viscosity values persisted
at low temperatures. The DHC composite reduced
effective viscosity by approximately 3.5—4.0 times
and significantly weakened its temperature sensitiv-
ity, providing the most stable flow behaviour among
the investigated systems.

4. The obtained results demonstrate that the developed
composite formulation can significantly improve
flow assurance conditions during production and
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pipeline transportation of high-paraffin crude oils.
The substantial reduction in wax deposition inten-
sity indicates a decreased risk of paraffin accumu-
lation on pipeline walls, which contributes to lower
hydraulic resistance and improved pumping effi-
ciency. The improved rheological stability over a
wide temperature range suggests reduced energy
consumption during transportation and decreased
probability of pipeline blockage under low-tempera-
ture operating conditions. Therefore, the proposed
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