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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• First successful method to stabilize gra-
phene derivatives in bitumen. 

• Solution to overcome adsorption of 
asphaltene aggregates on graphene 
derivatives. 

• Asphaltene nanoaggregates and resins 
used to stabilize graphene derivatives. 

• Toxic-free, environment-friendly solu-
tion with ability to improve the prop-
erties of bitumen.  

A R T I C L E  I N F O   

Keywords: 
Non-covalent functionalization 
Graphene 
1-pyrene butyric acid 
Molecular wedging 
Asphaltene aggregates 
XPS 
SAXS 
DSC 

A B S T R A C T   

Graphene derivatives have been seen as an additive to improve the material properties of bitumen, such as 
thermal conductivity, viscoelasticity, and mechanical strength. However, in our previous work, a critical chal-
lenge was identified. When graphene derivatives are incorporated into bitumen, it leads to detrimental effects. 
This is due to the poor phase compatibility of graphene derivatives with asphaltene aggregates, the intrinsic 
aggregates that give bitumen its characteristic properties. In this work, we focus on tailoring the surface 
chemistry of graphene, thorough non-covalent functionalization, to achieve phase compatibility with asphaltene 
aggregates. In addition, the work also focuses on stabilizing this functionalized graphene in bitumen. To achieve 
this, the graphene was functionalized with -COOH tethers by the Molecular wedging method. Thereafter, the 
same molecules that form the asphaltene aggregates were used to stabilize the functionalized graphene by 
embedding the -COOH tethers in the asphaltene aggregates. As a result, graphene functionalized by this strategy 
was observed to be stable in bitumen and phase compatible with asphaltene aggregates. Thus, a successful 
environment-friendly strategy was developed to utilize the potential of graphene to improve the material 
properties of bitumen.  

Abbreviations: GO, graphene oxide; DBSA, dodecylbenzene sulfonic acid; 1-PBA, 1-pyrene butyric acid; DSC, differential scanning calorimetry; SAXS, small-angle 
X-ray scattering; DLS, dynamic light scattering; XPS, X-ray photoelectron spectroscopy; ASTM, American Society for Testing and Materials; RTFOT, rolling thin-film 
oven test. 
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1. Introduction 

Bitumen, a crude oil derivative, is a highly viscous colloid that 
consists of four molecular fractions of molecules [1–3]. These are satu-
rates, aromatics, resins, and asphaltenes, which together are called 
SARA fractions [1–3]. The most important molecular group amongst this 
is asphaltenes due to their influence on the structure and function of 
bitumen [2–11]. Asphaltenes are complex poly-aromatic hydrocarbons 
that form the solid fraction of bitumen. While they are highly studied, 
the definite structure of asphaltenes is still debated [5–11]. However, 
these molecules are inferred to have an average size of 7 aromatic rings, 
with a nearly 50% structural ratio of aromatic to alicyclic and 
open-chain aliphatic [11]. 

In bitumen, asphaltenes are often predicted to be in a low-energy 
state. The low-energy state of asphaltenes is called the asphaltene 
nanoaggregates [10,11]. The asphaltene nanoaggregates are formed 
through the mutual interaction of the asphaltenes [10,11]. They have an 
approximate size of 2 nm, i.e., less than 10 stacked molecules, see  
Table 1. Thereafter, the four molecular fractions in bitumen interact to 
form non-isodiametric aggregates, called asphaltene aggregates [1–3, 
12]. These structures are formed when asphaltene nanoaggregates 
interact with resins. Resins are semi-solid and less polar than asphal-
tenes and act as surfactants in bitumen [2,3,12–17]. As a surfactant, tails 
of resins in an asphaltene aggregate extend into the surrounding satu-
rates and stabilize asphaltene aggregates. In addition, these tails 
contribute to steric stabilization and interaction between the asphaltene 
aggregates [1–3,12–17]. These asphaltene aggregates give bitumen its 
colloidal structure [10]. Moreover, the asphaltene aggregates can 
mutually interact to form larger cluster structures over time [10,11]. In 
this study, the clustered structure is called a ’’network structure’’. 

Due to its colloidal structure, bitumen has poor thermal conductivity 
[1]. Furthermore, its complex molecular structure makes it highly sus-
ceptible to weather (e.g., temperature and moisture change) and can 
undergo heavy structural damage due to cyclic loading [1–3,10]. To 
augment the material properties of bitumen and improve durability, 
nanoparticles, such as graphene derivatives, have been suggested as an 
excellent additive [18–31]. This is due to their desirable properties, such 
as extremely high thermal conductivity and mechanical strength. 
However, as shown in our previous study, incorporating graphene de-
rivatives into bitumen can cause the asphaltene aggregates to irrevers-
ibly adsorb onto the graphitic surface [32]. Thus, negatively impacting 
the colloidal structure and the function of bitumen. Furthermore, the 
adsorption occurs due to i). hydrogen bonding between the graphene 
derivatives and asphaltene nanoaggregates [33], ii). acid-base in-
teractions between the graphene derivatives with oxygenated groups, 
such as graphene oxide (GO) and the heteroatomic functional groups on 
resin and the asphaltene nanoaggregate [33–37], and iii). π-π in-
teractions between the polyaromatic structures of the asphaltene 
nanoaggregates and the hexagonal carbon structure of graphene de-
rivatives [33–36]. After the irreversible adsorption, all the solid phases 
in bitumen precipitate. Thus, it was evident that graphene derivatives 
(such as GO) are detrimental to the asphaltene aggregates and, thereby, 
the properties of bitumen [32]. Therefore, their interaction must be 
modified to overcome the structural instability of asphaltene aggregates 
due to the graphene derivatives (such as GO), and instead, form a 
phase-compatible structure with each other that will contribute to the 
properties of bitumen. The potential strategy to achieve such a 
phase-compatible structure is discussed in this work. 

To develop such a phase-compatible structure in bitumen, in this 
study, graphene was functionalized by the Molecular wedging method, 
in which 1-pyrene butyric acid (1-PBA) was non-covalently attached to 
the graphene surface [38–46]. See Table 2 for an illustration and defi-
nition of the graphene structure and the overview of the terminologies 
for different states/length scales of the functionalization. The butyric 
acid groups (hereafter called the -COOH tethers) attached on the surface 
are expected to interact with the heteroatoms on asphaltene 

nanoaggregates and resins. Following this interaction, the asphaltenes 
and resins will form asphaltene aggregates at the -COOH tethers, see 
Table 1. This form of asphaltene aggregates, with -COOH tethers 
embedded in them, are called tethered asphaltene aggregates. This novel 
hybrid structure in which the tethered asphaltene aggregates stabilize 
the PBA-graphene is called the PBA-graphene ensemble. The 
PBA-graphene used in this study is produced by non-covalent func-
tionalization. This functionalization strategy will retain the sp2 hy-
bridized state of graphene to a large extent [38–46]. Graphene is highly 
thermally and electrically conductive due to its sp2 hybridized state 
[38–46]. Thus, maintaining the sp2 hybridized implies that 
PBA-graphene is expected to retain many material properties from the 
pristine graphene while being able to interact with molecules in bitumen 
(unlike pristine graphene, which is inert) [38–46]. 

The PBA-graphene ensemble developed in this study is predicted to 
be stabilized by the tethered asphaltene aggregates. Thus, the tethered 
asphaltene aggregates (on the PBA-graphene ensemble) are expected to 
behave like the ordinary asphaltene aggregates in bitumen. The stability 
of the asphaltene aggregates is a highly studied subject [47–74], and it 
has been shown that asphaltene aggregates precipitate in crude oil/-
bitumen with increased concentrations of short-chain alkane like 
n-hexane [2,3,47–68]. In the presence of n-hexane, the tails of resins (on 
the asphaltene aggregates) will condense, causing a reduction of its 
steric stability. This, in turn, affects the stability of the asphaltene ag-
gregates. As the concentration of n-hexane is increased, these tails will 
eventually collapse onto the asphaltene aggregates resulting in floccu-
lation and precipitation [69–73]; see Fig. 1. The tethered asphaltene 
aggregates on the. 

PBA-graphene ensemble, developed in this study, is expected to 
behave similarly in the presence of n-hexane. 

Various models, such as the Flora Huggins parameter [74], the sol-
ubility parameter [75], and the Coil-Globule transition [76], have been 
used to explain the process leading to flocculation and precipitation. In 
addition, numerous experimental techniques, such as microscopy, 
spectroscopy, rheometry, and titration studies, have also been used to 
investigate the precipitation of asphaltene aggregates [74]. However, 
the precise mechanism of the induced precipitation kinetics in the 
presence of n-alkanes is not well understood. Nevertheless, it has been 
concluded that the precipitation behavior depends on factors such as the 
solvent, solvent-aggregate interaction kinetics, viscosity of the system, 
observation time, temperature, and type of asphaltene nanoaggregates 
[2–4,47–57,68–74]. By comparing the stability of the PBA-graphene 
ensemble with the asphaltene aggregates in the presence of n-hexane, 
it is possible to investigate the influence of the tethered asphaltene ag-
gregates on the stability of the PBA-graphene ensemble [74]. 

This implies that this study focuses on:  

1. The development of a novel hybrid colloidal structure of the PBA- 
graphene ensemble.  

2. The influence of tethered asphaltene aggregates on the stability of 
the PBA-graphene ensemble.  

3. A solution to overcome the detrimental effects observed by the 
introduction of graphene derivatives (such as GO) in bitumen [32]. 

In this study, a simplified representation of bitumen called the 
asphaltene aggregate system is used [32]; refer to Table 1. It has a fixed 
volume of asphaltene nanoaggregates, surfactants, and saturates. The 
fixed volume of the molecular groups helps study the interaction of the 
PBA-graphene and the asphaltene aggregates more accurately. Unlike 
the asphaltene aggregate system, in bitumen, the volume fractions of the 
4 molecular groups can vary due to many internal and external factors. 
Further, the surfactant 4-dodecylbenzene sulfonic acid (DBSA) was used 
instead of resins to stabilize the asphaltene nanoaggregates [47–57]. 
DBSA has an alkyl aryl sulfonate head and a 12-carbon tail [47–57]. The 
simple chemical structure and high efficiency of DBSA in stabilizing 
asphaltene aggregates in bitumen, have made DBSA a popular surfactant 
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Table 1 
Description of the states of asphaltene used in this study and the illustrations of the corresponding structures.  

noitartsullInoitinifeDelpmaS

Asphaltene Molecular state of the 
asphaltene 
(1 molecule).

Asphaltene 
nanoaggreg
ate 

Low energy state of 
asphaltene, when 
extracted from crude 
oil ( less than 10 
stacked asphaltenes)

Asphaltene 
aggregate

Stable aggregates of 
asphaltene 
nanoaggregates in the 
saturates, formed with 
the use of surfactants 
such as resins or 
DBSA.

Asphaltene 
aggregate 
system

A simplified model 
system used in this 
study. It contains 
asphaltene aggregates 
dispersed in saturates 
[32].

Tails of resins

Asphaltene 
nanoaggregate 

core

Stacked structure 
of asphaltene
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Table 2 
Description of the states of graphene used in this study and the illustrations of the corresponding structures.  

noitartsullInoitinifeDelpmaS

Graphene The graphene that was 
received from the 
supplier 

PBA-
graphene 

Graphene that was 
functionalized using 
the Molecular wedging 
method and has -
COOH tethers on the 
surface.

PBA-
graphene 
ensemble

Novel hybrid structure 
with PBA-graphene 
(core) that has tethered 
asphaltene aggregates 
attached to it via the -
COOH tethers and is 
stable in saturates

PBA-
graphene 
system 

A simplified model 
system used in this 
study and is equivalent 
to PBA-graphene 
incorporated bitumen. 
It contains the PBA-
graphene ensemble 
and all possible 
structures formed by 
the interaction between 
the different chemical 
constituents used to 
develop the system.

Tethered asphaltene 
aggregates

PBA-graphene

-COOH tether

Sterically bound 
asphaltene aggregates
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and a replacement for resins, (which are known to be chemically com-
plex) [47]. Thus, DBSA is widely utilized as a surfactant for asphaltene 
nanoaggregates both in industry and academia [47–57]. Lastly, the 
system studied in this work that comprises of the PBA-graphene 
ensemble (and all possible structures formed by the interaction be-
tween the chemical constituents, i.e., PBA-graphene, asphaltene nano-
aggregates and DBSA, in saturates) is called the PBA-graphene system, 
see Table 2. The PBA-graphene system is a simplified representation of a 
PBA-graphene incorporated bitumen, similar to how the asphaltene 
aggregate system is a simplified representation of bitumen. 

Finally, to investigate the structure, structure development and sta-
bility of the model systems, several instrumental techniques, such as 
dynamic light scattering (DLS), small angle X-ray scattering (SAXS), 
transmission light spectroscopy, and rheology were used. From the re-
sults, it is concluded that the structure and stability are dependent on the 
number of the -COOH tethers available on the surface of the PBA- 
graphene and that the shape of graphene (dot, ribbon, sheet), and the 
number of functionalized sites (-COOH tethers) determine the final 
shape of each PBA-graphene ensemble. Furthermore, both the asphal-
tene aggregates and the PBA-graphene ensemble are stabilized by the 
dodecyl tails of the DBSA. In addition, the results show that both the 
asphaltene aggregate system and the PBA-graphene system display a 
similar behavior with increasing temperature, flow, and in the presence 
of short-chain alkane. Thus, by non-covalently functionalizing gra-
phene, by the Molecular wedging method, the detrimental effect of 
graphene derivatives on bitumen is overcome; and a phase compatible 
graphene was developed. 

2. Materials 

Graphene (M-grade XGnP) was purchased from XGScience. The ‘as 
received’ nanoplatelets (graphene), has a surface area of 120–160 m2g- 

1, a thickness of 6–8 nm, a density of 2.2 kgcm-3, and a diameter of 
25 µm. The supplied XGnP has an oxygen and residual sulfur content of 
less than 1 and 0.5 elemental%, respectively [77]. The asphaltene 
nanoaggregates were extracted from the bitumen supplied by Skanska 
AB (Sweden), for more details see elsewhere [32]. DBSA, analytical 
grades n-heptane (99.9%), n-hexane (99.9%), toluene (90%), ethanol 
(99%) and 1-PBA, were purchased from Sigma Aldrich. The 60 R Group I 
Baseoil was obtained from Chevron and was used as the saturates. 

2.1. Preparation of the asphaltene aggregate system 

Before extracting the asphaltene nanoaggregates from bitumen, the 
asphaltene content in bitumen was increased by the rolling thin-film 
oven test setup (RTFOT) [78]. The extraction of asphaltene nano-
aggregates was performed according to the American Society for Testing 
and Materials (ASTM) D-2007–80 standard [79]. As a first step, n-hep-
tane was added in a ratio of 100 ml to 1 g of bitumen and placed in a 
flask, in a silicon oil bath, on a heating/magnetic steering plate. A 
Dimroth reflux condenser, connected to a water supply with appropriate 
pressure, was placed on top of the flask and then the entire setup was 
sealed using clamp. The solution was then heated to 95 ◦C and steered 
for 1 h before it was turned off. The solution was thereafter poured into 
30 ml conical centrifuge tubes and centrifuged at 4000 rpm for 5 min 
using a Sigma 4–16 centrifuge. Finally, the solution was decanted, and 
the precipitate was air-dried for 24 h to ensure that the extracted ma-
terial was completely dry of any solvent. 

Thereafter, a colloidal precursor was prepared by dispersing 0.5 ml 
of DBSA in 10 ml of saturates (≈ 5 wt%). First, 5 mg of the extracted 
asphaltene nanoaggregates was dispersed in 1 ml of toluene. This 
dispersant was sonicated, centrifuged, and air-dried to remove any re-
sidual solvents under reduced pressure. The asphaltene aggregate sys-
tem used for the experiments was prepared by dispersing 5 mg of 
asphaltene nanoaggregates in 5 ml of the colloidal precursor, and 
vigorously shaken. Then sonicated for 15 min prior to the measure-
ments. See Fig. 2 and Table 3 for a more detailed description of the 
involved steps and weight fractions used for the sample preparation. 

2.2. Preparation of PBA-graphene 

Graphene was functionalized by the Molecular wedging method 

Fig. 1. A schematic illustration of the collapse of the dodecyl tail of DBSA on 
the asphaltene aggregate. a). The stable asphaltene aggregate in saturates. b) 
With the introduction of a precipitant such as n-hexane, the stability of the 
asphaltene aggregates is reduced. c). With further increase in the n-hexane 
concentration the tail of surfactant (such as the tail of resins) collapse and the 
asphaltene aggregates start to agglomerate, which in turn leads to flocculation. 
This eventually leads to the precipitation of the asphaltene aggregates in 
the system. 

Fig. 2. : A flow chart of the sample preparation of the asphaltene aggregate 
system and the PBA-graphene system. As shown in the figure, the PBA-graphene 
was synthesized from graphene, and asphaltene nanoaggregates were extracted 
from bitumen. The colloidal precursor was prepared from DBSA and saturates. 
The asphaltene aggregate system was prepared by dispersing the asphaltene 
nanoaggregates in the colloidal precursor and the PBA-graphene system was 
prepared by dispersing the PBA-graphene and the asphaltene nanoaggregates in 
the colloidal precursor. 

G. Induchoodan et al.                                                                                                                                                                                                                          
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[38–46]. Accordingly, 100 mg of graphene was dispersed in 50 ml 
methanol and sonicated for one hour to disperse the graphene flakes; 
following that, 16.5 mg of 1-PBA was added to the solution, and it was 
further sonicated for an hour. After this, 200 ml of double-distilled 
de-ionized water was added, and the solution was sonicated for 24 h 
at room temperature and thereafter centrifuged. Subsequently, the 
precipitate was decanted and redispersed in de-ionized water. The 
redispersed solution was further sonicated for 45 min, filtered, and 
rinsed. This process was repeated 3 times. The material was thereafter 
vacuum-dried at 60 ◦C to remove any residual water. 

The functionalized PBA-graphene was inspected for dispersibility 
and stability in water, as described in S1 of the supplementary infor-
mation (SI). Graphene is not dispersible in water, but, on the other hand, 
the graphene functionalized with 1-PBA (COOH group) should be water- 
soluble because COOH is water-miscible. The PBA-graphene and non- 
functionalized graphene were both visually inspected after dispersing 
in water, for 24 h, and it was confirmed that PBA-graphene was water 
dispersible, which provided a visual confirmation of the functionaliza-
tion (see Fig. S1 of SI). 

2.3. Preparation of the PBA-graphene system 

1 mg of the prepared PBA-graphene was dispersed in 10 ml methanol 
and sonicated for 45 min in a water bath at a constant temperature of 
20 ◦C. The solution was thereafter centrifuged at 4500 rpm for 5 min 
and decanted. This was repeated twice, and thereafter air-dried. To 
prepare the PBA-graphene system, a volume fraction of 10 wt% PBA- 
graphene was introduced into the asphaltene aggerate system and son-
icated for 10 min. A description of the involved steps and weight frac-
tions of the prepared PBA-graphene system is shown in Fig. 2 and 
Table 3, respectively. 

2.4. X-ray photoelectron spectroscopy 

To verify and characterize the adsorption of 1-PBA on the surface of 
graphene, the PBA-graphene was measured by a PHI5000 VersaProbe 
III- Scanning XPS microprobe. For the measurements a monochromatic 
Al source with an energy of 1486 eV and a beam size of 100 µm was 
applied. Since the PBA-graphene is expected to be non-conductive, a 
dual charge compensation of an argon ion gun (+ve) and an electron 
neutralizer (-ve) were used. Au4f7/2 (83.96 eV), Ag3d5/2 (368.2 eV) 
and Cu2p3/2 (932.6 eV) were used to align the XPS. The alignment was 
performed by measuring the sp2-hybridized carbon in graphene at 
284.5 eV. Narrow scans were performed to study the chemical state of 
carbon and oxygen. The measurements were performed with a step size 
of 1.0 eV. For a reference to the XPS spectra of asphaltene nano-
aggregates and DBSA, see our previous work [32]. 

2.5. Differential scanning calorimetry 

The measurements were carried out by use of a TA Instrument DSC 
Q2000. A Standard heating scans (5 ◦C/min) of both the asphaltene 

aggregate system and the PBA-graphene system were performed in the 
temperature range − 100 – 125 ◦C. The samples were placed in her-
metically sealed pans. Each sample was measured 3 times to ensure 
repeatability. The specific temperatures and temperature ranges for the 
different thermal events occurring during heating were determined 
using Universal Analysis (UA) software. 

2.6. Small angle X-ray scattering 

The SAXS measurements were performed using a SAXSLAB Mat: 
Nordic, manufactured by SAXSLAB / Xenocs. Both the asphaltene 
aggregate system and the PBA-graphene system were diluted at a rate of 
1:10 (in saturates). Separate samples were prepared at a n-hexane 
concentration of 0%, 1%, 5%, 10%, 25%, and 50%. Following this, the 
samples were rested for 24 hrs and thereafter transferred to 1.5 mm 
diameter capillary tubes. Before the measurements, the instrument was 
aligned by using silver behenate. Each sample was measured for 600 s. 
The measurements were performed with a sample-detector distance of 
~1084 mm, which gives, a q-range of 0.005–0.25 Å-1, which corre-
sponds to the range of 125–2.5 nm in real space. Further, a beam size of 
0.3 mm was used. Finally, a sample of saturates was measured. The 
scattering intensity of the saturates was subtracted from all samples 
before comparing. For this, the scattering intensity of saturates was first 
multiped with 0.99 (0.99 represents the total concentration of saturates 
in both asphaltene aggregate system and PBA-ensemble system after 
dilution for the SAXS measurements), and following the multiplication, 
the scattering intensity at the corresponding q value was subtracted from 
the sample. 

2.7. Transmission bright field microscopy 

The structure and structural development of the PBA-graphene 
ensemble in bitumen was monitored by the use of an Olympus BX53 
microscope. A drop of the sample was placed on a glass slide for each 
measurement. The measurements were performed in the transmission 
mode at ambient conditions, with at magnifications of 2X, 10X, 20X, and 
40X. 

2.8. Experimental flowcharts 

A summary of the sample preparation procedures is shown in Fig. 2 
as a flowchart. It provides a concise view of the different steps involved 
in the development of the asphaltene aggregate system and the PBA- 
graphene system from the initial materials, i.e., bitumen and gra-
phene. Table 3 presents the individual constituents used to prepare the 
asphaltene aggregate system and the PBA-graphene system (in wt%). 
Table S1 of SI provides an overview of the experimental techniques used 
in this study and the expected information of each used technique. 

3. Results and discussion 

In order to verify the functionalization and the structure of the PBA- 
graphene measurements were performed using XPS and Raman spec-
troscopy. XPS was used to verify the attachment of 1-PBA onto gra-
phene, and Raman spectroscopy was used to verify the exfoliation of 
graphene during molecular wedging. Microscopy was used to investi-
gate the structure and structural development of the PBA-graphene 
ensemble. DLS and SAXS were used to study the influence of the teth-
ered asphaltene aggregates on the stability of the PBA-graphene 
ensemble. In addition, rheology was applied to both systems to under-
stand the viscosity effect of incorporating PBA-graphene. Finally, DSC 
was used to evaluate the thermal stability of both systems. 

3.1. Verification of the synthesis of the PBA-graphene 

XPS scans were performed to investigate and verify the expected 

Table 3 
Weight fractions (wt%) of the different components used to produce the 
asphaltene aggregate system and the PBA-graphene system.  

Name Saturates 
(wt%) 

DBSA 
(wt%) 

Asphaltene 
nanoaggrgates (wt 
%) 

PBA- 
graphene 
(wt%) 

Colloidal 
Precrusor  

95  5 - - 

Asphaltene 
aggregate 

system  

90  5 5 - 

PBA-graphene 
system  

89  5 5 1  
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functionalization by the Molecular wedging method. As shown in Fig. 3, 
the results obtained by XPS show that there is nearly 21 elemental% of 
oxygen in PBA-graphene. The oxygen is in the form of oxygenated car-
bon species. The graphene provided by the supplier contains < 1 
elemental% of oxygen [77], and therefore is a clear indication that the 
synthesis has substantially increased the concentration of oxygen. 
Further, the scans provide C1s oxygenated carbon peaks between 

283 eV and 288 eV (Fig. 3a), and O1s oxygenated carbon peaks between 
530 eV and 536 eV (Fig. 3b). 

In the C1s spectra, the peak at 287.1 eV indicates the presence of 
C––O, and the peaks at 286.2 eV and 285.4 eV indicate the existence of 
C-O and C-OH, respectively (Fig. 3a). The occurrence of the C––O peak, 
together with the C-OH peak, gives an indication of carboxylic acid (C 
(=O)(OH)) [80]. The C1s scan also shows the presence of a C-C peak at 

Fig. 3. : C1s and O1s XPS spectra of the PBA-graphene. The overall scans indicate that there is 78.6 elemental% of carbon and 21.4 elemental% of oxygen in the PBA- 
graphene. a). and b). show the C1s and O1s spectra of oxygenated carbon species, respectively, which confirms the attachment of -COOH groups on the graphene 
surface. This observation thus verifies the functionalization of graphene by the Molecular wedging method. In c). a schematic of the predicted structure of the non- 
covalently functionalised PBA-graphene is provided. 
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284.5 eV, which is from the graphitic surface. In the O1s spectra 
(Fig. 3b), there is a peak at 533.5 eV showing the presence of the -OH 
group, which arises from the -COOH group. In the O1s spectra, there are 
also peaks from C-O and C––O, at 532.7 eV and 531.6 eV, respectively. 
Both C1s and O1s spectra give evidence of the attached carboxylic acid. 
From the XPS data, it is thus evident that the synthesis by use of the 
Molecular wedging method was successful and that the 1-PBA was 
attached to graphene. 

The exfoliation of graphene by the Molecular wedging method is 
further verified by Raman spectroscopy; see Fig. S2 of SI. The shift in the 
position and the intensity of the G band (in-plane breathing vibration) 
indicates a reduction in the number of layers of the graphitic structure 
after molecular wedging, see Fig. S2 of SI. Additionally, the formation of 
the molecular defects on the edges (increase in the intensity of the D 
band, out-of-plane vibration) of the graphene further support the suc-
cessful exfoliation by the Molecular wedging method. From a combi-
nation of visual inspection, XPS, and Raman spectroscopy, it is thus 
evident that the synthesis by the Molecular wedging method, was suc-
cessful. From the XPS and Raman results, the structure and structural 
development of the PBA-graphene ensemble can be predicted; an illus-
tration is displayed in Fig. 3c. 

As described in the introduction, the asphaltene nanoaggregates and 
DBSA introduced to the PBA-graphene system will form tethered 
asphaltene aggregates at the -COOH tethers. The sulfonic acid on DBSA 
will, in turn, interact with the functional groups of the asphaltene 
nanoaggregates to form a stable structure. This is because sulfonic acids 
are more acidic than carboxylic acids, and in the presence of DBSA, the 
-COOH tethers will act as a base [47–57]. This will causes an acid-base 
reaction that will bind the DBSA to the -COOH tether on PBA-graphene. 

3.2. Observation of the structure of the PBA-graphene ensemble 

The structure prediction from the XPS results is verified by trans-
mission bright-field microscopy of the PBA-graphene system, see Fig. 4. 
As can be observed, there is a large structure, i.e., the PBA-graphene 
ensemble, surrounded by the saturates. The PBA-graphene ensemble is 
seen to have a PBA-graphene with dark dots (tethered asphaltene ag-
gregates) randomly distributed all across its surface. 

To further understand the structure of the PBA-graphene ensemble 
and its structural evolution over time, the PBA-graphene ensemble was 
studied over a week after the sample preparation. The results are shown 
in Fig. 5, where 5a-c shows the structure formation and development at 
2, 3, and 7 days, respectively. This series of images shows how the 
asphaltene aggregates form a network structure around the PBA- 
graphene ensemble. By comparing the results obtained at 2 days 
(Fig. 5a) with those at 3 or 7 days (Figs. 5b or 5c), it is clear that the 
network structure is growing more prominent with time. The formation 
and growth of the network structure is due to the tethered asphaltene 
aggregates, interacting with other asphaltene aggregates formed outside 
the PBA-graphene (called untethered asphaltene aggregates). Thus, the 
formation of the network is due to the interaction between the unteth-
ered and tethered asphaltene aggregates. 

It is well known that functional groups on the asphaltene nano-
aggregates are critical for the formation of asphaltene aggregates [2–4, 
33–37,47–78]. Therefore, the stability of the PBA-graphene ensemble 
(Figs. 4–6) is obtained by the formation of the tethered asphaltene ag-
gregates attached to the -COOH tethers on the PBA-graphene. The 
-COOH tethers on the PBA-graphene can therefore be considered to act 
as the initiation or nucleation sites to form the PBA-graphene ensemble, 
as illustrated in Fig. 6. Furthermore, as shown in Fig. S3 of SI, the 
PBA-graphene ensemble can contain various shapes and surface fea-
tures, like creases, protrusions, tears, and folds, which clearly indicate 
that the growth of the asphaltene aggregate formation at the -COOH 
tethers is independent of the shape of the PBA-graphene itself. There-
fore, the stability and formation of the PBA-graphene ensemble can be 
attributed to the number of -COOH tethers on the surface of the 

PBA-graphene. 

3.3. Influence of the tethered asphaltene aggregates on the stability of the 
PBA-graphene ensemble 

To investigate the role of the tethered asphaltene aggregates in sta-
bilizing the PBA-graphene ensemble and identify the similarity in sta-
bility of the asphaltene aggregate system and the PBA-graphene system, 
both systems were investigated in the presence of a precipitation agent 
by SAXS and DLS (S.I.) and at elevated temperatures using DSC. Firstly, 
to prove the importance of asphaltene nanoaggregates for the stability of 
the PBA-graphene ensemble, a sample was prepared without asphaltene 
nanoaggregates and visually observed. The conditions at which the 
sample was prepared for visual observation of the system without 
asphaltene nanoaggregate is presented in section S4 of SI. As shown in 
Fig. S4 of SI, in the absence of the asphaltene nanoaggregates, DBSA 
bound PBA-graphene lacks stability in saturates. This implies that the 
PBA-graphene ensemble does not form a self-stabilizing structure in 
saturates. Instead, it confirms that the formation of tethered asphaltene 
nanoaggregates is essential to stabilize PBA-graphene in bitumen. 

Following the visual observation, SAXS was performed to identify 
the influence of n-hexane on the stability of the two systems studied in 
this work. Fig. 7 shows the scattering intensity at the momentum 
transfer q= 0.005 Å-1 with increasing n-hexane content. This q-value 
corresponds to a length in real space of around 125 nm. At this length 
scale, the observed scattering intensity arises from large structures such 
as the PBA-graphene ensemble, tethered asphaltene aggregates, and 
untethered asphaltene aggregates in the PBA-graphene system. In the 
asphaltene aggregate system, the intensity is due to suspended asphal-
tene aggregates. 

The results from the SAXS measurements indicate that we have 

Fig. 4. : Transmission bright field image of the PBA-graphene ensemble in 
saturates. From the image it is shown that the structure of the PBA-graphene is 
twisted inwards. Asphaltene aggregates are seen as dark dots on the surface. 
Inset: Zoomed out image of the PBA-graphene ensemble. 
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different effects of adding n-hexane, depending on the concentration. In 
the concentration range 0–1%, the interactions between the structures 
in both systems appear to dominate. This leads to a growth of larger 
structural aggregates i.e., flocculation up to 1% of n-hexane. For the 
PBA-graphene system, there is a substantial decrease in scattering in-
tensity (see Fig. 7). The dominating effect seems to be that structural 
aggregates of a size approximately corresponding to the given q-value, i. 
e., 125 nm, flocculate to larger clusters, which would only be observed if 
the SAXS instrument could measure lower q-values. This interpretation 
is consistent with results from DLS measurements (table S2 of SI), which 
show that at 1% n-hexane the average size of the aggregates has grown 
considerably. In the case of the asphaltene aggregate system, the 
structural aggregates are smaller on average, and therefore the domi-
nating effect when 1% hexane is added is that aggregates smaller than 
125 nm flocculate to larger aggregates, which contribute to the scat-
tering intensity at the given q-value. This is likely the reason for why the 
same type of flocculation, as occurring for the PBA-graphene system, in 
this case increases the scattering intensity, see Fig. 7. 

In the concentration range of 1–10% n-hexane, the intensity in-
creases for the PBA-graphene ensemble, as shown in Fig. 7, which likely 
is because smaller aggregates, as for the asphaltene aggregate system, 
have flocculated to a size of about 125 nm, thereby contributing to the 
observed scattering intensity at the given q-value. Thus, the flocculation 
can both increase and decrease the scattering intensity at the q-value 
depending on whether the aggregates grow to a size corresponding to 
the detected length scale or to a size that is too large to be observed by 
the instrument. Furthermore, sufficiently large aggregates are expected 

to precipitate in this concentration range. The combined effect of these 
phenomena causes a moderate increase in the scattering intensity of the 
PBA-graphene system. Conversely, for asphaltene aggregates, the in-
crease in n-hexane concentration leads to a decrease in scattering in-
tensity followed by a moderate increase in scattering intensity, similar to 
the PBA-graphene system. The contributing effect of precipitation is also 
visually evident. As seen in Fig. 7 (asphaltene aggregate system at 10% 
n-hexane), the top of the cuvette is lightly colored, while lower down, 
the sample is darker colored (indicating the onset of precipitation). 

Beyond 10% n-hexane, the scattering intensity decreases mainly due 
to precipitation. This is indicated by the SAXS data shown in Figs. S5a 
and S5b of S.I., which shows that the scattering intensity also decreases 
at higher q-values due to the reduction of aggregates of all sizes. This 
precipitation is also visually evident from the images of the prepared 
samples. Both samples show a visual lightning of color, indicating pre-
cipitation. However, at 50% n-hexane concentration, the asphaltene 
aggregate system shows a more considerable decrease in the scattering 
intensity compared to the PBA-graphene system. This is also evident in 
the visual observation of the cuvettes in which the asphaltene aggregate 
system shows higher precipitation compared to the PBA-graphene 
system. 

Furthermore, the SAXS measurements show that both systems 
display a similar response to the introduction of n-hexane. Thus, it seems 
very likely that both systems have identical stabilization mechanisms. 
Since it is well established that the dodecyl tails of DBSA stabilize 
asphaltene aggregates, the results suggest that in the PBA-graphene 
system, the PBA-graphene ensembles are also stabilized by the 

Fig. 5. : Transmission bright field image of the PBA-graphene ensemble (marked with a red circle) at a) t = 2 days, b) t = 3 days, and c) t = 7 days. Over time, it is 
obvious that the network formation, which consists of sterically bound asphaltene aggregates, around the PBA-graphene ensemble is growing. In figure d). a zoomed 
in image of the PBA-graphene of the PBA-graphene ensemble displayed in (c) is shown. 
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dodecyl tails of DBSA in the tethered asphaltene aggregates. DLS further 
supports this conclusion. As can be seen in table S2 of S.I., with 
increasing n-hexane concentration, both systems show a similar shift in 
the hydrodynamic diameter. Due to the polydispersity and polymorph 
nature of both systems, it should, however, be noted that the hydrody-
namic diameters presented in S.I. are only average values of very broad 
distributions of aggregate sizes, as discussed above in the interpretation 
of the SAXS data. 

This understanding about the similarity between both systems is 
further confirmed through the results from DSC measurements, see  
Fig. 8. The results show that both the asphaltene aggregate system and 
the PBA-graphene system display a similar thermal response. For both 
the asphaltene aggregate system and the PBA-graphene system there is a 
broad glass transition (Tg) around – 80 ◦C. The origin of the broadness 
gives an indication on that there may be two glass transitions close to 
each other, which previously has been suggested [81]. Previous studies 
on similar systems, as well as bitumen, have shown that this low tem-
perature Tg is due to an onset of molecular rearrangements in the sat-
urates [82,83]. In addition, for both samples, there is an exothermal 
event with a peak maximum around – 25 ◦C that is due to cold crys-
tallization of the waxy part of the saturates [84]. At higher temperatures 

there is an indication of a very broad glass transition for both the 
asphaltene aggregate system and the PBA-graphene system. However, 
due to the risk of evaporation of the saturates, which gives a limitation in 
measuring the samples at higher temperatures, this cannot be verified. 

The similarity in the DSC curves of the asphaltene aggregate system 
(upper curve) and the PBA-graphene system (lower curve) implies that 
the PBA-graphene ensembles will behave in the same way as the 
asphaltene aggregates during heating. Thus, the general understanding 
of the behavior of the asphaltene aggregates in bitumen (and its 
consequent impact on roads) can be extrapolated to a potential bitumen 
design based on the PBA-graphene ensemble. Therefore, it can be 
concluded through SAXS, DLS, and DSC that both systems are stabilized 
by similar mechanism. This is important since the PBA-graphene 
ensemble must thus be stable at thermal conditions in which bitumen 
is used. For instance, bitumen is used as the surface layer of roads, and 
thereby exposed to diurnal and seasonal temperature variations, typi-
cally between − 20 ◦C and 50 ◦C. Further, during processing and 
transportation, bitumen is in general heated up to relatively high tem-
peratures (close to 130 ◦C). Therefore, it is important that the thermal 
stability of the PBA-graphene ensemble is similar as for the asphaltene 
aggregates in bitumen. 

Fig. 6. Schematic structure of the PBA-graphene ensemble based on the microscopic image shown in the top of the figure, i.e., the PBA-graphene with the asphaltene 
aggregates formed at the -COOH tethers. It should be noted that the structure of the asphaltene aggregates illustrated in the figure is only for an illustrative purpose. 
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3.4. Future areas of applications of the PBA-graphene ensemble 

Asphalt is made of stones (called ‘aggregate’ by the road engineering 
industry, called ‘stones’ here to differentiate from ‘asphaltene aggre-
gate’) and bitumen (the binder) [1]. It is known that the asphaltene 
aggregates cluster around the stones [1]. This implies that the 
PBA-graphene ensemble and the extensive network structure will also be 
located around the stones, thereby forming a large solid phase around it. 
Therefore, the potential of the PBA-graphene ensemble to locate itself 
around the stones can be utilized to tailor the microstructure of asphalt, 
for instance, to increase the thermal conductivity. 

In cold countries, up to a million tons of salt are used annually to 
maintain ice-free roads during the winter [84], which often ends up in 
the ecosystem along the roads and results in environmental issues. Due 
to this, de-icing by heating the roads is seen as an alternative, but the 
efficiency of this alternative solution is drastically limited by the low 
thermal conductivity of bitumen. A proposed solution to this problem is 
to incorporate graphene into bitumen to improve the thermal conduc-
tivity. The in-plane thermal conductivity of graphene of about 
2000–4000 W⋅m− 1⋅K− 1 is amongst the highest of any material [85]. This 
is attributed to the sp2 hybridized bond in the honeycomb structure 
[85]. During covalent functionalization, a large amount of the surface is 
transformed from an sp2 hybridized state to an sp3 hybridized state. On 
the contrary, with non-covalent functionalization (by the Molecular 
wedging method), a larger amount of the graphene surface is maintained 
in its sp2 hybridized state, thus maintaining the desired high thermal 
conductivity. Further, since the synthesis of the PBA-graphene is also 
environmentally friendly, if graphene has to be used to improve the 
thermal conductivity of bitumen, perhaps PBA-graphene can be a po-
tential future solution. 

Finally, the viscosity effect of incorporating the PBA-graphene is 
presented in Fig. S6 of S.I. The measurements show that the presence of 
PBA-graphene causes a substantial increase in the rest viscosity of the 
PBA-graphene system compared to the asphaltene aggregate system (an 
increase from 19.2 mPa-s to 33.5 mPa-s. The increase in the rest vis-
cosity is due to the polymorphic nature of PBA-graphene and the 
network structure formed around the PBA-graphene ensemble. While 
the rest viscosity is high, when shear is increased, the viscosity drops to 
24.2 mPa-s. The drop in viscosity is associated with the alignment of the 
PBA-graphene in the flow direction. Thus, incorporating PBA-graphene 
has a nominal effect on the viscosity. Further, since the structure of PBA- 
graphene can be tailored, its corresponding PBA-graphene ensemble can 
also have tailored structures. This implies that the PBA-graphene 
ensemble can be used to tailor the viscosity, viscoelastic, and through 
it, mechanical properties of bitumen. This, too, can have potential future 
applications; for example, it can be beneficial to use PBA-graphene to 
tailor the nanoparticles to contribute only to a minimum to the viscosity 
and the plasticity component of the viscoelasticity while improving the 
elastic component of bitumen. This can be achieved by utilizing the PBA- 
graphene ensemble to form controlled network structures that influence 
the behavior of bitumen. 

4. Conclusion 

This study focused on developing and characterizing the novel 
hybrid structure called the PBA-graphene ensemble, consisting of a PBA- 
graphene and the tethered asphaltene aggregates. The PBA-graphene is 
developed by functionalizing graphene using the Molecular wedging 
method. After which, asphaltene aggregates are used to stabilize the 
PBA-graphene and the subsequent formation of the PBA-graphene 
ensemble. The PBA-graphene ensemble is dispersible in saturates and 
phase compatible with asphaltene aggregates. The asphaltene nano-
aggregates are identified to be critical in the formation and stabilization 
of the PBA-graphene ensemble in saturates. 

The PBA-graphene system and the asphaltene aggregate system 
display similar stabilization mechanisms and thermal responses. These 

Fig. 7. : The scattering intensity of the asphaltene aggregate system and PBA- 
graphene system at a q-value of 0.005 Å-1 measured using SAXS. The data 
points represents the drop in scattering intensity with increase in n-hexane 
concentration. The scattering intensity of saturates was subtracted from all the 
samples. Below the graph, the images of the samples prepared with different n- 
hexane concentrations at each zone is presented. 

Fig. 8. : DSC heating curves of the asphaltene aggregate system (upper curve) 
and the PBA-graphene system (lower curve). 
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characteristics give an indication that the production of bitumen with 
incorporated PBA-graphene will be similar to the production of con-
ventional bitumen. Thus, no other industrial processes have to be 
developed to incorporate the PBA-graphene or lay roads with the PBA- 
graphene ensemble modified bitumen. Moreover, due to the simplicity 
of the functionalization and stabilization of PBA-graphene, the devel-
oped PBA-graphene system is not only cost-effective but also an envi-
ronmentally conscious and effective method for the incorporation of a 
graphene derivative into bitumen. 
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