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Abstract: The most widely applied methods to unlock heavy oil and natural bitumen resources in
the world are still based on steam injection techniques. Improving the efficiency of hydrothermal
processes poses a great challenge. The co-injection of various additives is practiced to lower the
steam-to-oil ratio (SOR), viscosity alteration and to improve heavy oil properties. Organic solvents,
non-condensable gases, air and surfactants are the preferred chemicals to be combined with steam.
This study provides an investigation of the surfactant-assisted hydrothermal upgrading of heavy
oil at 200 ◦C. The thermal stability and salt resistivity of two non-ionic surfactants (SA–3 and Biolub
Green) were investigated. Moreover, the improved performance of the surfactants was established
by performing an SARA analysis, elemental analysis, FT-IR spectroscopy, and EPR analysis, and
by studying the viscosity reduction degree. The experimental results showed that surfactants lead
to the in-depth destructive hydrogenation of the high-molecular components of heavy oil such as
resins and asphaltenes. However, the content of light fractions increased. According to the results of
the elemental analysis, the surfactants assist in the hydrodesulphurization of heavy oil. Overall, the
physical and chemical consequences of hydrothermal upgrading in the presence of surfactants led to
the irreversible viscosity reduction of heavy oil.

Keywords: enhanced oil recovery; asphaltenes; steam injection; aquathermolysis; non-ionic
surfactant; heavy oil

1. Introduction

The United States Geological Survey (USGS) reports the amount of estimated global
heavy oil and natural bitumen resources as about three trillion barrels [1]. This is twice
as much as the proven conventional reserves of crude oil [2]. Nevertheless, the progress
of human society has led to an essential demand for energy resources. Therefore, heavy
oil and natural bitumen have been considered as a promising energy source. However,
the extraction of heavy oil poses a great challenge due to its high viscosity and low API
gravity. These properties derive from the lower hydrogen-to-carbon ratio and the high
percentage of asphaltene compounds, sulfur and heavy metals [3–5]. Asphaltenes are
high-molecular weight compounds with a cyclic structure and paraffin chains that are
connected to O, N and S atoms [6,7]. It is worth mentioning that the molecular weight of
these compounds ranges from several hundred to several thousand based on their type
and structure. Moreover, the polar and nonpolar fragments of asphaltenes make them act
like surfactants [8–10].

Thermal-enhanced oil recovery methods are widely applied to unlock heavy oil and
natural bitumen reservoirs. Specifically, steam-based heavy oil production techniques are
the most efficient in terms of upgrading and enhancing the recovery factor [1,11]. Steam
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injection has both physical and chemical consequences, which lead to an irreversible vis-
cosity reduction [12–14]. The technique of heavy oil recovery using steam injection was
first introduced in 1966 in Trinidad and Tobago during a small segment project in the Palo
Seco region [15]. Briefly, the mechanism of oil recovery using the steam injection method is
based on the constant or intermittent injection of a hot fluid into the formation. The hot
fluid increases the temperature of the oil-saturated reservoir rocks, which decreases the
viscosity of crude oil and improves the mobility of heavy oil. Since steam injection has a
high capacity for heat transfer, it has been used frequently around the world [16–20]. On
the other hand, the chemical interactions between oil and steam in the presence of rock
minerals have been widely reported following the synopsis of work by J.B. Hyne and his
colleagues [21–23]. The authors propose that in situ hydrothermal processes improve the
quality of crude oil by hydrocracking, hydrogenolysis, acid polymerization, hydrodesulfur-
ization, hydrodenitrogenation, destructive hydrogenation and water–gas-shift reactions.
The mechanism of irreversible viscosity reduction is explained by the chemical changes
in the structure and composition of heavy oil after the aforementioned chemical reactions,
for which the authors coined the term “aquathermolysis”. Later, many other scholars
reported the enhancement in the composition of crude oil after hydrothermal treatment in
the presence of ion metals, such that the content of saturated and aromatics is increased
and the content of high-molecular components—resins and asphaltenes—is reduced after
hydrothermal upgrading [24,25]. Moreover, the molecular weight of asphaltenes is also
altered [26]. It was reported that the significant yield of gaseous products after the addition
of ion metals indicates the acceleration of chemical reactions during the steam treatment
of heavy oil. However, the steam-based oil recovery techniques suffered from efficiency,
serious steam channeling and sweep problems. Despite the high cost of steam generation,
significant amounts of CO2 evolved, which is harmful and has an environmental impact.
Many attempts have been made to reduce the steam-to-oil ratio (SOR) in order to increase
the feasibility of the steam-injecting projects and to decrease the environmental footprint.
One of the alternative approaches is the co-injection of various chemical species with steam.
The most widely used chemicals are hydrocarbon solvents, catalysts, hydrogen donors,
gases, acids and seed oils [27]. Recently, scholars have suggested that co-injection of differ-
ent surfactants into reservoirs might solve the abovementioned issues [28–30]. Surfactants
as a surface-active substance can reduce IFT between different phases and, hence, improve
the sweep efficiency. As a result, water breakthrough is diminished and the oil recovery
factor can be increased. In general, surfactants have been utilized in oil recovery since
the early 1970s [31,32]. They are mainly applied during secondary production methods
such as waterflooding techniques. However, the co-injection of surfactants with steam is
less studied, since it faces issues regarding the thermal stability, salinity resistance and
adsorption processes of surfactants. Sasaki et al. [33] reported an increase in oil recovery of
16% after the co-injection of a surfactant during steam assisted gravity drainage (SAGD).
Srivastava et al. [34] altered the wettability of reservoir rocks, significantly reduced the
water permeability and enhanced oil permeability by implementing surfactant co-injection.
In this way, they increased the recovery of heavy oil by 20%. Xuefan Gu and others studied
the mechanism and influence of two non-ionic surfactants on the flow characteristics of
crude oil [35]. The authors reported that the viscosity of crude oil was reduced by up to 70%
with Span 80. The same authors synthesized and evaluated the performance of the chemical
additive hydroxymethyl tetramide, which provided a 93% viscosity reduction degree in
the case of the Yanchang Oilfield crude oil sample [36]. The results of other researchers
have pointed in the same direction [29,37–39]. The results of the literature review lead
us to conclude that the influence of surfactants on the chemical composition of heavy
crude oil and hence on the viscosity reduction is a few studied. Asphaltenes are complex
organic matter with a very high molecular weight [40]. They contain a significant amount
of heteroatoms. Polar and nonpolar parts in the composition of asphaltenes create a micelle,
making them crucial in the formation of emulsions. It is believed that the introduction of
surfactants under aquathermolytic conditions can influence the polynuclear aromatic rings
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and nonpolar aliphatic fragments of asphaltenes in order to stabilize them and prevent
precipitation. Moreover, surfactants assist in ring-opening reactions and overall aquather-
molysis reactions, which lead to the intensification of heavy oil upgrading and the viscosity
reduction degree.

In this study, the upgrading performance of two non-ionic surfactants SA–3 and
Biolub Green (SBG) were evaluated under a heavy oil aquathemrolysis process at 200
C. The experiments were performed in a high-pressure reactor to simulate the reservoir
conditions. The upgrading products were thoroughly investigated using physical and
chemical analysis methods.

2. Materials and Methods
2.1. Materials

The object of this study was a heavy oil produced at the Ashal’cha field (Tatarstan,
Russia), the physical and chemical properties of which are summarized in Table 1.

Table 1. Physical and chemical properties of heavy oil sample from Ashalcha field.

Properties, Units Values

Density at 20 ◦C, kg/m3 965
Viscosity at 20 ◦C, mPa 3000

Mass fraction of sulfur % 4.5
Mass fraction of resins % 28.0

Mass fraction of asphaltenes % 5.5
Mass fraction of paraffin % 1.4
Mass fraction of nickel % 0.002–0.008

Fractional Composition: TC 170
Output fractions % volume

up to 200 ◦C 1
up to 300 ◦C 2

Group Composition, wt.%
S 29.30
A 32.56
R 32.10
A 6.15

Elemental analysis, wt.%
C 79.01
H 8.74
N 0.45
S 4.85
O 5.85

H/C 1.32

The non-ionic surfactants SA–3 and Biolub Green (SBG) were purchased from Mirrico
LLC. The schematic of the upgrading processes is illustrated in Figure 1.

2.2. Thermal Analysis and Salt-Resistance of Surfactants

Prior to the upgrading experiments, the surfactants were examined for thermal sta-
bility, which further determined the temperature of the upgrading experiments. A ther-
mogravimetric analysis (TGA) of surfactants was carried out on an STA 449 F1 Jupiter
Thermal Analyzer (Netzsch, Selb, Germany) in a temperature range of 20–1000 ◦C with
heating rates of 10 ◦C/min and an airflow rate of 50 mL/min. Aluminum oxide was used
as a solid phase, nitrogen and oxygen as a gas phase. The data processing was performed
using the Proteus Analysis 5.2.1 and NETZSCH Kinetics Neo 2.1.2.2 software packages.

The salt resistance of surfactants was determined using a sodium chloride solution to
imitate the reservoir formation water in a Vitag FPX-63 furnace (Daihan), which can provide
a temperature of up to 1200 ◦C. Sodium chloride was selected at various concentrations,



Processes 2022, 10, 2176 4 of 13

from 0.5% to 20%, and placed in a container with a lid, as shown in Figure 2. Then, the
solutions were placed in an oven at 100 ◦C, 200 ◦C and 250 ◦C for an hour and kept for a
week at room temperature.
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Figure 2. Salt resistance of surfactants at high temperature. Samples numbered 1–6 refer to the
surfactant (a) SA–3 at T = 230 ◦C and samples numbered 7–12 refer to the surfactant (b) SBG at
T = 250 ◦C. The NaCl concentration of each sample is presented in the figure.

2.3. Surfactant-Assisted Hydrothermal Upgrading of Heavy Oil: SARA and Elemental Analysis

The hydrothermal experiments were carried out in a high pressure and high temper-
ature (HPHT) reactor, designed by Parr Instruments, USA, with a capacity of 300 mL at
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200 ◦C for 48 h. The system was purged with Nitrogen for 20 min to remove the air. The
initial pressure was set to 10 bar in order to meet the reservoir conditions. The model
system was composed of oil (69.7 wt.%), surfactant (0.3 wt.%) and water (30 wt.%).

The group composition of the initial crude oil and following hydrothermal upgrading
in the absence and presence of surfactants was determined according to the SARA analysis
method, which is regulated by ASTM D-2007. The elemental composition of Ashalcha
oil and oil with surfactants was determined by burning them in a CHNS analyzer at a
temperature of 1000 ◦C.

2.4. Fourier Transform Infrared Spectral (FT-IR) Analysis

A vector infrared spectrometer 22 (Bruker, Germany) was used to analyze the con-
versions in structural groups of core extracts after catalytic aquathermolysis. The spectra
were recorded in the range of 600–1800 cm−1. In this research, the following spectro-
metric index was used: C1 = D1600/D720 (aromaticity), C2 = D1710/D1465 (oxidation),
C3 = D1380/D1465 (branching), C4 = (D720 + D1380)/D1600 (aliphatic) and
C5 = D1030/D1465 (sulfurization).

2.5. Viscosity Measurements

Heavy oil samples were measured on a rotational viscometer Alpha L from Fungilab.
The device measures the torque of a rotating spindle in a liquid sample at a given rotation
speed from 15 to 6,000,000 mPa.s.

2.6. Electron Paramagnetic Resonance (EPR) Analysis

The modulation frequency of 100 kHz was used for all measurements. The integrated
intenESP-300 spectrometer (Bruker) was used to record EPR spectra in a continuous wave
mode. The instrument provides a magnetic field of 20–1600 mT, with a maximum accuracy
of 0.01 mT. The spectra of the sample were compared with the powder of DPPH and
Mn2+ in MgO as a reference to estimate PC concentration. The heating process of samples
was performed at a rate of 2 K/min in a stream of nitrogen blown using the quartz
insert in the high-temperature resonator ER 4114 HT equipped with the VT thermostatic
system. The temperature dependence of the sample’s spectra in the range of 293–780 K
was obtained with an 8–15 K increment. The temperature changes of vanadyl complexes
were investigated using a modulation amplitude of 0.5 mT. The saturation effects were
hindered using a microwave power of 25 µW. The relative concentration (ratio [FR]/[VP])
was measured in all experiments due to mass variations inside the EPR cavity, probable
changes of densities and viscosities of the studied species [41,42].

2.7. Gas Chromatography Analysis

The composition of the evolved gases during the hydrothermal experiments in the
HPHT reactor was studied using gas chromatography on a Chromatec-Crystal 5000.2 in-
strument, which was coupled with the HPHT reactor. The obtained data were processed
digitally. Gas fragmentation was carried out in a 100 m long capillary column and two
absorption chambers. Chromatography was carried out in the following temperature
mode: from 35 ◦C to 250 ◦C with a heating rate of 2 ◦C/min. Carrier gas—helium, flow
rate—15 mL/min. The procedure was carried out according to the Russian Standard GOST
32507-2013, which is equivalent to the standard of the American Society for Testing and
Materials (ASTM) D 5134-98.

3. Results and Discussion
3.1. Thermal Stability and Salt Resistance of the Surfactants

Both solutions of surfactants withstood 200 ◦C. However, at 230 ◦C, the SA–3 surfactant
solution separated into the following three phases: water, surfactant and emulsion mixture,
as shown in Figure 2a. The separation of these phases indicates that functional groups
in the composition of surfactants at temperatures above 230 ◦C were decomposed in a
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saline solution. No changes in the composition of the SBG surfactant were noticed even
at a temperature of 250 ◦C (Figure 2b). In addition, a thermogravimetric analysis (TGA)
was performed to evaluate the thermal stability of the surfactants, the results of which are
presented in Figure 3.
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According to the TGA curves, both samples can withstand 200 ◦C. Therefore, further
hydrothermal treatment experiments were carried out at 200 ◦C.

3.2. Chemical Composition and Elemental Analysis

The results of the group composition analysis of oil samples before and after hy-
drothermal treatment are illustrated in Figure 4. The results of the SARA analysis show that
the amount of saturated hydrocarbons in the oil sample with SA–3 has increased by 20%;
however, for SBG it is almost unchanged. However, the aromatics have been improved by
19% for solutions containing SBG and by 10% in the case of SA–3 surfactant. Moreover, the
amount of compounds with high molecular weight (resins) in samples containing SA–3
and SBG decreased by 27% and 17%, respectively. It should be noted that the asphaltene
compounds of the samples containing SA–3 and SBG were reduced by 12% and 9%, respec-
tively. Thus, the proposed hypothesis regarding the role of surfactants in weakening the
bond interactions between asphaltene molecules is proven.

Furthermore, the results of the elemental analysis in Table 2 showed that surfactants
have a considerable effect on the destruction of C-S bonds as the elemental sulfur concen-
tration in the composition of oil was reduced. Moreover, the hydrogen-to-carbon ratio
increased significantly in the presence of the SA–3 surfactant in contrast to the initial
crude oil.
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Table 2. Results of elemental analysis.

Elemental Analysis, wt.%

Ashalcha Oil
C H N S O H/C

79.01 8.74 0.45 4.85 5.85 1.32

Oil + Surfactant SBG 82.62 11.60 0.00 4.78 0.99 1.67

Oil + Surfactant SA–3 66.14 15.64 0.00 3.58 14.64 2.82

3.3. IR Spectroscopy

Infrared spectra are presented in Figure 5 and the estimated spectral coefficients are
summarized in Table 3. This technique is employed to study the changes in functional
groups of surfactants.

Table 3. Results of IR spectral analysis of oil samples.

№ Experimental Conditions C1 C2 C3 C4 C5

1 Initial Crude Oil 0.86 0.50 0.98 2.52 0.86

Batch reactor experiments

Process Pressure T. ◦C C1 C2 C3 C4 C5

1 Oil + Surfactant SBG
10 200

0.82 0.64 1.01 2.45 0.97

2 Oil + Surfactant SA–3 0.48 0.05 0.62 6.05 0.21
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The structural changes after the co-addition of surfactants were evaluated by calculat-
ing and comparing the spectral coefficients. The aromaticity (C1) was reduced from 0.86 to
0.82 following the addition of the SBG surfactant. However, the SA–3 surfactant caused a
decrease in aromaticity by almost half (from 0.86 to 0.48), while aliphaticity (C4) increased
from 2.52 to 6.05. The results indicate the depolymerization of polynucleic aromatic rings
in the asphaltene structures. Moreover, the nonpolar aliphatic side chains of asphaltenes
increased. The FT-IR coefficient estimation results are in accordance with the results of the
SARA (Figure 4) and elemental analysis (Table 3). The C3 coefficient stands for branching
and indicates the intensity of hydrocracking reactions. The destructive hydrogenation of
heavy fragments of crude oil in the presence of the SA–3 surfactant led to the detachment
of alkyl substitutes, and an increase in the length of alkyl chains. As a result, there was a
decrease in the branching coefficient (C3) of the crude oil sample after surfactant-assisted
steam upgrading. A significant decrease in the C5 coefficient in the case of the SA–3 surfac-
tant indicates that C-S bonds were destroyed under hydrothermal impact, thus contributing
to the in situ hydrodesulfurization of crude oil.

3.4. Dynamic Viscosity and EPR

Viscosity is one of the most important parameters during the extraction and trans-
portation of heavy oil. The results of the viscosity measurements show that the viscosity
of heavy oil is almost constant in the presence of both surfactants without hydrothermal
treatment (Figure 6). However, the viscosity of heavy oil sample was significantly reduced
after hydrothermal upgrading in the presence of surfactant, as displayed in Figure 7. This
excludes the solubility and emulsification impacts of surfactants on the viscosity reduction
degree during hydrothermal upgrading.
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The dynamic viscosity of Ashalcha oil at 20 ◦C was about 3000 mPa·s with a shear
rate of 1.3 s−1. The viscosity at the same shear rate decreased by 22% and 30% following
co-addition of the SBG and SA–3 surfactants, respectively, to the reaction medium. The
apparent influence of surfactants on the viscosity reduction degree is explained by the
structural and molecular changes mostly in the heavy components of heavy oil such as
resins and asphaltenes. It is well known that even a small decrease in the content of
asphaltenes can significantly reduce the viscosity of oil. Thus, it is proposed that the
decrease in viscosity may occur due to the weakening of the π = π bonds, which are mostly
concentrated in resins and asphaltenes.

The results of the EPR analysis (Figure 8) show an increase in the amount of free
radicals when surfactants are added. The initial crude oil was assumed as a unit of intensity,
and the intensity of other samples was compared relative to the initial crude oil. The EPR
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results also support the destruction of the double bond π = π in asphaltene packs. The
EPR spectra of oil samples before and after surfactant-assisted hydrothermal upgrading
are illustrated in Figure 8.

Processes 2022, 10, x FOR PEER REVIEW 10 of 14 
 

 

The dynamic viscosity of Ashalcha oil at 20 °C was about 3000 mPa∙s with a shear 

rate of 1.3 s−1. The viscosity at the same shear rate decreased by 22% and 30% following 

co-addition of the SBG and SA–3 surfactants, respectively, to the reaction medium. The 

apparent influence of surfactants on the viscosity reduction degree is explained by the 

structural and molecular changes mostly in the heavy components of heavy oil such as 

resins and asphaltenes. It is well known that even a small decrease in the content of as-

phaltenes can significantly reduce the viscosity of oil. Thus, it is proposed that the de-

crease in viscosity may occur due to the weakening of the π = π bonds, which are mostly 

concentrated in resins and asphaltenes. 

The results of the EPR analysis (Figure 8) show an increase in the amount of free 

radicals when surfactants are added. The initial crude oil was assumed as a unit of inten-

sity, and the intensity of other samples was compared relative to the initial crude oil. The 

EPR results also support the destruction of the double bond π = π in asphaltene packs. 

The EPR spectra of oil samples before and after surfactant-assisted hydrothermal upgrad-

ing are illustrated in Figure 8. 

 

Figure 8. EPR analysis of oil and surfactant samples after aquathermolysis. 

According to the spectra of oil samples (Figure 9), the intensity of free radicals in the 

crude oil significantly increased after an aquathermolysis process in the presence of the 

SA–3 surfactant. However, the SBG surfactant leads to the lowered formation of free rad-

icals. The obtained results support the idea about the influence of surfactants on the dou-

ble bond loosening, leading to the formation of free radicals. Thus, the co-injection of the 

appropriate concentration of surfactant with steam is a promising method to enhance 

heavy oil quality and recovery. 

Figure 8. EPR analysis of oil and surfactant samples after aquathermolysis.

According to the spectra of oil samples (Figure 9), the intensity of free radicals in
the crude oil significantly increased after an aquathermolysis process in the presence of
the SA–3 surfactant. However, the SBG surfactant leads to the lowered formation of free
radicals. The obtained results support the idea about the influence of surfactants on the
double bond loosening, leading to the formation of free radicals. Thus, the co-injection of
the appropriate concentration of surfactant with steam is a promising method to enhance
heavy oil quality and recovery.
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3.5. The Composition of Evolved Gases after Surfactant-Assisted Hydrothermal Treatment

Uncondensed gases such as carbon dioxide, nitrogen, hydrogen sulfur and low-
molecular n-alkane gasses play a crucial role in increasing the thermal efficiency of steam
recovery methods. It is reported that uncondensed gases are the products of aquather-
molysis reactions, thus indicating the complexity of heavy oil upgrading [43,44]. The
composition of the evolved gases after surfactant-assisted hydrothermal upgrading are
summarized in Table 4.

Table 4. The composition of gases after surfactant-assisted hydrothermal treatment.

Model System Temp., ◦C
Gas Yield (vol.%)

C1 C2 C3 C4 H2 CO2 H2S N2 O2 Unidentified

Oil + Steam + Surfactant SA–3 250 0.14 0.09 0.07 0.11 0.78 0.12 0.04 98.31 0.03 1.08

Oil + Steam + Surfactant SBG 250 0.13 0.04 0.03 0.14 0.03 0.48 0.04 97.94 0.63 0.55

The results show that the SA–3 surfactant leads to the formation of hydrocarbon gases,
the total amount of which are more than 20% higher than the gases evolved in the case of
the SBG surfactant. Specifically, the content of ethane and propane compounds is twice as
high as for the SBG sample. The formation of low-molecular n-alkanes can be achieved
as a result of the hydrocracking of C-C bonds, which requires a high amount of energy
during conventional steaming without chemical additives, or the hydrogenation of carbon
dioxide [45]. The surfactants probably shift the cracking temperature ranges to lower
values by weakening the interaction forces between molecules of asphaltenes and resins.
This statement is also supported by the results of the SARA-analysis, where the content of
resins and asphaltenes is the lowest in the presence of the SA–3 surfactant. The resins and
asphaltenes are considered to be the most polar components of oil-dispersed systems [46].
However, the side chains of aromatic rings are generally unpolar molecules, and thus can
be under the influence of surfactants.

4. Conclusions

This study presents the results of laboratory studies on the surfactant-assisted hy-
drothermal upgrading of heavy oil. The advantages of using surfactants are the content
reduction of high-molecular weight components of oil, such as asphaltenes and resins.
Moreover, they can increase the efficiency of the hydrothermal processes via partial up-
grading in the reservoir formation. The application of surfactants during steam injection
techniques is believed to reduce the SOR. Furthermore, the results of the elemental analysis
and FT-IR spectroscopy analysis showed a significant decrease in the concentration of
sulfur after the addition of surfactant. The results of the EPR analysis clearly showed
an improvement in free radicals, which confirms a decrease in the viscosity of heavy oil.
Thus, the co-injection of thermally stable and salt-resistant surfactants with steam can
play a significant role in improving the quality and production of heavy oil. The obtained
laboratory results can be considered as a first step towards the modification of steam-based
enhanced oil recovery techniques.
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