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A B S T R A C T

This work aims to investigate the structural behaviour of asphaltene under mechanical stress using ball milling. 
Asphaltene samples were collected and separated from Kuwait export crude using n-heptane and subsequently 
ball milled for up to 24 h. X-ray diffraction was used to provide an insight into asphaltene macrostructure 
properties, which subsequently utilised to determine crystallite parameters. The results showed that the me
chanical stress has a great influence on these structural parameters, with an increase of the aromatic sheet’s 
inter-layer distance from 3.6 ̊A to 3.9 ̊A. While the height of stacked aromatic sheets per cluster and the number 
of stacked aromatic sheets per cluster decreased from 24.6 Å to 9.3 Å and 8 to 3.2, respectively. A significant 
increment in the aromaticity value was also observed after the ball milling experimentations, indicating me
chanical stress induces cyclisation and aromatisation. The XRD profiles of the higher milling time samples reveals 
a high background intensity. This suggests a formation and/or increasing the proportion of highly disordered 
materials. In addition, the effects magnitude on asphaltene crystal parameters between the mechanical stress 
against heat stress was compared. The results showed core structural parameters are more sensitive to me
chanical stress over heat stress.

1. Introduction

A major focus of the recent United Nations Conference on Climate 
Change (COP28) was implementing the Paris Agreement, including 
transitioning from inefficient fossil fuels to renewable energy to achieve 
zero-net target by 2030 [1]. Apparently, oil industry is confronted with 
challenges that could destabilize the economy as well as impede the 
zero-net progress, especially heavy crude oils are believed to signifi
cantly contribute to the carbon dioxide emissions [2,3]. This is due to 
the presence of more complex fractions in the heavy oil phase, in 
particular asphaltenes [4–7].

Petroleum asphaltene has been gaining a lot of interest as a source of 
fuel and carbon-based materials over the last decade’s [8–10]. Asphal
tene is the heaviest molecular weight petroleum fraction and is known as 
the most complex and polarized structural compound in the crude oil 
phase. Unlike other common hydrocarbons, asphaltene is defined based 
on its solubility rather than chemical structure [11]. It consists of a 
mixture of diverse hydrocarbons of unknown molecular structures 
farmed as aggregated clusters [12]. It is widely accepted that the mo
lecular architecture of asphaltene constitutes of a cyclic island of aro
matics core linked by saturated chains including aliphatic carbons of 
different lengths and condensed naphthenic rings [13]. In addition, 

within the asphaltene matrix, heteroatoms (S, N, O) and trace elements 
(Ni, V, Fe) are distributed heterogeneously in different forms of func
tional groups and organometallic complexes [14–16]. The contents of 
those compounds vary greatly depending on the oil’s origin [17,18,]. 
However, efficient processing of asphaltene remains a technical chal
lenge. With this regard, the nature of asphaltene molecular properties is 
required to be further understood.

To aid the measurement of changes on asphaltene molecules during 
refining and upgrading processing, a set of mathematical equations were 
proposed to calculate its crystal parameters [12,19]. A range of 
analytical techniques, such as Raman spectroscopy, C-NMR and X-ray 
diffraction (XRD), can be implemented to derive the crystallite param
eters, and thus its molecular structure is determined [20]. These pa
rameters include the layer distance between the neighbouring aromatic 
sheets (dm), distance between the saturated fragments (dγ), aromatic 
sheets average diameter (La), average height of stacked aromatic sheets 
per cluster (Lc), and the number of stacked aromatic sheets per cluster 
(M) [21–23].

The practices of ulterining asphaltene molecular structure have been 
mostly focused on the thermal treatment [24–27]. However, behaviour 
of the thermally treated asphaltene samples’ parameters related to the 
aromatic core geometry (i.e., M) follows almost the same pattern 
[28–31]. For instance, Hauser et al. pyrolysed atmospheric residue 
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asphaltene at 412 ◦C for 7-h roughly, it was reported that the M value 
changed from 6 to 7 [32]. Whereas the reported value of the parent 
sample was 8 [33], indicating heat treatment has a slightly effect on 
stacked aromatic sheets per cluster. As the consequence, the structural 
behaviour of asphaltene molecules has been primarily investigated as a 
function of various ranges of heat stress [31].

Alternatively, mechanical stress can be used to achieve unique 
properties by manipulating molecular structures [34]. Ball milling (BM) 
is globally recognised as a mechanical tool with superior ability to refine 
coarse materials into delicate powders of finer particle size, accom
plished by rotating cylindrical vessels charged with hundreds of rigid 
balls of free movement [35]. During milling process, the collusion be
tween balls generates a continues sheer stress, that would alter energy 
level in molecular structure [36]. As milling times increase, mechanical 
stress results in lattice defects caused by severe plastic deformation. This 
promotes the transformation and/or destabilisation of the crystal phase 
for a wide variety of chemical elements [36,37]. After BM, the crystallite 
parameters of substance are affected to a significant extend [38]. 
Essentially, BM can be controlled by adjusting milling parameters (i.e., 
speed, time, etc) to offer different form of forces such as friction, 
collusion and sheer, the combination of these forces able to induce 
molecular structure changes by modifying crystal parameters [39].

Few studies utilised BM technology on various petroleum-related 
substances. For instance, Chen et al [40], found that combining ball 
milling with ozone-catalyst is an effective process for oily sludge treat
ment from the tank bottom. It was found that the oil content in dry oily 
sludge decreased from 33.9 to 10.2%. They also noticed that the content 
of asphaltene decreased from 12.30 to 2.94 wt% using only BM. Welham 
et al [41], examined the reaction kinetic of ball milled Collie coal over 
various BM times. They found that the onset combustion temperature 
and the pyrolysis behaviour of longer milled sample greatly overcome 
the shorter milled samples. Other study implemented BM to enrich the 
low-grade high sulfur petcoke with high nitrogen content, urea was used 
(mixed) as nitrogen precursor. It was reported that after 24 h milling 
time, the petcoke’ elemental property improved with an increment in 
the nitrogen content from 1.40 to 7.00 wt% [42]. In contrast, a short BM 
of Athabasca asphaltene was conducted to evaluate the property of the 
formed soot during pyrolysis at different particle sizes. Despite of par
ticles surface modification, it was found the short milling time (1-h) has 
negligible effect [43]. Indicating that relying only on morphological 
changes might not be adequate.

All these previous studies have mainly relied on observing the 

morphological property (i.e., surface modification such as porosity and 
particle size) of petroleum related substance including asphaltene to 
demonstrate the influence of the mechanical stress. However, asphal
tene is highly complicated substance of complex organic molecules. 
Thus, gaining insights into the molecular structure of asphaltene allows 
estimating several important aspects such as molecules geometry, 
crystal property and phase transformation as well as its refractory nature 
as function of various molecular arrangement. Therefore, an investiga
tion of asphaltene’s crystal parameters under mechanical stress using 
ball milling is highly required.

Molecular parameters of asphaltene are critical in understanding its 
structural behaviour under different reaction environment. XRD mea
surements has been often utilised to provide macro-structure property of 
asphaltenes based on computing the dimensions of the unit cell [31,44]. 
It is known that the XRD patterns of crude oil asphaltene consists of four 
major peaks appear over the 2θ region at around 20◦ , 25◦ , 40◦ and 80◦ : 
the first two peaks related to γ-band and graphene (002)-band, corre
sponding to the distance between the saturated chains and space be
tween the stacked aromatic sheets respectively [19], and the last two 
peaks come from the in-plane aromatics structure, which are identified 
as 10-band and 11-band,corresponding to the average size of aromatic 
sheet [17,45], as shown in Fig. 1.

This work will determine a full set of crystallite parameters of KEC 
asphaltene after BM using XRD. The structural behaviour as a function of 
different milling times will be analysed and discussed for the first time in 
comparison to thermally treated asphaltene samples. Revealing 
asphaltene structural behaviour under diverse stresses should help re
fineries and downstream sectors developing optimal processing for 
heavy and extra-heavy crude oil. Moreover, the findings of this work will 
demonstrate the effects magnitude between mechanical and thermal 
stress on asphaltene structural parameters. This also should provide 
insights into effective methods of asphaltene valorisation.

Nomenclature

KEC Kuwait Export Crude
BM Ball Milling
γ-band Spacing between aliphatic layers
002-band Spacing between core aromatic layers
dm Layer distance between the neighbouring aromatic 

sheets
dy Distance between neighbouring aliphatic chains 

including saturated rings
La Average diameter of the core aromatic sheets
Lc Height of stacked aromatic sheets per cluster
NOar Average number of aromatic rings per sheets
M Number of aromatic sheets per stacked cluster
Cau Number of carbon atoms in the aromatic unit
fa Aromaticity index of asphaltene molecules
AR Atmospheric residue
VR Vacuum residue
x Heteroatoms as single atom or in their associated 

functional group

Fig. 1. The position of the four diffracted asphaltene bands (a) and planes 
(b) [45].
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2. Methodology

2.1. Asphaltene sampling and processing

2.1.1. Asphaltene sampling
Asphaltene samples were separated and collected from Kuwait 

Export Crude (KEC) oil based on the IP 143/90 (ASTM D6560) standard 
[46]. With a ratio of 30 mL liquid n-heptane to each 1 g of KEC crude oil, 
1.5 L of pre-heated n-heptane solution at 67 ◦C was mixed with 50 g of 
KEC sample. The mixture was stirred for 2 h then left over night to allow 
the sedimentation of solid asphaltenes particles at the bottom of the 
formed solution. A filtration system using Whatman paper (8 μm 
Whatman) was constructed to separate asphaltene from the solution. 
Asphaltene particles were deposited on the paper surface, whereas the 
maltenes are collected at the bottom of flask.

The filter paper was then washed using Soxhlet method to remove 
any remaining maltenes from the collected asphaltenes. Liquid n-hep
tane was used for one day till the maltenes were completely removed, 
followed by liquid toluene to separate the asphaltene from the filter 
paper. Eventually, the collected toluene- asphaltene solution was placed 
inside oven that operated at around 100 ◦C and left for about one day 
inside the fume hood till complete evaporation of toluene. The resultant 
asphaltene was collected in form of aggregated black-shinny particles 
using lab stainless steel micro spatula. Around 1.35 g of asphaltene was 
recovered for each 50 g of KEC crude oil sample. Table 1 shows the 
general elemental property of the KEC asphaltene sample.

2.1.2. Ball milling of asphaltene samples
Around 5 g of the KEC asphaltene sample was charged into the 220 

mL stainless steel hardened vial together with 50 tool-steel balls (4 g 
each ball with 10 mm in diameter), at 40:1 ball-powder weight ratio. 
The system was sealed under atmospheric conditions, then was mounted 
on high energy planetary ball mill (Retsch PM 400, Germany). The BM 
process was carried out at room temperature for 30 min, 1 h, 3 h, 6 h, 12 
h and 24 h of milling times at 300 RPM. At each run, the vial was un
sealed inside a fume hood to collect about 50 mg of the milled sample.

2.1.3. XRD tests of KEC asphaltene
XRD analysis of each KEC asphaltene sample was conducted to 

quantify the impact of ball milling on its crystallite parameters. The 
apparatus (Rigaku-SmartLab, Japan) was operated with CuKα (λ 
=1.5405 Å ) using 9 kW Intelligent X-ray diffraction, the scanned pat
terns of 2θ range was selected in-between 5◦ to 90◦ at 0.05 step size with 
2 min-1 s/step. After obtaining the diffracted patterns of each sample, 
the baseline was corrected and subsequently deconvoluted into Lor
entzian curves to extract the characteristic peaks information including 
the area, intensity and positions, as well as the full width at half 
maximum and interplanar distance [47]. To ensure that the derived 
crystallite parameters are as accurate as possible, both the baseline and 
profile fitting were corrected and measured three times to achieve a high 
coefficient of determination (R2 ≈ 0.99).

2.2. XRD data processing

Molecular architecture provides an insight into the structural change 
of crude oil asphaltene during upgrading process. In x-ray diffraction, 
the positions of the diffracted peaks alongside their intensity provide a 
specific information about the unite cell such as height, sheets diameter 

and inter-lamellar distance as well as aromaticity [48]. Basically, the 
XRD pattern of crude oil asphaltenes consists of four major bands. These 
bands are the γ-band, graphene (002), 10-band and 11-band, which are 
diffracted over 2θ region at around 20◦ , 25◦ , 40◦ and 80◦ respectively. 
Fig. 2 reveals the detected peaks position of KEC asphaltene sample. The 
first two bands (γ and 002) correspond to the distance between the 
saturated sidechains including the condensed saturated rings and dis
tance between the stacked aromatic sheets respectively [12]. While, 
both 10 and 11 bands are scattered from the in-plane structure of aro
matic core, which represent the average diameter and neighbours’ ar
omatic layers [31]. It is known that the intensity of 11-band is often too 
weak and difficult to detect, thus the 10-band is commonly used to 
calculate the average aromatic sheet diameter [45]. (See Fig. 3.)

Several studies have developed a set of theoretical equations prior to 
obtain the crystallite parameters and aromaticity, a more detailed 
explanation of the equation is described elsewhere [17,19,49–51]. 
Resolving the peaks of both γ-band and 002-band (graphene) derived 
from the XRD, allows calculating the area of each peak. Which subse
quently can be used to determine the aromaticity from the structural 
unit of asphaltene using the equation as following: 

fa = CA
/
(CA +CS) = CA

/
C = A(002)

/(
A(002) +A(γ)

)
(1) 

where CA, Csand C are the number of aromatic, saturated and total 
carbon atoms per structural unit respectively. It worthwhile to mention 
that fa represent only the total aromatic carbon per stacked cluster that 
associated with 002-peak, which does not account for other aromatic 
carbon contribute to the γ-peak such as condensed naphthenic rings 
[48]. As a result, the value of fa derived via XRD doesn’t provide an 
accurate measurement of the true aromaticity value. Nonetheless, there 
are other techniques, such as NMR, can be utilised to determine the true 
aromaticity value of asphaltene molecular structure [10,48,52].

Based on the maximum of the graphene band, the Bragg relation is 
used to calculate the layer distance between the neighbouring aromatic 
sheets according to the following equation: 

dm = λ
/(

2sinθgraphene− band
)

(2) 

where λ is the wavelength of CuKα radiation and θ represents the Bragg’s 

Table 1 
General properties of KEC asphaltene.

Proximate analysis % Ultimate analysis % KEC Composition %

Volatile Fixed carbon Ash C H N S O H/C Asphaltene Maltenes

53 43.7 3.3 80.29 7.54 0.81 9.89 1.47 1.13 2.75 97.24

Fig. 2. X-ray diffraction pattern of KEC asphaltene.
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angle of 002-band [53]. The distance between the saturated fragments 
(inter layer distance) including the aliphatic sidechains and saturated 
rings is measured from the γ-band according to: 

dγ = 5 λ
/(

8sinθγ− band
)

(3) 

where θγ is the Bragg’s angle of γ-band [24]. The aromatic sheets 
average diameter is calculated from the following equation: 

La = 1.84λ/(ωcosθ10− band) = 0.92/FWMH10− band (4) 

where θ10 is the Bragg’s angle of 10-band, while both FWMH10− band and 
ω represent the full width at half-maximum of the 10-band and band
width respectively [31]. The number of carbon atoms in the aromatic 
unit is calculated as following: 

Cau = La +1.23/0.65 (5) 

The average height of stacked aromatic sheets per cluster is given by 
the following relation: 

Lc = 0.9ωcosθgraphene− band = 0.45
/
FWMHgrapgene− band (6) 

FWMHgrapgene− band is the full width at half-maximum of the 002-band 
[19]. The number of stacked aromatic sheets per cluster is determined as 
follows: 

M = (Lc/dm)+ 1 (7) 

The average number of aromatic rings per sheets is given as follows 
[54]: 

NOar = La/2.667 (8) 

Lorentzian distribution is a profile fitting (de-convolution) model 
which involves a set of mathematical equations that are used to generate 
the expected shape of XRD profiles. This technique based on utilising the 
Levenberg-Marquardt nonlinear last-squares algorithm, which allows a 
better description of the profile parameters including peak position and 
intensity as well as line broadening [57]. As a result, the intensity, po
sition, width, and FWHM as well as net areas of the peaks can be 
accurately measured. Fig. 4 reveals the de-convolution for the KEC 
asphaltene sample. Subsequently, the obtained parameters are 
substituted into eqs. (1–8) to determine the crystalline parameters of the 
sample. A detailed description of the profile fitting procedure for the X- 
ray patterns of petroleum asphaltene can be found elsewhere 
[45,53,58]. It worth mentioning that the baseline correction is essential 
for determining the sample independent parameters more accurately. As 
mentioned previously, both baseline and profile fitting were corrected 
and measured three times to attain high coefficient of determination (R2 

≈ 0.99) prior to ensure accuracy of the derived crystallite parameters.

Fig. 3. Hypothetical illustration of the crystallite parameters dimensions in an asphaltene cluster (island model) [55,56].

Fig. 4. XRD pattern of KEC asphaltene sample with curve fitting using Lorentzian distribution after adjusting the baseline.
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Fig. 5. XRD patterns of the ball milled KEC asphaltene samples with curve deconvolution using Lorentzian functions.
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3. Results and discussions

3.1. The influence of mechanical stress on crystal geometry

The X-ray measurement of the ball milled KEC asphaltene samples 
with their de-convoluted profiles using Lorentzian destitution are shown 
in Fig. 5. The determined structural parameters of the virgin KEC 
asphaltene sample (0 h) were compared to those calculated by AlHu
maidan et al [33], whom studied the same asphaltene origin (KEC). The 
results were in a good agreement with their published data. After 30 min 
of BM, the value of aromatic sheet’s layer distance (dm) was increased 
from 3.6 ̊A to 3.9 ̊A. The value was further increased about 0.1 ̊A after 3 
h. However, it remains constant at 3.9 Å throughout the BM experi
mentations. Although ball milling taking a place at ambient condition, 
the dm value was considerably changed from 3.6 ̊A to 3.9 ̊A after 24 h of 
milling time.

Similarly, the distance between saturated sidechains (dγ) was also 
influenced after using BM, with a 0.25 Å increment on average, see 
Table 2. Additionally, when compared to virgin asphaltene (Fig. 4), the 
scattered pattern of γ-band revealed considerable alterations as milling 
times increased. For instance, it was observed that the 1 h sample, and 
the subsequent BM samples, exhibited weak γ-band intensities, accom
panied with a slight shifting in the band position as shown in Fig. 5. The 
results indicates that the applied mechanical stress induced crystal de
fects in the structural compounds related to the γ-band, leading to 
changes in their molecular geometry.

The average of the aromatic sheets’ diameter (La) raised to 20 ̊A for 
the 30 min sample, while both 1 h and 6 h samples have nearly the same 
influence of the 30 min sample. However, the La value decreased to 14 Å 
and 13 Å for the 3 h and 12 h samples respectively, while the 24 h 
sample matched the original value (0 h). Which suggested that short 
milling period is more selective toward increasing the in-plane struc
tural property, which tends to decrease with longer milling times (e.g. 
from 6 h of ball milling and above). In addition, it was observed that the 
number of carbon atoms in the aromatic unit (Cau) almost follows the 
same behaviour as the La parameter

A significant reduction in the height of stacked aromatic perpen
dicular to the sheets plane (Lc) was observed after 30 min of milling 
times, the Lc value was decreased to 9.7 Å, corresponding to a 61% 
reduction. The number almost remains constant from 1 h till 6 h with 
average Lc value of 9.7 Å, but begins to slightly decrease to 9.3 Å with 
higher milling times. On the other hand, the number of stacked aromatic 
sheets per cluster (M) also showed a major reduction that is proportional 
to Lc value. Where the M value was decreased to 3.5 for the 30 min 
sample, then became 3.5 and remained unchanged as the milling time 
further increases up to 6 h. However, the value was decreased to 3.2 for 
the 24 h sample. These results indicated that short ball milling prompts a 
scission of the aromatic core, splitting it into two or three nanoclusters 
with average of ≈ 3 stacked aromatic sheets per cluster, while longer 
milling times do not have much effect. It is therefore suggested the 
mechanical interaction of ball-powder-ball would play a major role in 

re-defining the core dimension of the aromatic structure at molecular 
level regardless of the input heat.

Additionally, the number of aromatic rings per sheets (NOar) wasn’t 
drastically affected during the BM experimentations. It was noticed that 
the average number of NOar is 6.7 and 6.4, respectively at low and high 
milling time. It is worth noting that mechanical inducement using ball 
milling technique has shown the ability of modifying the molecular 
structure of the KEC asphaltene, without requiring of a heating source.

3.2. Asphaltene crystallinity

A change in asphaltene crystallinity after being exposed to BM was 
also assessed using XRD. As seen in Fig. 5, the background noise level 
(baseline) is getting greater as BM times increase, indicating of pro
ducing more disorganised arrangement of asphaltene molecules in form 
of amorphous phase [44]. Further, both of 002-peak and 10-peak were 
shifted after 24-h of BM, which were identified at around 23.9◦ and 
43.7◦ respectively (see Fig. 5, 24-h sample). The peaks shift was attrib
uted to the alteration among the lattice parameters in asphaltene crystal, 
indicating of phase transition into amorphous carbon of different ranged 
order [39].

Similarly, the Interlayer spacing between the neighbouring aromatic 
sheets (dm) was increased about 0.35 Å after BM (Table 2). Although, 
thermal expansion increases the layer distance which would lead to 
increase the active site for foreign heteroatoms [59] (i.e., intercalation), 
the average dm value of various thermally treated asphaltenes is 3.5 Å 
roughly [31], whereas the determined value after BM experimentation is 
3.9 Å. Therefore, it is suggested that the mechanical stress induced lat
tice imperfection, resulting in disturbing the atomic arrangement of the 
aromatics layer [60]. To elaborate the influence of dm value in the 
crystallinity of asphaltene, the Interlayer spacing of pure graphite 
ranging from 3.36 to 3.37 Å [61], which is lower than those values of the 
ball milled samples 3.9–4.0 Å. Thus, it is clearly evident that asphaltene 
crystallinity has decreased significantly.

Although, the proposed aromaticity equation (1) doesn’t represent 
the true aromaticity value of asphaltene, the great increment in the fa 
value (Fig. 6) suggested that the milled sample experienced several 
chemical transformations: dissociation and fragmentation followed by 
cyclisation and polymerisation (aromatisation), as well as a physical 
separation of the stacked aromatic sheets per cluster caused by the 
clusters splitting. As seen from Fig. 6, the change in the aromaticity 
value is linked with a substantial change in the M value. However, 
describing the crystal breaking and alignment mechanism based on 
analysing the aromaticity value is limited. Therefore, the transformation 
mechanism will be explained in the following section.

Other study found that asphaltene contain a considerable proportion 

Table 2 
Crystallite parameters derived from the XRD patterns of BM KEC asphaltene.

Ball milling Crystallite parameters

Time dm 

(Å)
dy 

(Å)
La 

(Å)
Lc 

(Å)
M NOar Cau

0 h 3.6 5.5 16 24.6 8.0 6.8 27
30 min 3.9 5.7 20 9.7 3.5 7.4 32
1 h 3.9 5.8 20 9.6 3.5 7.5 33
3 h 3.9 5.8 14 10.0 3.5 5.0 23
6 h 4.0 5.8 18 10.0 3.6 7.0 30
12 h 3.9 5.7 13 9.2 3.3 6.4 23
24 h 3.9 5.7 16 9.3 3.2 6.5 26

Fig. 6. Aromaticity of KEC asphaltene as function of up to 24 h of BM.
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of ordered materials in form of amorphous carbons, that start getting 
changed in the temperature ranges of 70 to 170 ◦C [62]. Therefore, the 
energy generated from the continuous balls collisions (i.e., sheer force) 
during longer milling period can promote a phase change in the crystal 
structure of asphaltene. Subsequently, resulting in generating or 
increasing the proportion of highly disordered materials of short or 
medium range order [44].

3.3. Transformations mechanism during Ball milling

Several changes were observed in asphaltene’s molecular structure 
during different stages (periods) of BM. Two mechanisms were pro
posed: physical scissoring and chemical transforming, which are illus
trated accordingly in Fig. 7. In the former, a clusters separation can be 
observed at earlier stages of the BM experimentation, in particular 30 
min and 1-h samples. As seen in Table 2, the number of carbon atoms in 
the aromatic unit (Cau) increased despite the reduction of the aromatic 
sheets number per cluster (M). This suggested an interaction between 
the unpaired surface (fresh active site) of the aromatics layer with the 
neighbouring aliphatic chains, leading to a considerable increase in the 

average carbon atoms within the unit cell. Also, the rapid (abnormal) 
rise in the graphene-peak’ intensity after 30 min of BM can only be 
attributed to the massive accumulation of aromatic carbons of 3.5 sheets 
caused by cluster splitting, which disturbing the arrangement of the 
peripheral carbons as indicated from the XRD profile of γ-band after 
earlier stages of BM.

In the latter, the transition of aliphatic side chains into aromatic 
carbons and vice versa can be observed by tracking the associated XRD 
profile parameters of γ-band. The continuous alternating of γ-band 
during BM experiments indicates that the chemical transformation is 
heterogeneous. For instance, both the intensity and area under curve 
started increasing gradually as seen from XRD profile (Fig. 5) of sample 
30 min to 12 h, corresponding to a considerable change in the M and Cau 
values from 3.5 and 32 to 3.3 and 23 respectively. It is suggested that the 
carbon rings that less stably attached to the aromatic layer edge expe
rienced an edge fictionalisation that leads to open the aromatic ring, 
which can be evident from the reduction in the fa value from 73.4 to 
63.6, see Fig. 6. It was reported that BM mechanically breaks C–C bonds 
within graphite layers, producing unsaturated graphene flakes with 
highly reactive edges [63].

Fig. 7. Hypothetical Illustration of asphaltene crystal breaking and alignment during BM.
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However, the reduction in the γ-band intensity as BM severity in
crease at later stages of (24 h sample) suggested a formation of cyclic 
fragments of more stable phase, mainly graphene basal plane, by 
combining the loosened carbon rings and the aliphatic chains. The 
chemical transformation (aromatisation) during BM was also observed 
in other studies. It was found the aromatic content of oily sludge 
increased from 30.0 to 38.0% after longer BM times [40]. According to 
Timko and his group, the amount of side chains fragments decreases 
with increase in graphitization during ball milling of hydrothermal char. 
It was found that the loosened aliphatic bonds form a site bearing the 
free radicals, then recombine to form aromatic ring [64].

It’s important to mention that the average number of the aromatic 
sheets remains almost constant (≈3) throughout the BM experimenta
tion. According to this, the interaction of π–π core stacking might only 
account for three sheets per cluster, which was weakly coupled to other 
sheets of the same number. However, there has been much debate about 
the nature of the out-of-plane π–π core interactions [65].

3.4. Mechanical stress vs. heat stress

In light of the information obtained in Table 2, it appears that the 
impact of BM on the crystallite parameters is significantly different than 
that of heat treatment. For instance, Asaoka et al. studied the influence 
of catalytic hydrocracking in the crystal parameters of the feed and 
product for three various asphaltenes samples over 350 to 430 ◦C tem
perature range. It was found that the average values of Lc and M for 
Boscan crude, Athabasca bitumen and Khafji vacuum residue were 
around 19 Å and 6, respectively [20]. AlHumaidan et al [33], investi
gated the structural paraments of KEC asphaltene under several car
bonisation temperature up to 950 ◦C. Their study shows that at 600 to 
950 ◦C, the average Lc and M values are 17.7 Å and 6, respectively.

To illustrate the impact of mechanical and heat stress on crystallite 
parameters, the molecular revolutions of KEC asphaltene sample under 
mechanical and heat stress are summarised in Fig. 8. As the diagram 
shows, the aid of heat has not considerably altered the Lc value nor the M 
value, whereas these parameters were substantially reduced after using 
BM. Additionally, Ali et al [66], also investigated the crystallite pa
rameters of two asphaltene samples obtained from Kuwaiti oil. The 

determined Lc and M values for the AR -asphaltene were 16.6 Å and 6, 
while the VR-asphlatene were and 14.6 ̊A and 5, respectively. As a result, 
it can be observed that both Lc and M parameters are more sensitive to 
mechanical stress in comparation to heat stress. For better evaluation 
between the impact of mechanical stress against heat stress, an overview 
of the stacked aromatic sheets per cluster of different asphaltene origins 
over a wide range of thermodynamic states is summarised in Table 3.

4. Conclusion

This work demonstrated the influence of a mechanical BM on the 
crystallite paraments of KEC asphaltene. XRD was utilised to study the 

Fig. 8. Illustrates the molecular revolution of KEC asphaltene sample under mechanical and heat stress [32].

Table 3 
Aromatic sheets number per cluster originating from various origin of 
asphaltenes.

Asphaltene origin Process conditions M Ref

Temperature Time Before After

Boscan crude 6.5 6.6
Athabasca bitumen 360–430 ◦ C 0.2–1.5 h 5.7 6.0 [20]
Khafji VR 6.4 6.9
Gudao VR 165 ◦ C 5.0 h 5.8 5.2
Shanjiasi VR 5.4 5.2 [25]
Maya VR
Khafji VR 30–300 ◦ C – ~8.0 ~5.6 [67]
Iranian light VR
Kuwaiti VR 430 ◦ C – 5.0 5.0 [27]
KEC AR 6.0 7.0
KHC AR 412 ◦ C 7.0 h 5.0 7.0 [32]
EOC AR 7.0 6.0
Hyundai oil VR
Hydrothermal cracking 380–430 ◦ C 1.0–20.0 h 5.1 ~5.6 [68]
Catalytic Hydrothermal 

cracking
5.1 ~5.5

Hydrotreated AR 350 ◦ C 5.0 h 6.9 5.5
Hydrotreated blend AR +

LCO
6.9 4.9 [54]

Ratawi Burgan VR 5.0 ~4.5
Lower Fars VR 415–430 ◦ C 0.5–1.0 h 5.0 ~4.0 [48]
Eocene VR 5.0 ~4.0
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molecular structure behaviour over various milling times. The computed 
parameters indicate that the height of stacked aromatic sheets per 
cluster (Lc) was significantly reduced due to physical scission of the 
cluster. In turn, increases the content of aromatic carbons of 3 sheets per 
cluster (M). Moreover, as milling time increase, the γ-band is getting 
weak, owing to phase changes in the associated crystal structures. It is 
suggested that a number of the dissociated aliphatic bonds would form a 
site bearing the free radicals, some of which recombine to form con
densated rings whilst those loosened aliphatic chains re-distribute far 
from each other as evident by the considerable change in dγ value. This 
implies that the mechanical excitation will move saturated compounds 
closer to aromatic basal planes as sidechains or bridges (linkers). A high 
background intensity was observed in XRD profiles of 12 and 24 h 
samples. This is an indication of generating or increasing the proportion 
of highly disordered materials of short or medium range order. Although 
the aromaticity (fa) equation doesn’t represent the true aromaticity 
value, the significant increment in the value reveals that mechanical 
stress induces polymerisation and aromatisation. In addition, the results 
showed the core structural parameters (e.g., Lc and M) are more sensi
tive to mechanical stress over heat stress.

CRediT authorship contribution statement

Fahad Al-Ajmi: Writing – original draft, Validation, Resources, 
Methodology, Formal analysis, Conceptualization. Jun Li: Writing – 
review & editing, Supervision, Resources, Methodology.

Declaration of Competing Interest

Fahad Alajmi reports financial support was provided by Kuwait 
Institute for Scientific Research. If there are other authors, they declare 
that they have no known competing financial interests or personal re
lationships that could have appeared to influence the work reported in 
this paper.

Data availability

No data was used for the research described in the article.

Acknowledgments

The authors gratefully thank the Kuwait Institute for Scientific 
Research for their financial support to Fahad Alajmi. Also, the authors 
would like to thank Dr. Faisal AlHumaidan for his support throughout 
this research.

References

[1] T. Jiang, X. He, B. Su, P.H. Havea, K. Wei, Z.W. Kundzewicz, et al., COP 28: 
challenge of coping with climate crisis, Innovation 5 (1) (2024).

[2] Y. Dong, Q. Zhao, Y. Zhou, L. Zheng, H. Jin, B. Bawaa, et al., Kinetic study of 
asphaltenes phase separation in supercritical water upgrading of heavy oil, Fuel 
Process. Technol. 241 (2023 Mar 1).

[3] S. Ali, P.M. Ismail, M. Humayun, M. Bououdina, L. Qiao, Tailoring 2D metal- 
organic frameworks for enhanced CO2 reduction efficiency through modulating 
conjugated ligands, Fuel Proces Technol [Internet] 255 (2024 May 1) 108049 
[cited 2024 Feb 8]. Available from, https://linkinghub.elsevier.com/retrieve/pii 
/S0378382024000195.

[4] E.Y. Kovalenko, N.N. Gerasimova, T.A. Sagachenko, R.S. Min, Y.F. Patrakov, 
Characteristics of products of thermal decomposition of heavy oil asphaltenes 
under supercritical conditions, Energy Fuels. 34 (8) (2020 Aug 20) 9563–9572.

[5] F.S. Alhumaidan, A. Hauser, M.S. Rana, H.M.S. Lababidi, Impact of thermal 
treatment on asphaltene functional groups, Energy Fuels 30 (4) (2016 Apr 21) 
2892–2903.

[6] L. Yuan, Y. Zhang, S. Liu, Y. Zhang, Y. Song, Investigation of the effect of CO2 on 
asphaltene deposition and flow mechanism under nano-confined environment, 
J. Mol. Liq. 396 (2024 Feb 15).

[7] J.J. Li, Gz Deng, Xd Tang, Jw Wang, C. Yang, Sh. Ling, The effect of chlorella 
hydrothermal products on the heavy oil upgrading process, Fuel Process. Technol. 
241 (2023 Mar 1).

[8] T.V. Cheshkova, V.P. Sergun, E.Y. Kovalenko, N.N. Gerasimova, T.A. Sagachenko, 
R.S. Min, Resins and asphaltenes of light and heavy oils: their composition and 
structure, Energy Fuels. 33 (9) (2019 Sep 19) 7971–7982.

[9] A. Hauser, F. Alhumaidan, H. Al-Rabiah, NMR investigations on products from 
thermal decomposition of Kuwaiti vacuum residues, Fuel 113 (2013 Nov 1) 
506–515.

[10] H.M.S. Lababidi, H.M. Sabti, F.S. Alhumaidan, Changes in asphaltenes during 
thermal cracking of residual oils, Fuel 117 (PART A) (2014 Jan 30) 59–67.

[11] J.G. Speight, R.B. Long, The concept of asphaltenes revisited, Fuel Sci. Technol. Int. 
[Internet]. 14 (1–2) (1996 Jan 1) 1–12. Available from: https://doi.org/10.108 
0/08843759608947559.

[12] O.C. Mullins, H. Sabbah, J. Eyssautier, A.E. Pomerantz, L. Barré, A.B. Andrews, et 
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