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RESUMO

Este trabalho estuda o efeito da natureza quimica do solvente nos parametros cinéticos de dissolugéo
e na morfologia das ceras de petréleo. A cinética da dissolucao da cera de petrdleo em condensado de gas e
na mistura hexano-ciclo-hexano-benzeno foi examinada na balanca de torcdo dentro da faixa de temperatura
de 10 a 40 °C. O processo foi descrito usando a equacao de Erofeev-Kolmogorov. Os seguintes parametros
cinéticos foram calculados: taxa de reagédo, ordem de reagbes e energia efetiva para ativar a dissolugao de
cera nos solventes estudados. Verificou-se que a taxa de dissolugcdo de cera no composito ternario € uma
ordem de magnitude maior e a energia de ativagdo é trés vezes menor em comparagao com 0 processo de
dissolucéo de cera no condensado de gas. As caracteristicas morfolégicas das amostras de cera, tratadas por
estes solventes, foram examinadas por meio de microscopia eletrénica de varredura. Verificou-se que no
compdsito ternario, a cera possui uma estrutura porosa e no condensado do gas é comprimida. Assim, o
comportamento cinético e morfolégico identificado das ceras de petrdleo indica a influéncia da natureza
quimica do solvente. Os achados deste estudo podem ser Uteis na escolha do solvente para a remogédo dos
depésitos de parafina.

Palavras-chave: Parafina de petrdleo, taxa de dissolugdo, modo cinético e de difusdo, microscopia eletrénica
de varredura, solventes de hidrocarbonetos.

ABSTRACT

This paper studies the effect of solvent chemical nature on the kinetic parameters of dissolution and the
morphology of the petroleum waxes. The kinetics of the petroleum wax dissolution in gas condensate and the
hexane-cyclohexane-benzene mixture was examined on the torsion balance within the temperature range from
10 to 40°C. The process was described using the Erofeev-Kolmogorov equation. The following kinetic
parameters were calculated: reaction rate, the order of reactions and effective energy for activation the wax
dissolution in the studied solvents. It was found that the wax dissolution rate in the ternary composite is an order
of magnitude greater and the activation energy is three times less in comparison with the process of wax
dissolution in the gas condensate. The morphological features of the wax samples, treated by these solvents,
were examined by means of scanning electron microscopy. It was found that in the ternary composite, wax has
a porous structure and in the gas condensate, it is compressed. Thus, the identified kinetic and morphological
behavior of petroleum waxes indicates the influence of the chemical nature of the solvent. The findings of this
study can be useful when choosing a solvent for the paraffin deposits removal.

Keywords: Petroleum paraffin, the rate of dissolution, kinetic and diffusion mode, scanning electron
microscopy, hydrocarbon solvents
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AHHOTALUA

Llenb paboTbl — wccregoBaHUe BIUSAHMS XUMWYECKOW MNpUpoAbl PacTBOPUTENsS HA KUHETUYEeCKue
napamMeTpbl pacTBOPEHUs M MOPAGONorMio HedTAHbIX napadpuHoB. KuHeTuka pacTBOpeHUs HedTAHbIX
napacu1HOB B ra3oBOM KOHAEHCATE U reKkcaH-LmknorekcaH-6eH30nbHON cMecu uccnefoBanach Ha TOPCUOHHbIX
Becax B nHTepBane temnepatyp ot 10 go 40 C. KuHeTuyeckoe onucaHue npoLecca BbINOSIHEHO MpY NMOMOLLA
ypaBHeHunsa Epodeea-Konmoroposa. PaccunTtaHbl KMHETUYECKME NnapaMeTpbl: KOHCTaHTbl CKOPOCTEN, NOPSA0K
peakumMn N adEKTUBHAS SHEPrns akTMBaLMW pacTBOpPeHUs napaduHOB B UCCreayeMblX PacTBOPUTENSIX.
YcTaHOBNEHO, YTO CKOPOCTb pacTBOPeHUs napaduvHOB B TPOMHOM KOMMO3WUTE Ha MOPSAOK Bbllle, a 3Heprus
aKkTuBaLuMu B TpU pasa MeHbLlUe, MO CPaBHEHUIO C MPOLLECCOM pacTBOpeHUst napadMHOB B ra30BOM KOHAEHcAaTe.
MeTopom ckaHUpyloLLen 3neKTPOHHON MUKPOCKONUU n3yyYeHbl Mopdonornyeckme ocobeHHOCTn 06paboTaHHbIX
3TUMKU pacTeopuTensMn obpasuoB napaduHa. YCTaHOBMNEHO, YTO B TPOMHOM KOMMO3uTe napaduH umeeT
MOPUCTYIO CTPYKTYPY, @ B ra3oBOM KOHAEHCaTe NMPOWUCXOAWUT ero ynnoTtHeHwe. Takum obpasoM, BbISBIEHHbIE
KMHeTUYeckMe n Mopdonormdyeckne 0CoOeHHOCTU NOBeAeHUs HeTSHbIX NapadrHOB yKa3biBalOT Ha BNUSAHME
XMMWUYECKON NPUPOAbLI pacTBOPUTENs, YTO MO3BOMSET OCYLLECTBUTL LieNlieHanpaBrieHHbIn BblOOp pacTBopuTens

Onsa yganeHusi napauHOBLIX OTOXEHWMN.

KnroueBble cnoBa: HeghmsiHbie napachuHbl, NopsGoK U KOHCmaHma ckopocmu peakuyuu, Ougbgby3UoHHbIU U
KUHemud4eckul pexum, anughamudeckue, HaghmeHo8ble U apoMamu4yeckue yarneeo0opodbl

INTRODUCTION

In the world's oil fields, the problem of
asphaltene-resin-paraffin  deposits (ARPD) is
solved mainly by the thermal and chemical
methods. However, systematic thermal treatment
to remove ARPD in a large number of wells leads
to considerable material costs. Therefore, the
chemical methods are considered to be the most
promising, universal and cost-effective. The
essence of the chemical disposal techniques is in
the preliminary destruction or dissolution followed
by removal of the deposits. The methods of
targeted selection and assessment of the ARPD
solvent efficiency are rather well understood. The
studies by Savinykh et al  (2007),
Kamenshchikov (2008), Glushchenko et al.
(2009), and Ibragimov et al. (2010) determined
that the main criterion for choosing a solvent is
the ARPD type. Depending on the components
contained in ARPD in high concentrations, ARPD
can be of paraffin, asphaltene and mixed type.
Ragulin et al. (2001) showed the effective
solvents for paraffin ARPD are low-boiling
aliphatic hydrocarbons (HC) such as pentane,
hexane, and heptanes. Khisamutdinov et al.
(1990) proved that, for asphaltene ARPD
removal, the solvents based on aromatic
hydrocarbons should be used. However, using
reagents, selected only on the basis of the ARPD
type, does not always give positive results in the
oilfields. This is because the reagents for paraffin

deposits removal are assessed and selected
without regard to the physical and chemical
nature and the diversity of the intermolecular
interactions of the multicomponent solvents with
the high molecular weight compounds of oil; lack
of information on the properties of reagents,
included in solvent composition, also plays a role
(Dolomatov et al., 1991, Kamenshchikov, 2008).

Thus, this paper aims to study the effect
of solvent chemical nature on the kinetic
parameters of dissolution and the morphology of
the petroleum waxes. This work is a continuation
of research on assessment and selection of the
effective reagents for paraffin deposits (lvanova
et al, 2014, Ivanova et al., 2015). Previously, it
was determined that the degree of petroleum wax
crystallinity in various model solvents increases in
the solvents series: aliphatic-naphthenic-aromatic
— aliphatic-aromatic — aliphatic-naphthenic —
aliphatic. It was also found that the temperature
of the crystallization and melting of wax in the
aliphatic  and  aliphatic-naphthenic-aromatic
solvents is characterized by maximum values as
compared to the aliphatic-aromatic systems.

MATERIALS AND METHODS

Since the ARPD in the Irelyakhskoe field
(Yakutia, Russia) belong to paraffin type, the B2
petroleum wax (GOST 23683-89, 2007) was
selected as the model of paraffin ARPD. This
highly-purified paraffin contains no water or
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mechanical impurities that may distort the
experimental results. The following was studied
as solvents of paraffin: gas condensate of alkane
base, which is currently used in the Irelyakhskoe
field for removing ARPD deposits, and composite
mixture, consisting of hexane, benzene and
cyclohexane (HBCG) in ratios 1:1:1. The kinetics
of paraffin dissolution in hexane and hexane-
benzene mixture was examined by Ivanova
(2014). The kinetics of paraffin dissolution in
these HC was studied gravimetrically on the
VLKT 500 torsion balance at temperatures 10
and 25°C, which correspond to the seasonal
operating conditions at the Irelyakhskoe field, and
40°C to determine the overall dependency of
paraffin dissolution rate from temperature. The
degree of dissolution (a) was calculated as the
ratio of melted paraffin to its original total mass in
the sample. The amount of solvent in the
experiments was 70 cm3. The statistical
calculation of the kinetic model parameters,
expressed in linear form, was carried out by the
least squares method using t-distribution with a
confidence probability of 0.95 (Klinger, 1972). At
least three tests of each sample were conducted.

In order to study the morphology of the
samples in the pre-weighted weighing bottles,
10% paraffin solutions were prepared in the HC
systems under study. The weighing bottles with
the contents were brought to the permanent
weight in the drying oven. The microphotographs
of the samples were obtained by the JCM-7800F
Jeol scanning electron microscope (Japan). The
sample was secured on the two-sided conducting
adhesive tape pasted to a metal substrate. The
samples were studied by means of secondary
electrons at a low accelerating voltage (a
Schottky cathode), which provides a quality
image without the conducting surface layer and
helps to avoid distortion of the structure at a high
magnification.

RESULTS AND DISCUSSION:

Figure 1 shows the kinetic curves of
paraffin dissolution in HC solvents.
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Figure 1.Kinetic curves of the petroleum wax
dissolution in the gas condensate (A) and the
hexane-cyclohexane-benzene mixture (B) at 10,
25 and 40 C, where a is the dissolution degree
and 7 is the time (min).

It is evident that the paraffin dissolution
rate in the gas condensate is significantly
dependent on temperature, as compared to the
composite mixture. The curves geometry
indicates that the paraffin dissolution in the
studied reagents proceeded from the maximum
initial rate. In case of HBCG, this could be
explained by a sufficiently high chemical activity
of the solvent, and in the case of gas condensate,
by the influence of temperature. Rozovsky (1974)
showed that such processes are well described
by the Erofeev-Kholmogorov equation (Eqg.1):

—kt™

(Eq. 1)

where a is the degree of paraffin dissolution; k is
the invariant defining the reaction rate constant; n
is the invariant defining the process nature: at
n<1, it is the diffusion process; at n>1, it is the
kKinetic process; at n=1, it is the first order
reaction, and the chemical reaction rate is
comparable with the diffusion rate.

a=1-e

The dissolution rate constants were found
by the Sakovitch formula (Eq.2):

1
K = nkn (Eq. 2)
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To characterize the rate of the first-order
reaction, together with the rate constant, we used
the half-life value. This value does not depend on
the initial concentration of the source substance
and is described by Eq.3 (Delmon, 1972):

(Eq. 3)

According to the obtained experimental
data, the logarithmic anamorphoses of the kinetic
curves were plotted in coordinates lg [lg(1 —

a)] - lgt (Figure 2). Parameter n, defined as the
trend line slope ratio, allows establishing the
order of reaction and the rate-controlling step of
paraffin dissolution in the HC systems under
study. The rectification of the experimental curves
in a wide range of time indicates a fair choice of

the equation to describe the Kkinetics of
dissolution.
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mixture, the process proceeds in the kinetic area
(n>1) at different temperatures. The paraffin
destruction is most likely to take place in the
ternary composite, as the process s

characterized by a low value of 71 and an

2
efficient energy of activation (34.6 kJ/mol), while
in hexane the energy of paraffin destruction
activation is 125.2 kd/mol (lvanova, 2014). In the
gas condensate and in the hexane-benzene
mixture, the activation energy has intermediate
values: 106.9 and 90.3 kJ/mol respectively. The
obtained results agree with the findings of
Ivanova et al. (2014), where it was found that the
dissolution rate constants for the oilfield paraffin
type ARPD in the ternary solvent is an order of
magnitude greater, as compared to the aliphatic
systems, and the process is characterized by a
lower effective energy of activation. The studies
of paraffin destruction kinetics at higher
temperatures made it possible to establish the
dependence of logarithm of the dissolution rate

constant on the value of the reciprocal
temperature (Figure 3).
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Figure 2.Logarithmic anamorphoses of the
kinetic curves for petroleum wax dissolution in the
gas condensate (A) and hexane-cyclohexane-
benzene mixture (B) at 10, 25 and 40°C.

The kinetic parameters of the paraffin
dissolution in the HC systems, determined by
Equations 1, 2 and 3, are given in Table 1.

Table 1 shows that the process of paraffin
destruction in the gas condensate at 10°C is
diffusion controlled (n<1), but when heated to
25°C or above, the process shifts to the kinetic
model (n=1). In the hexane-cyclohexane-benzene

Figure 3.Dependence of the dissolution rate
constants K in the gas condensate and the
hexane-cyclohexane-benzene mixture on 1/T

It can be seen that for the models under
study, the experimental data on the graph in
coordinates [gK — 1/Tare placed on the
fractured lines, indicating the deviation from the
temperature dependence of the dissolution rate
constants in these systems on the Arrhenius
equation. This can be explained by the fact that
the measured rate constant refers to more than
one stage of the reaction.
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Thus, based on the kinetic studies, the
composite  solvent, consisting of aliphatic,
aromatic and naphthenic HC, <can be
recommended for the removal of paraffin
deposits, since in this solvent, the dissolution rate
constant has maximum values and the process of
paraffin destruction is characterized by the
minimum value of effective activation energy.

The influence of the solvent chemical
nature on the paraffin crystals morphology was
examined by scanning electron microscopy. The
microphotographs of the paraffin samples,
treated with the studied solvents, are shown in
Figures 4 and 5.

According to the microscopy data, the
petroleum paraffin (lvanova et al, 2015) has a
dense thin-layered structure; the distance
between the layers is 7-12 nm; the thickness of
the layers is 25-28.4 nm. In aliphatic solvents,
paraffin has a predominantly monolithic structure:
in the gas condensate (Figure 4) the thickness of
the layer reaches 76.9 nm and the distance
between layers 163 nm, in hexane (lvanova et
al., 2015) these parameters are 44.2 nm and 20.6
nm, respectively. Hence the process of paraffin
dissolution in aliphatic solvents can be
characterized by the highest values of effective
activation energy. After the treatment with an
aliphatic-aromatic solvent (lvanova et al., 2015),
the paraffin crystal formed a large number of
cracks, whose width varies from 87 to 573 nm. In
the ternary composite (Figure 5), the layer
thickness is 57.6 nm, and the distance between
layers varies from 46.5 to 427 nm. In this case,
the pores are clearly visible on the crystal
surface. The pores have 24-29.3 nm in diameter,
and the distance between them is from 32.5 to
33.9 nm.

The  specified  structural  features
adequately correlate with the kinetic studies and
together show the effects of the solvent on the
morphological and kinetic parameters of the wax
samples dissolution: in the series of aliphatic-
naphthenic-aromatic —  aliphatic-aromatic —
aliphatic solvents the reagents’ effectiveness for
the paraffin removal is reduced. Therefore, a
composite  solvent, consisting of aliphatic,
aromatic and naphthenic HC should be
recommended for the paraffin deposits removal,
as in this solvent the paraffin obtains a porous
structure and the paraffin destruction proceeds at
a high speed and with a low activation energy.

It should be noted, however, that when
selecting a solvent to remove paraffin deposits in

the conditions of low climatic temperatures and
permafrost, it is necessary to take into account
the temperature of paraffin crystallization in
potentially effective solvents. Thus, Ivanovaet al.
(2015) found that the temperature of petroleum
and oilfield paraffin crystallization in the aliphatic-
naphthenic-aromatic solvents has maximum
values, as compared to the aliphatic-aromatic
solvents. In the gas condensate (lvanova et al.,
2015) which is currently used in the Irelyakhskoe
field to clean the oil extraction equipment from
paraffin  deposits, the petroleum paraffin
crystallites appear at 30.1°C, and when the
aromatic  components are added, the
crystallization temperature decreases to 24.1°C.
For the field of paraffin, these temperatures are
21.8 and 9.1°C, respectively. The findings testify
in favor of the use of aliphatic-aromatic reagents
in the permafrost conditions.

CONCLUSIONS:

This study confirmed that the solvent
chemical nature influences the morphological and
kinetic parameters of the paraffin dissolution. The
kinetic and morphological studies, as well as the
comparison with the findings of Ivanova et al.
(2014) and lvanova et al. (2015), showed that the
use of gas condensate to clean the oil extraction
equipment from paraffin is less effective. A better
solution for this purpose would be the aliphatic-
aromatic-naphthenic solvent. Also, the composite
binary aliphatic-aromatic solvents can be
recommended to remove the paraffin deposits
generated during oil-field development in the
permafrost conditions.
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Table 1. Rates constants T1 and energy for activation of paraffin dissolution in the gas condensate

and HBCG.
Sample T(°C) N K (min™) 72 (min) Ea (kJ/mol)
. 10 0.89+0.12 1.84*1072 37.67
ng?]f;'gn’;ggs 25 1.44%0.21 1.81*10" 3.83 106.9
40 0.93+0.17 2.18*10 3.18
Paraffin + Hexane 10 1.92+0.09 1.47*10" -
+ Benzene + 25 1.25+0.15 3.08*10™ 2.25 34.6
Cyclohexane 40 1.86%0.15 1.32 -
(1:1:1)

Figure 4.Microphotographs of the crude oil paraffin B2 sample treated with the gas condensate; scale
leg:a, b—10um;c, d— 100 nm
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Figure 5.Microphotographs of the crude oil paraffin B2 sample treated with the hexane-benzene-
cyclohexane mixture; scale leg: a, b — 10 um; ¢, d — 100 nm
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