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Abstract Cavitation processing has been proposed as a
greener alternative to solvent dilution or heat treatment of
bitumen and other heavy oils to reduce viscosity and hence,
improve transportability. The effect of acoustic cavitation
under different conditions of sonication frequencies (low-
to high- frequency range) and power inputs on asphaltene
content, rheological changes, and metal content of bitumen
was investigated in this study. Ultrasonic treatment resulted
in a decrease in asphaltene content in bitumen that lead to
lower viscosity and shear stress over a wide range of shear
rates. Over the range of sonication frequencies investigated
(20 kHz-1.1 MHz), the sonication frequency of 574 kHz
with 50 % power input resulted in low asphaltene content
and lower viscosity suitable for improved transportability.
Further, comparison of different conditions of sonication
frequencies and power inputs were carried out to investi-
gate the effect of ultrasound on properties of asphaltene
(elemental analysis and metal content). It was observed
that the sonication treatment of bitumen under different
conditions of frequencies and acoustic power decreased the
H/C ratio. These results showed higher content of aromatic
hydrogen and lower content of aliphatic hydrogen in
bitumen treated under different conditions of sonication
frequencies and intensity. Characterization of asphaltene
performed using ICP-MS and TXREF, revealed lower metal
content (Ni, Fe, and V) in the asphaltene phase of pro-
cessed (sonicated) bitumen. The lowered metal content can
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be attributed to the reduced asphaltene formation as a result
of sonication treatment of bitumen.

Keywords Ultrasonic treatment - Bitumen - Asphaltene -
Metal content - Rheology

Introduction

Bitumen is a complex mixture of hydrocarbons (aromatics,
naphthenes, and paraffin among others), oxygen, nitrogen,
and sulpfur compounds as well as trace metals. The
recovery of bitumen from oil-bearing rocks, including
bituminous sand has been recognized as an important
Canadian resource (CERI [4] and for energy security of the
continent [20]. Bitumen is extremely viscous after the
extraction process; therefore, it is essential to reduce its
viscosity for enhanced oil recovery and pipeline trans-
portation. The viscosity reduction to increase transporta-
bility is commonly attained by heating or dilution with
liquid diluents [9]. Such methods of reducing viscosity of
bitumen are energy intensive and are performed at high
capital and operational costs [2]. As a result, new alternative
approaches are sought for reducing viscosity without the
use of excess energy or changing the properties of bitumen.
Shear technology development, using shear-based approa-
ches such as acoustic cavitation have great potential for
shear as well yield stress reduction of bitumen. Sonication
processes induces acoustic cavitation into liquid media,
involving the generation, expansion, oscillations, splitting,
and implosions of numerous tiny gas bubbles called cavi-
tation bubbles. As a result of implosion of cavitation bub-
bles, extreme temperature and pressure is generated in the
centre of the collapsed bubble leading to solute thermolysis
as well as the formation of hydroxyl radical and hydrogen
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peroxide [8]. As a consequence of the cavitation phenom-
ena, the viscosity of bitumen reduces due to the application
of energy in the form of higher shear or heat. Acoustic
cavitation is applied in research to develop an understand-
ing of the physico-chemical effects of cavitation processing
at specific sonication frequencies and intensities.

Furthermore, among many components of bitumen, the
asphaltene have been identified as the key in the crude oil
viscosity. Challenges due to asphaltene deposition in pro-
duction, transportation, and refining operations are con-
sidered as serious and complicated issues for the petroleum
industry that applies a significant effort worldwide into
prevention and remediation. Furthermore, several studies
have shown that bitumen viscosity is strongly dependent on
the volume fraction, chemical structures, and physico-
chemical properties of its asphaltenes content, which are
the most polar and/or heavy components in bitumen [14,
19]. Mack [13] observed the effect of asphaltene content on
viscosity of bitumen and reported that the viscosity of
reconstituted bitumen with 20 % of asphaltene was 367
times higher than that of the deasphalted bitumen (i.e.,
maltenes) at the room temperature. Dealy [6] added 5 %
asphaltene into an Athabasca bitumen sample with the
original asphaltene content of 16 % and found that
the bitumen viscosity increases from 300,000 to
1,000,000 mPa s. Further, a study by Chakma and Berruti
[5] reported that viscosity depends not only on asphaltene
content but also on the molecular weight of the asphaltene
and higher molecular weight asphaltene units have greater
tendencies to form aggregates of larger sizes and therefore,
provide greater resistance to flow.

Furthermore, study on changes in the asphaltene prop-
erties during the upgradation of bitumen become an
important topic for investigation as asphaltene cause
numerous problems and make the process of bitumen
upgrading difficult. Characterization techniques that have
been widely used to investigate the properties of asphaltene
include metal analysis (mainly Ni, V, and Fe), elemental
analysis and X-ray diffraction among others. Further,
several studies have shown that heavy metals present in
bitumen tends to accumulate in asphaltene and form metal
porphyrins complexes (or metalloporphyrins) [17, 22, 23].
Extensive studies have been conducted on metallopor-
phyrins in bitumen, and it has been well established—that
bitumen containing large amounts of heavy metals tends to
have several adverse effects on refining equipment and
processes [10]. Further, Ni and V in bitumen exist as sol-
uble organometallic complexes that characterize as metal
porphyrins and non-porphyrin complexes.

Therefore, the present study was carried out under dif-
ferent conditions of sonication frequencies and power
inputs with following objectives: (i) effect of acoustic
cavitation processes carried out in low- to high-range
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sonication frequencies such as 20, 40, 378, 574, 860, 992,
and 1.1 MHz on rheological profile of bitumen; (ii) to study
the effect of different sonication frequencies and power
inputs on mass of asphaltene separation from bitumen; and
(iii) to investigate the changes in the properties of asphal-
tene (elemental analysis and metal content) during sonica-
tion of bitumen under different frequencies and power
inputs.

Materials and methods
Reagents

Bitumen was collected from a facility at Mildred Lake near
Fort McMurray, Alberta, Canada. All the chemicals used
were of analytical grade. HPLC grade toluene, heptane,
methanol (MeOH), dichloromethane (DCM), and acetone
used for cleaning and extraction purposes, were purchased
from Fisher Scientific (Ontario, Canada). HPLC grade
water was prepared in the laboratory using a Milli-Q/Milli-
RO Millipore system (Milford, MA, USA). Nitric acid,
hydrochloric acid, and hydrogen peroxide were supplied by
Fisher scientific (Ontario, Canada).

Sonication experiment

Low frequency (20 and 40 kHz) ultrasonic experiments
were carried out using an ultrasonic homogenizer (Auto-
tune 750 W, Cole-Parmer Instruments, Vernon Hills, Illi-
nois, USA). A mid- to high-frequency (378, 574, 860,
992 kHz, and 1.1 MHz) sonochemical processing system
was assembled using a broadband transducer (Ultraschall-
technik-Meinhardt GMBH, Germany). The transducer was
installed at the bottom of a coolant-jacketed glass column
reactor with a diameter of 5 and 100 cm in height. The
ultrasound energy was supplied by a power amplifier
(HM8001-2) through a function generator (HM 8030-5 and
HM 8032). Sonication experiments were carried out at five
different frequency conditions using two different broad-
band transducers with the same effective diameter. The
reactor was supplied with different power inputs starting
from 16.67 to 83.33 %. The cooling system was operated
to maintain a constant temperature. The experiment was
carried out with a sample volume of 100 mL held within a
jacked glass cooling column.

Rheology study

Viscosity of naphtha diluted bitumen was measured using a
rotational viscometer Brookefield DV-II Prime (Brookfield
Engineering Laboratories Inc., Stoughton, MA, USA)
equipped with Wingather software (for rheological
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models). Two different spindles, namely, SC-31 (small
sample adaptor), and ultralow centipoise adapter were used
with a sample cup volume of 18/50 mL (spindle depen-
dent). The calibration and viscosity testing procedure for
each spindle was carried out as per instrument manual. The
shear rate behavior was determined from 0.5 to 20 s~ .

Extraction of asphaltene

Asphaltenes were extracted from unsonicated and soni-
cated naphtha diluted bitumen samples as per ASTM-
D6560-12. The extraction process was initiated with 4 g of
oil sample in a round bottom flask followed by addition of
120 mL of heptane. The mixture was then boiled under
reflux for 60 min and store in a dark place for 90—150 min.
The resulting solution was filtered through a thimble
(Whatman (GE Healthcare Life Sciences, Quebec, Canada)
double thickness, 43 mm x 123 mm) and then the thimble
was placed into a Soxhlet extraction apparatus and refluxed
with heptane for minimum 60 min to separate the wax and
resin compounds. Further, the asphaltene was separated
under reflux using toluene in the extractor and the content
was transferred to a 500 mL round bottom flask weighed
previously. After completion of asphaltene separation, the
toluene was evaporated in a rotary evaporator completely
and the mass of asphaltene was measured.

Characterization of asphaltene samples

Analysis of presence of heavy metals (Ni, Fe, and V) in
asphaltene samples was carried out using total reflection
X-ray fluorescence (TXRF) and inductively coupled
plasma mass spectrometer (ICP-MS) method. TXRF is
basically an energy dispersive XRF technique in a special
geometry. An incident beam impinges upon a sample at
angles below the critical angle of external total reflection
for X-rays resulting in reflection of almost 100 % of the
excitation beam photons. Due to its unique configuration,
the main advantage of TXRF over conventional XRF is
reduced measurement background contributions by elimi-
nation of sample scattering resulting in increased elemental
measurement sensitivity. For TXRF analysis, 10 mg of
asphaltene sample was dissolved in 1 mL toluene followed
by addition of 10 pL of Gallium as internal standard. Then,
the sample was mixed properly in a vortex for 2—5 min.
Further, 10 pL of sample was dried in the surface of a
polished quartz glass for further analysis by TXRF.

For ICP-MS analysis, 0.2 g of asphaltene was weighed
into a microwave digesting vessel followed by addition of
10 ml of nitric acid and 1 mL of hydrochloric acid. Fur-
ther, 2 mL of 30 % H,0O, was added to the acid mixtures
and the acid-peroxide mixture was transferred for the
microwave digestion system. The digestion process was

performed using a Multiwave-microwave sample prepara-
tion system (Anton Parr, Ashland, VA) with infrared
temperature control and hydraulic pressure control with
feedback function capable of reducing microwave power
near the limit of operating pressure. The microwave
digestion process was conducted at microwave power of
1400 W, operating pressure of 60 bar and temperature
180 = 1 °C for 1 h. Further, the digestate was dried in a
hot block (Environmental Express, MA) at 106 °C until
complete dryness followed by addition of 25 mL of 1 M
HCI for analysis in ICP-MS.

Elemental analysis of asphaltene samples was per-
formed to determine the carbon, hydrogen, nitrogen and
sulfur content. The analysis was carried out using a Vario
MICRO CUBE analyzer (Elementar, Hanau, Germany).

Statistical analysis

All data presented in Tables 3, 4, and Figs. 1, 2 are rep-
resentative of at least three independent experiments with
all samples measured in triplicates within each experiment.
Repetition of statistical results was carried out using Sta-
tistical 6.0 software for Windows by employing the Stu-
dent’s t test.

Results and discussion

Effect of sonication frequency and power input
on asphaltene content of bitumen

This study focused on evaluating the effect of sonication
frequency on asphaltene metal content during
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Fig. 1 Change of viscosity at different shear rates of unsonicated
(UN) and sonicated (378, 574, and 992 kHz) bitumen at power input
of 50 and 83.33 %
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Fig. 2 Rheogram of unsonicated (UN) and sonicated (378, 574, and
992 kHz) bitumen at power input of 50 and 83.33 %

sonochemical upgrading of bitumen. For this study, low
(20 and 40 kHz), mid (378 and 574 kHz,), and high- (860,
992 kHz and 1.1 MHz) sonication frequencies over a range
of input acoustic intensities were applied in a sonochemical
reactor. The asphaltene yield at each condition is shown in
Table 1. No changes in asphaltene yield waere observed in
post processed bitumen sonicated under low sonication
frequencies such as 20 and 40 kHz as compared to
unsonicated bitumen and hence, the data not reported.
Higher asphaltene yield was found to be extracted in
unsonicated bitumen as compared to post processed bitu-
men sonicated under mid- to high-sonication frequencies.
However, under the sonication frequency of 1.1 MHz with
33.33 % power input, no changes in asphaltene yield was
observed as compared to unsonicated samples. Lower mass
of asphaltene observed in post processed bitumen in a
sonochemical reactor as compared to unsonicated samples
can be attributed to the dissolution and disintegration of
asphaltene in bitumen during sonication treatment. During
sonication treatment, two mechanisms are hypothesized to
be active in bitumen/heavy oil systems. These mechanisms
are molecules disintegration into free radicals and hydro-
carbons with shorter chain length, and integration of free
radicals. Further, these mechanisms cause formation of free
radicals resulting in change the composition of bitumen.
Free radicals formed during these processes subtract
hydrogen from asphaltene which enhances the formation of
double bonds and eventually the aromatization of naph-
thenes leading to decrease in asphaltene content. Najafi and
Amani [15] studied the effect of ultrasound treatment (low
to mid-range frequency level) on asphaltene content of
bitumen and observed that ultrasonic wave radiation results
in asphaltene flocculation inhibition and solubilisation
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Table 1 Asphaltene separation from naphtha diluted bitumen at
different sonication frequencies and power input

Sonication Power Sonication Asphaltene Yield

frequency (Amplitude) time (min) separation (%, m/m)

(kHz) (%) (®

Unsonicated - - 0.59 14.9

sample

378 16.67 30 0.47 11.7
33.33 30 0.32 8.0
50 30 0.25 6.2
66.67 30 0.23 54
83.33 30 0.18 4.3

574 16.67 30 0.36 8.4
33.33 30 0.35 8.2
50 30 0.28 7.3
66.67 30 0.15 3.7
83.33 30 0.13 3.1

860 16.67 30 0.56 12.7
33.33 30 0.45 11.2
50 30 0.49 12.5
66.67 30 0.58 11.5
83.33 30 0.52 11.0

992 16.67 30 0.51 12.7
33.33 30 0.38 9.5
50 30 0.43 9.1
66.67 30 0.51 8.7
83.33 30 0.56 8.5

1173 16.67 30 0.43 13.7
33.33 30 0.59 14.9
50 30 0.59 13.8
66.67 30 0.38 13.5
83.33 30 0.58 14.6

leading to lower mass separation. They observed 11 and
27 % reduction in mass of asphaltene from two different
samples after a specific time of ultrasonic irradiation of
bitumen. Furthermore, Sawarkar et al. [18] reported that
the reduction in asphaltene content of bitumen after ultra-
sonic treatment was due to the conversion of refinery
residues to lighter hydrocarbons in the boiling range of
gasoil fractions.

Furthermore, among all the mid to high-sonication fre-
quencies tested at different power inputs, lower mass of
asphaltene was extracted from bitumen in sonication fre-
quency of 574 kHz with power input of 83.33 %. The
results showed that sonication frequency of 574 kHz gen-
erate maximum cavitation in the medium resulting higher
rate of disintegration as compared to other frequencies
tested. It was observed that mid-frequency levels (378 and
574 kHz) showed higher efficiency on decreasing the
asphaltene content of bitumen as compared to higher
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frequency levels (860, 992 kHz and 1.1 MHz). There are
other studies also showed that at mid-frequency level, there
is significant rise in the number of cavities formed resulting
higher formation of hydroxyl radicals and consequent
disintegration of molecules [11]. Kirpalani and McQuinn
[11] compared mid to high-range sonication frequencies
for the oxidation of iodide to iodine and reported that
cavitation yield increases in mid-range frequency levels as
compared to high-frequency range.

Effect of sonication frequency and power input
on rheology of bitumen

The rheogram and shear rate behavior of post processed
bitumen in a sonochemical reactor system was studied over
a wide range of shear rates. The measurement was con-
ducted in varying speed mode condition and the values of
shear rate and shear stress were obtained. Figures 1 and 2
illustrate rheogram and shear rate behavior of bitumen
sonicated under different frequencies and power inputs. The
results showed that the viscosity for a given shear rate
decreased in bitumen sonicated under different frequencies
and power inputs. The decrease in viscosity during soni-
cation treatment of bitumen can be attributed to higher
disintegration of asphaltene flocs. There are studies reported
the dependency of viscosity of bitumen upon its asphaltene
content [12, 14, 15]. Hence, during the sonication treatment
of bitumen, the dissolution of asphaltenic components
occurs resulting in breakdown of asphaltene molecules to
lighter molecules leading to decrease in viscosity in the
medium. Argillier et al. [2] conducted a rheological study of
several heavy oils and concluded that the asphaltene content
was a controlling factor for viscosity. Hence, sonication
treatment of bitumen under different sonication frequencies
and power inputs decrease the asphaltene content of bitu-
men leading to higher viscosity change.

Further, lower shear stress value with shear rate (Fig. 2)
was also observed in bitumen sonicated under different
frequencies and power inputs. The decreased viscosity and
shear stress in bitumen sonicated under different conditions
of sonication frequencies and power inputs indicated shear-
thinning (pseudo-plastic) behavior of bitumen under
sonolysis. However, in between the three sonication fre-
quencies of interest in this study, 378, 574, and 992 kHz
with power input of 50 and 83.33 %, property changes such
as lower viscosity and shear stress with respect to shear rate
were observed in frequency condition of 574 kHz with
50 % power input, showing higher shear-thinning behavior
of bitumen. The lower viscosity and shear stress with respect
to shear rate observed in frequency condition of 574 kHz
with 50 % power input was due to higher formation of
hydroxyl radicals and disintegration of asphaltene flocs.

Effect of sonication frequency and power input
on properties of asphaltene

Elemental analysis

The elemental analysis data of asphaltene samples extrac-
ted from bitumen sonicated under five different sonication
frequency conditions such as 378, 574, 860, 992 kHz, and
1.1 MHz with different power inputs starting from 16.67 to
83.33 % is presented in Table 2. The elemental analysis
results showed an increase in carbon content of bitumen
sonicated under different sonication frequencies and power
input conditions. The carbon content of unsonicated bitu-
men was observed as 75.2 % and an increased value of
80.44, 80.16, 109.64, 79.98, and 77.93 % in bitumen son-
icated under five different sonication frequency conditions
such as 378, 574, 860, 992 kHz and 1.1 MHz, respectively.
However, no uniformity was observed in hydrogen content
of post processed bitumen as compared to unsonicated
samples (in some treatment conditions reduction in
hydrogen content was observed). Further, it was observed
that the sonication treatment of bitumen under different
conditions of frequency and power inputs decreased the
H/C ratio in bitumen (Table 2). These results showed
higher content of aromatic hydrogen and lower content of
aliphatic hydrogen in bitumen treated under different
conditions of sonication frequencies and power inputs. The
increase in aromaticity in sonicated bitumen was due to the
dissolution and disintegration of asphaltene leading to
breakage of side alkyl chains [7, 15]. Ultrasonic energy is
exerted in a micro-environment via cavitation, in which
high-temperature and pressure is applied to the location
instantaneously. Under cavitation condition thermal scis-
sion of the bonds of the heavy fraction and generation of
free radicals occurs leading to hydrocarbon conversion
processes such as cracking, dehydrogenation (reforming),
dehydrocyclization, and isomerization [16].

Further, it was observed that the differences in nitrogen
content of bitumen sonicated under different frequencies
and power inputs as compared to unsonicated bitumen are
minor. The results showed the difficulty of nitrogen
removal from bitumen because of its position in the aro-
matic rings of the asphaltene molecule within stable metal
complexes [1]. Further, minimal changes in sulfur content
in bitumen treated under different conditions of frequencies
and power inputs was observed as compared to unsonicated
bitumen. The results may be due to the presence of sulpfur
compound in the polyaromatic ring of asphaltene leading to
lower effect of treatment. Further, the reduction and
increased of H/S ratio in bitumen treated under different
sonication frequencies and power input conditions were
observed as compared to unsonicated samples. This results

Disaze cllod dao .
KACST a,51é1)lg roglel @ Springer



Appl Petrochem Res

Table 2 Elemental analysis of asphaltene samples extracted from sonicated bitumen

Power input (%) H (%) C (%) N (%) S (%) H/C N/C S/C H/S
Unsonicated 8.996 75.2 1.13 7.693 1.44 0.0129 0.0384 37.4200
378 kHz 16.67 9.176 79 1.07 7.598 1.39 0.0116 0.0361 38.6460
33.33 9.146 71.57 1.04 7.601 1.41 0.0115 0.0367 38.5044
50 9.385 78.93 1.06 7.615 1.43 0.0115 0.0362 39.4380
66.67 9.236 80.44 1.16 8.31 1.38 0.0124 0.0387 35.5658
83.33 9.099 78.47 1.17 8.041 1.39 0.0128 0.0384 36.2104
574 kHz 16.67 8.983 78.07 1.11 8.041 1.38 0.0122 0.0386 35.7488
33.33 8.802 77.18 1.13 7.937 1.37 0.0125 0.0386 35.4875
50 9.313 78.93 1.07 7.86 1.42 0.0116 0.0373 37.9155
66.67 9.782 80.16 0.98 7.49 1.46 0.0105 0.0350 41.7923
83.33 9.319 78.46 1 7.69 1.43 0.0109 0.0368 38.7787
860 kHz 16.67 9.234 84.44 1.22 8.412 1.31 0.0124 0.0374 35.1270
33.33 5.17 55.21 0.82 5.431 1.12 0.0127 0.0369 30.4622
50 7.164 72.73 1.1 7.317 1.18 0.0130 0.0377 31.3309
66.67 12.105 109.64 1.56 10.69 1.32 0.0122 0.0366 36.2357
83.33 9.609 87.41 1.34 9.012 1.32 0.0131 0.0387 34.1198
992 kHz 16.67 8.974 78.42 1.13 8.133 1.37 0.0124 0.0389 35.3090
33.33 9.148 78.7 1.07 7.871 1.39 0.0117 0.0375 37.1917
50 9.342 79.19 1.01 7.629 1.42 0.0109 0.0361 39.1852
66.67 9.422 79.98 1.03 7.536 1.41 0.0110 0.0353 40.0085
83.33 9.746 79.48 0.88 7 1.47 0.0095 0.0330 44.5531
1173 kHz 16.67 8.646 77.05 1.16 8.096 1.35 0.0129 0.0394 34.1739
33.33 8.95 77.48 1.1 7.729 1.39 0.0122 0.0374 37.0552
50 7.159 77.93 1.05 7.502 1.10 0.0115 0.0361 30.5369
66.67 8.308 77.04 1.09 7.781 1.29 0.0121 0.0379 34.1673
83.33 8.403 77.85 1.12 7.768 1.30 0.0123 0.0374 34.6159

indicate that sulfur present in asphaltene possess a disulfide
nature and also present as thiophenols or HS groups.

Metal content

A number of heavy metals such as nickel, iron, and
vanadium among others can be effectively bound in large
organic molecules characteristics, of those found in the
asphaltene fraction. The study of metals presence in
asphaltene is of particular importance as they play an
important role in the technological difficulties which
appear in the treatment of bitumen as well as inclusion of
these metals during the diagenesis and maturation process
of petroleum formation. For this study, the effect of mid to
high-sonication frequencies (378, 574, 860, 992 kHz, and
1.1 MHz) over a range of input acoustic intensities in a
sonochemical reactor system on heavy metal content of
bitumen was observed. Experiments were carried out to
determine the concentration of Ni, Fe, and V in asphaltene
separated from bitumen treated under different conditions
of sonication frequencies and power inputs. Further, metal
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analysis in asphaltene samples were carried out by TXRF
and ICP-MS method. Tables 3 and 4 presents the concen-
tration of heavy metals in bitumen sonicated under differ-
ent conditions of sonication frequencies and power input
observed by TXRF and ICP-MS methods, respectively. It
was observed that the results obtained for three target
heavy metals such as Fe, Ni, and V, by TXRF and ICP-MS
methods were different. Ni and V content in asphaltenes
were comparable between TXRF and ICP-MS methods.
However, Fe content was not found to be similar. As TXRF
is a new technology for analysis of heavy metals, this study
focused more on results obtained by ICP-MS methods for
discussions to compare the effect of different sonication
frequencies and power inputs on heavy metal concentration
in bitumen.

It was observed that metal extraction in the asphaltene
phase is dependent on the sonication frequency and power
input as shown in Figs. 3 and 4. The decrease in metal
content in post processed bitumen in a sonochemical
reactor was due to disintegration of large asphaltene
molecules to smaller molecules as metals such as V and Ni
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Table 3 Metal content of

Sonication Power Heavy metals concentration (mg/L)
asphalt.ene sample. extracted frequency input (%) .
from bitumen sonicated under Ni \% Fe
different frequencies and power
inputs observed by TXRF Unsonicated 2375+ 59 662.3 £ 11.5 1836.0 &+ 18.2
method 378 kHz 16.67 358.8 + 2.7 932.0 £ 8.1 1146.0 + 12.1
33.33 3452 £ 1.7 893.2 + 6.9 1084.2 + 10.8
50 358.8 £ 2.5 941.0 £ 5.7 985.0 £ 5.8
66.67 400.8 £ 3.9 1056.5 £ 5.1 1725.1 + 8.4
83.33 397.6 + 1.4 1052.3 + 3.4 1122.7 + 3.8
574 kHz 16.67 4163 £ 2.5 1094.5 + 6.2 1914.3 £ 9.1
33.33 3849 + 2.0 1015.7 + 4.8 2310.0 £ 5.7
50 3269 + 1.6 846.8 + 3.7 850.3 + 2.8
66.67 286.1 £ 3.2 7263 £ 2.9 727.6 £ 4.9
83.33 3857+ 24 1001.4 £+ 6.8 1297.5 £ 3.7
860 kHz 16.67 356.6 + 1.9 959.6 £ 9.1 31344 £ 7.5
33.33 3429+ 14 9137 £ 7.2 3107.7 £ 4.5
50 342.1 +£ 34 889.7 + 2.8 3043.3 £ 3.7
66.67 3154 + 1.8 790.3 £ 3.7 26129 +£ 7.6
83.33 3849 + 39 978.2 £ 6.1 32904 £+ 6.1
992 kHz 16.67 4219 £ 2.6 1121.7 £ 5.7 1338.6 = 9.8
33.33 260.6 £ 2.1 6754 £ 1.9 1025.5 £ 5.7
50 305.5 £ 4.0 780.2 £ 6.8 991.8 £+ 3.8
66.67 305.6 + 3.5 7958 £ 5.7 1007.5 £+ 6.1
83.33 260.7 + 2.1 6713 £ 8.0 9215+ 175
1173 kHz 16.67 293.6 £33 765.0 £ 6.4 2173.0 £ 3.4
33.33 298.6 £ 1.6 7915 £ 5.7 1770.2 + 8.1
50 329.8 + 3.7 8455 + 49 23427 +£ 3.7
66.67 333.8 £ 29 858.6 + 6.1 1816.5 + 9.1
83.33 290.0 + 24 7149 + 8.6 14873 £ 5.1

are mainly located in the core of the cluster sheets
(porphyrin).

Bitumen is a complex mixture of heavy molecules
including asphaltene which is the most polar and heaviest
molecule and bears the most heteroatom and
organometallic compounds (i.e., hybrid organic radicals
that are attached to the metal atom). It has been reported
that asphaltene components aggregate to form clusters or
nanoparticles over a wide range of concentration and also
formed coordination complexes of metals such as vana-
dium [3, 21]. Therefore, during sonication treatment, dis-
integration of asphaltene flocs occurs leading to the
formation of smaller asphaltene chains with lower metal
content. The metal content can, thus be used as an indirect
measure of the size of asphaltene molecule to evaluate
process operation.

Further, this study focused on evaluating the effect of
mid to high-sonication frequencies (378, 574, 860,
992 kHz, and 1.1 MHz) over a range of input acoustic
intensities in a sonochemical reactor system on asphaltene
metal content of bitumen. Lower concentration of Ni, Fe,

and V was observed in asphaltene extracted from bitumen
sonicated at sonication frequency of 574 and 860 kHz with
power input of 50 and 83.33 % as compared to other fre-
quencies tested. Sonication frequency of 574 and 860 kHz
with power input of 50 and 83.33 % resulted in smaller
asphaltene molecules in the medium leading to lower metal
content.

Conclusions

In this study, low to high-sonication frequencies (20, 40,
378, 574, 860, 992 kHz, and 1.1 MHz) over a range of
input acoustic intensities were applied in a sonochemical
reactor system for the bitumen upgrading. The effect of
sonication frequency and input acoustic intensities on
bitumen upgrading was carried out on the basis of
asphaltene separation, change in rheology, and heavy metal
removal. Sonication treatment results in decrease the mass
of asphaltene extracted from bitumen due to the disinte-
gration and solubilisation of asphaltene flocs in the

Disaze cllod dao .
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Table 4 Metal content of
asphaltene sample extracted

Power input (%)

Heavy metals concentration (mg/L)

from bitumen sonicated under Ni \% Fe
different frequencies and power
inputs observed by ICP-MS Unsonicated 3469 + 3.8 861.2 £ 7.5 1818.7 + 15.7
method 378 kHz 16.67 3812 £ 1.7 9462 £ 5.2 1887.5 + 10.3
33.33 287.5 £ 3.0 737.5 £ 3.7 835 £ 6.8
50 3262+ 14 7925 £ 6.1 867.5 £ 9.1
66.67 3425 £ 09 861.2 £ 29 1065 £ 5.7
83.33 3375 £ 2.6 813.7 £ 24 568.7 £ 4.9
574 kHz 16.67 345+ 1.3 863.7 £+ 6.1 1487.5 + 10.6
33.33 3525+ 0.8 892.5 £ 52 1227.5 £ 6.2
50 3125 £ 0.6 7587 £ 42 4287 £ 5.1
66.67 2337 £ 1.6 602.5 £+ 3.1 4122 +94
83.33 266.2 £+ 1.1 635 £ 2.8 160 + 4.3
860 kHz 16.67 248.7 £ 1.9 772.5 £ 6.1 3337 £5.8
33.33 2875 £ 1.5 740 £ 1.8 715 £ 3.9
50 260 £ 2.0 6475 £ 6.4 625 + 6.1
66.67 3175 £ 1.8 7612 £ 3.9 640 £+ 3.8
83.33 22377+ 14 538.7 £ 4.0 2525 £ 11.0
992 kHz 16.67 387.5 £ 0.9 930 £ 4.5 1875 £ 5.8
33.33 281.2 £ 2.7 701.2 £+ 3.7 1275 + 10.7
50 316.2 £ 2.1 835 + 3.1 2000 £ 2.9
66.67 380 £ 0.7 997.5 £ 4.7 1712.5 + 4.8
83.33 3425+ 1.5 910 £ 1.9 1762.5 + 6.2
1173 kHz 16.67 3312+ 1.2 9187 £5.5 2562.5 +£ 3.8
33.33 345 £ 3.0 910 £ 6.8 2550 + 7.1
50 3775+ 24 966.2 £ 5.4 2800 + 5.8
66.67 3287 £ 0.8 865 £ 3.9 2262.5 + 10.2
83.33 330 £ 2.9 9125 £ 6.1 2237.5 £+ 8.1
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Fig. 3 Metal content (ICP-MS analysis) of asphaltene extracted from
bitumen sonicated under different frequencies and 50 % power input

(UN: before sonication)

medium. Further, it was observed that sonication treatment
of bitumen results in decrease in viscosity and shear stress
with shear rate and highest change was observed with
474(
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Fig. 4 Metal content (ICP-MS analysis) of asphaltene extracted from
bitumen sonicated under different frequencies and 83.33 % power
input (UN: before sonication)

sonication frequency of 574 kHz with power input of
50 %. Asphaltene content in bitumen plays a dominant role
on its viscosity and ultrasound treatment of bitumen lead-
ing to decrease in strong attractive interaction among the
asphaltene particles resulting decrease in viscosity and
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shear stress indicating shear-thinning behavior. However,
low sonication frequency levels such as 20 and 40 kHz
showed no effect on asphaltene content of bitumen.

Sonication treatment of bitumen under different soni-
cation frequencies and power inputs showed the change in
metal content (Ni, V, and Fe) of asphaltene samples.
Mid-frequency levels (378 and 574 kHz) showed higher
efficiency on decreasing the asphaltene content of bitumen
leading to lower metal content.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unrestricted
use, distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.
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