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During the production of asphalt mixes, specific functional groups of asphalt binder interact chemically
with certain reactive sites on the surface of minerals forming compounds that enhance the material resis-
tance to environmental effects. The thermodynamics of surface phenomena between various combina-
tions of functional groups of minerals and asphalt binders has been studied for quite a long time but it
remains extremely difficult to control the desired material properties in practice. In this study, the chem-
ical thermodynamics that determine the sorption phenomena and subsequently the relative affinity of

ii?l; ‘lilv:lrtd;:in der asphalt binders onto mineral particles were analysed numerically and discussed. A two-step sorption
Mineral configuration is studied in a multi-physics tool including reaction-driven mass transport of free species
Sorption (i.e., carboxylic acid diluted in binder) onto a reactive surface (i.e., calcium functionalized mineral). Based
Thermodynamics on this configuration, the mechanism of asphalt-mineral interaction was determined at different surface

temperatures and reactivity characteristics (i.e., activation energy and reaction kinetics of adsorption).
The sorption model is applicable for various scenarios of asphalt-mineral interactions, especially for func-
tionalized surfaces, in which the reaction-driven distribution of concentrations of asphalt adsorbates on

minerals can provide useful information once the energetic parameters are known.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Multi-physics

1. Introduction

During the asphalt mix production, at high temperatures liquid
asphalt binders and mineral solid particles, such as fillers and
aggregates, interact together and this interaction plays critical role
in producing durable asphalt materials [1-5]. Specific functionali-
ties, such as carboxylic acids, in asphalt binders interact chemically
with the reactive sites on the surface of mineral particles, or min-
erals, forming compounds that affect the materials’ oxidation resis-
tance. The chemical thermodynamics of surface phenomena (i.e.,
adsorption and desorption) between various combinations of min-
erals and functional groups in asphalt binders has been studied for
quite a long time [1,2] However, it remains extremely difficult to
control the desired material properties in practice due to the com-
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plex chemical and physical processes that take place between the
various functional groups of asphalt constituents.

Adsorption is a surface phenomenon between two phases
(i.e., gas, liquid or dissolved solid to a surface) which results in
the formation of a thin adhesive film. Adsorption will result in sur-
face changes, in contrast with absorption, which is a volume phe-
nomenon defined as the penetration and dissolution of species into
a solid phase. Through the adsorption process, species of a sub-
stance, called adsorbates, are attached onto the surface of an
adsorbing substrate, called adsorbent, resulting in concentration
changes at the interface between the two individual phases. The
reverse process is called desorption in which a substance is
released from or through a surface. Furthermore, the bonding gen-
erated due to adsorption is dependent on the interactions between
the various functional groups. Based on the nature of these interac-
tions, adsorption is classified as physical (physisorption), which
involves only relatively weak intermolecular forces (i.e., van der

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2020.120392&domain=pdf
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.conbuildmat.2020.120392
http://creativecommons.org/licenses/by/4.0/
mailto:p.apostolidis@tudelft.nl
https://doi.org/10.1016/j.conbuildmat.2020.120392
http://www.sciencedirect.com/science/journal/09500618
http://www.elsevier.com/locate/conbuildmat

2 P. Apostolidis, A. Scarpas / Construction and Building Materials 259 (2020) 120392

Waals), and chemical (chemisorption), which involves the forma-
tion of strong chemical bonds between the adsorbate species and
the surface of adsorbent (i.e., covalent bonds) (Fig. 1) [6].

The interaction between minerals, such as fillers, and asphalt
binder depends on the chemistry of individual phases. The surface
chemistry of minerals provides the active sites available for inter-
action with certain functional groups of binders. During the
adsorption process, the polar asphalt moieties interact with the
active free sites on the surface of minerals with electrostatic, dipole
and induced dipole forces [7]. In this way, the desired surface reac-
tions occur, and improvement of the inter-phase interaction can be
achieved. However, this can only happen when the functional
groups are charged properly. The surface polarity can change to
attract the opposite charged, non-uniformly dispersed traces in
binders and in this way the desired adhesion can be promoted to
form oxygen-resistant compounds [8-10]. Aged binders may be
more prone to moisture-induced damage than unaged binders
[3], so the full control of sorption and consequently of affinity
becomes complicated.

Although asphalt binders are comprised in majority of non-
polar hydrocarbons primarily long carbon chains and rings satu-
rated with hydrogen (e.g., alkanes, paraffins, aliphatic compounds),
specific functional groups introduce polarity controlling thus the
asphalt sorption on minerals [11-15]. Mainly asphaltenes and
resins as well as traces of metals represent the polar fractions in
asphalt binders and extended studies have been performed on
their relative affinity with various types of minerals, showing a cer-
tain trend [1,2]. Asphaltenes (molecular weight, My: 500-
1000 g/mol) mostly comprised of a pericondensed polyaromatic
backbone strewn with a few percent of nitrogen, oxygen and sulfur
heteroatoms. Paraffinic rings, alkyl linkages, and aliphatic side
chains decorate the asphaltenes as well. Of the functional groups
in asphalt binders, carboxylic acid and sulfoxide groups have the
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Fig. 1. Schematic of energy diagram for the case of chemisorption and physisorp-
tion governed by depth Epern and Eppys, respectively.

highest adsorption potential, while ketone and non-basic nitrogen
groups had the least [1]. These groups have been the most highly
concentrated as adsorbed fractions on minerals however sulfoxide
and carboxylic acids are very sensitive to desorption with water
(hydrophilic compounds). The general trend of desorption of polar
groups from the surface of minerals is sulfoxide > carboxylic
acid > non-basic nitrogen > ketone > basic nitrogen > phenol [1].

In addition to asphalt binders and their radicals (reactive func-
tional groups), the contribution of active sites on the surface of min-
erals is critical to the overall affinity. The active surface sites of
minerals serve as free space to attract the polar compounds of an
asphalt binder [1,15]. For example, by using asphaltenes, the func-
tional groups that adsorbed on silica surfaces have shown the fol-
lowing affinities: phenylsulfoxide > quinoline > phenol > benzoic
acid > benzophenone > benzylbenzoate > pyrene [21]. On the other
hand, the use of goethite as adsorbent is ranked as benzoic
acid > diphenylsulfoxide > indole [22]. It is important to note that
oxidation of asphalt binders causes changes to the functional
groups, leading to an increase of oxidized compounds [11,16-18].
Ketones particularly are characterized of low affinity and adsorption
of ketones becomes less with increasing the oxidation time. Oxi-
dized groups adsorb to surfaces and thus change the asphalt binder
sorption on minerals as well [1].

Most of the reactions happening when minerals interact with
binder are known by a previously established research [2]. Cer-
tain nitrogen heteroatom groups (i.e., pyridines, pyrrolic, quino-
line) in asphalt binders tend to hydrogen bond with the dry
(polar) surfaces of minerals. However, the overall performance
of nitrogen functional groups is linked with the type of acids
involved in sorption process. Sodium (Na) and potassium (K)
soap-type elements in asphalt binders (i.e.,, monovalent cation
salts), formed from a reaction with carboxylic acids, are much
more water-soluble than calcium elements (i.e., divalent salts)
and as a consequence their formed hydrogen bonds on the sur-
face of minerals are quickly broken in the presence of water
[2,12]. Soap elements can be used as moisture promoters at var-
ious interfaces as well. For this reason, the treatment of asphalt
binders with acids including insoluble salts of relatively
hydrophobic surfaces (e.g., magnesium and calcium elements)
is widely used to form insoluble compounds adsorbed on sur-
faces. A well-known example is the use of calcium hydroxide,
which will be discussed later. Moreover, minerals composed
with iron and aluminium can promote high affinity with asphalt
binders because they assist on forming strong acid sites.
Recently, a variety of nanomaterials have been incorporated in
asphalt binders as well to promote affinity, increase oxidative
aging resistance and enhance the asphalt durability [23,24].
Exemplary nanoparticles are nanoclay, layered silica, metal oxi-
des, and carbon nanotubes [25-29], while surface functionalized
particles, such as (3-aminopropyl)triethoxysilane, are able to
form covalent bonds with asphalt binders [30,31].

Overall, the fundamental forces that occur through the asphalt
sorption onto minerals depends on the chemistry of involved
phases. Despite the above reported evidence from literature, no
reports are available on the fundamentals of chemical thermody-
namics of sorption phenomena between asphalt binders and min-
erals. To what extent the surface reactions depend on the asphalt
functional groups and the processing conditions is not discussed.
This research contributes to establish a framework on the binding
mechanism of a solid-liquid system like asphalt-mineral. It is
important to point out that kinetics and thermodynamic parame-
ters contribute differently and should be analysed to control the
affinity. On the one hand, thermodynamics describe the spontane-
ity of the asphalt-mineral interaction but reveal nothing about the
time it will take. On the other hand, reaction kinetics define how
fast the reaction proceeds. The parameters of these two categories
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are discussed in the following section based on the relevant math-
ematical models.

2. Theoretical considerations
2.1. Thermodynamics of sorption

Thermodynamics describe spontaneous processes occurring on
their own without external interventions between two energy ten-
dencies. The conversion of potential energy into work and heat is
described by a parameter known as enthalpy. Similarly, the spon-
taneous increase of the randomness (chaos) of a system is
described by another parameter named entropy. From the thermo-
dynamics point of view, adsorption of an adsorbate (radicals of
asphalt binder) on an adsorbent (active sites on mineral surface)
can be related to these parameters via the Gibbs free energy
(4G) [32] which describes the energy difference between energy
states as

AG = AH — TAS (1)

where T is the absolute temperature [K], 4S is the change in entropy
[J mol~' K'], and 4H is the change in enthalpy [k] mol~']. Enthalpy
is the total heat released or absorbed through the adsorption to rea-
lise the adsorption between two oppositely charged radicals.

The change of Gibbs free energy of (isotherm) adsorption reac-
tion [k] mol~'] is defined as

AG = —RTIn(Ke) 2)

where R is the universal gas constant (8.314 ] K~! mol™') and K.,
represents the equilibrium adsorption constants of the isotherm
fits. For negative and positive values of Gibbs free energy, the pro-
cess can and cannot occur in a spontaneously way, respectively,
hence the adsorption reactions with negative AG are thermody-
namically favourable. When the system is at this state of minimum
energy, the adsorption process is in equilibrium and described in
the form identical to the integrated classic van't Hoff equation
[33] as

AG
In(Keq) = “RT 3)
or
AG
Keqg = exp <— ﬁ) 4)

When the interaction between the involved phases is chemical
(chemisorption), the binding energy of the adsorbate is subjected
to an equal loss of free energy of the prior state which ranges from
80 to 450 k] mol~'. The losses of free energy in case of physisorp-
tion are usually from 10 to 80 k] mol~! including electrostatic
interactions. The order of magnitude of energy difference between
chemical and physical interactions is a function of the distance
from the surface of adsorbent (see Fig. 1). However, the knowledge
of magnitude of adsorption and desorption thermodynamic
parameters is not sufficient to define a process like the interaction
of minerals with asphalt functionalities. Hence, the reaction kinet-
ics are used for further interpretation of sorption phenomena.

2.2. Surface kinetics

Surface bonding formed by certain reaction pathways and the
production of new compounds on the surface of minerals with
asphalt binders is a complex process and thus the single-sorption
process of binder on minerals does not predict the actual behaviour
[2]. From a reaction kinetics point of view, when a set of j reactions

involve i species, the chemical reactions of adsorption and desorp-
tion are expressed based on the mass action law as

kadsj
2 X +yY+-- (3)
kdes.j

GA+bB+ .-

where kqqs; and kges; denote the forward and reverse rate constants,
respectively.

The reaction rates r; [mol/(m?>s)] of the above set corresponding
to its chemistry is described as

I = kadsj H C;yij — kdes_j H C,vu (6)
tereact teprod

where ¢; [mol/m?] denotes the concentration of species i. The stoi-
chiometric coefficients are denoted v;; and defined as being negative
and positive for reactants and products, respectively. A reaction sel-
dom involves more than two species colliding in a reacting step in
reality, so a kinetics expression is usually of order 2 or less.

The enthalpy and the entropy of adsorption is related to stoi-
chiometric coefficients and defined as

Hp =" vihi =Y (~vy)hi (7)

i=1 i=1

Q

Q
Si= visi—y_ (~vy)si 8)
i=1 i=1
where h; and s; are the molar enthalpy and entropy of involved rad-
icals, respectively.
The heat source of reaction [W/m?] is computed from the heat

of each reaction j as
Q; = —vHjr; 9)

In the case adsorption and desorption reactions are in equilib-
rium, the kinetics are expressed [33] as

k
Kog = —kd“ (10)
ads
or
ey -
Kog = XX (11)
q a b
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Fig. 2. A typical monolayer sorption plot illustrating the amount of adsorbed
species (radicals) on a mineral as a function of species concentration.
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2.3. Modelling approach

Radicals from both asphalt binder and sorbents interact chem-
ically together forming new compounds. The relative affinity is
quantified by the amount of a set of compounds, such as asphalte-
nes, adsorbed per surface area of sorbent [mg/m?]. Regarding the
asphaltenes as the primary group of reactive species in asphalt bin-
ders, the simple adsorption isotherms of asphaltene solutions (e.g.,
asphaltenes in aromatic solvents/solution) have been studied and
the relative affinity of various substrates was shown to be limited
under 4 mg/m? [19,20]. A typical plot of a model set of species at
varying concentrations relative to the amount of adsorbed species
is shown in Fig. 2, and such plots are used to determine the sorp-
tion isotherms and affinities. The following discussion and the case
model of this study will highlight the sorption performance of an

asphalt binder, or a solvent with diluted species, which is able to
adhere onto sorbents (e.g., minerals).

As discussed earlier, the effect of various functional groups of
asphalt binders have been extensively studied by having minerals
as sorbents. In this study, the surface interaction of diluted species
(i.e., carboxylic acids) in a solvent (i.e., asphalt binder) is modelled.
The presence of carboxylic acids (COOH) in asphalt binder plays
significant role on generating hydrogen bonds with the hydroxyl
groups (SiOH) on mineral surfaces. Nevertheless, the hydrogen
bonds are prone to be disrupted by water, and thus, among others,
hydrated lime (Ca(OH),) is added in asphalt binder to converse the
carboxylic acids to water insoluble compounds at surfaces [12].
Calcium hydroxide dissociate to species in asphalt binder produc-
ing calcium ions (Ca*"), able to interact with the carboxylic acid.
With this interaction, insoluble calcium salts are formed leaving

0.0 [— A BIF (free state)
transition
5 v desorption
% Edes
=,
>
o
]
=
@
: /
.2
s BF
2
o AG
<
CF R
t, f, f;
Time [s]
@
flow
B/F CF CF/B
surface reaction desorption from surface
® T -
surface
tf tg fg

(b)

Fig. 3. Schematic of (a) energy diagram illustrating the two-step interaction between radicals of asphalt binder and active sites of a functionalized surface and (b) adsorption-
desorption and mass transfer processes during the mineral-asphalt binder interaction.
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Fig. 4. Three-dimensional geometry (top) and mesh (bottom) of studied domain representing a functionalized particle in asphalt binder.

hydroxyl groups free to adhere with the nitrogen groups in asphalt
binder [1,2] and possible prevent the adsorption of water-sensitive
acids at free state.

From the literature, the reactions of some specific functional
groups in asphalt binder, particularly carboxylic acids, with a min-
eral surface has been recognized as the major sorption configura-
tion when binder interacts with hydrated lime. Numerous
competitive sub-processes may be involved in the current predic-
tion frame to determine the overall concentration profile of reac-
tants and reaction products. By increasing the number of
components involved in the reaction, the number of sub-
processes will increase as well. To restraint the scope of this study,
a two-step sorption model is proposed including the production of
insoluble calcium salts on the surface after adsorption of acids.

In Fig. 3, a schematic energy diagram illustrates first the adsorp-
tion of free species of carboxylic acids (B), diluted in a binder, onto
the mineral surface (F) with limited coverage (certain amount of
active free sites, I';,;). According to the sorption thermodynamics,
certain quantities of energy are needed in the system to have a free
species attracted and bonded on a surface (E,4;). Immediately after-
wards, the attached species of acids on the surface (BF) create new
compounds (CF) with the calcium ions. Here, the ions are consid-
ered not dissolved in binder but attached on the surface.

For the analysis of the above phenomena between asphalt binder
and minerals, and particularly hydrated lime, the radicals diluted in
asphalt binder (COOH or B) are adsorbed (surface reaction rate, kq4s)
and desorbed (surface reaction rate, kqes) by the active surface of a
particle. The adsorbed carboxylic acids (BF) interact with calcium
ions (Ca**) on the surface of a mineral under an irreversible reaction
and insoluble calcium salts (CF) are formed (reaction rate, k;). The
exact two step reaction pathway is described as

Table 1
Model parameters used in the finite element analyses.

Parameters Values at 25 °C

Gibbs free energy, 4G [k]/mol] 30

activation energy of adsorption, Eygs [k]/mol] 50

activation energy of desorption, Eges [k]/mol] 80

reaction rate of adsorption, Kugs [mol/(m?s)] 4E-8

reaction rate of desorption, Kges [mol/(m?s)] 1E-3

initial concentration of B, ¢z [mol/m?] 1E-6

initial concentration of BF, cgr [mol/m?] 0.01E-5

surface coverage, Iy, [mol/m?] 10E-6
kads r

B+F = BF(ads) - CF(ads) (12)

kdes

The rate of adsorption depends on the concentration of radicals
(i.e., carboxyl acids) in a binder and the rate in which these mole-
cules strike the active sites on the surface of minerals. Active site is
a term used to describe radicals and also the surfaces of minerals
implying a process wherein a surface reaction is promoted by cer-
tain species on the reactive surface.

According to the Langmuir isotherm theory [34], a monolayer of
adsorbed species is formed on the energetically uniform surface
sites ready to be covered by molecules. Theoretically, the adsorbed
asphalt species by these sites (i.e., carboxylic acids - B) do not
interact with each other, but only with the polar species on the sur-
face (i.e., calcium ions - F) to form the new compound (i.e., CF).
Thus, the rate of adsorption [mol/(m?s)] is expressed as

Tads = kaulsCB(‘l - 6) (14)



6 P. Apostolidis, A. Scarpas/ Construction and Building Materials 259 (2020) 120392

with

Eqad

kads = KadS(T)exp (_ %)

where cg is the bulk concentration of reactive species in asphalt bin-
der [mol/m?], E, 4 is the energy to have a free species attracted on
a surface [k]/mol] and K4 is the adsorption reaction factor. The
fraction (i.e., surface concentration) of active sites occupied by
adsorbed asphalt species (0) is described as

_0iGp

0= r, (15)

where ¢ is the surface concentration of B on filler [mol/m?], I'; is
the total surface concentration of active sites [mol/m?], in other
words the density of surface sites, and g; is the site occupancy num-
ber for each molecule and accounts for the situation in which a
large molecule covers more than one surface site. The latter is con-
sidered in this study, thus molecules do not cover more than one
site.
On the other hand, the rate of desorption is expressed as

Tdes = kdescf,BH (16)

early beginning of interaction

(t=0,06 sec)

at steady state
(t=6.50 sec)

with

Kaes = Kaes(T)€XP (— %)
where E, 4 is the desorption activation energy and Ky is the des-
orption reaction factor.

The performance of transport mechanism of convection is given
in the following equation which solves the mass conservation
equation for the reactive species B in the binder

%+v-(*DEVC3)+U'VC3=O (17)
where c; denotes the concentration of free species B [mol/m?], Dy is
the diffusion coefficient of free species B [m?[s], and u is the velocity
vector [m/s]. The first term on the left side of Eq. (17) corresponds
to the consumption of species. The second term accounts for the dif-
fusive transport, accounting for the interaction between the dilute
reactive species and binder. The third term on the left side of Eq.
(17) describes the convective transport because of a velocity field u.

The mass flux due to desorption is dependent upon the local
concentration of adsorbed surface species and is hence coupled
to the equations on the active surfaces. The adsorption and desorp-

1.65 8.00
0.00
Cer Cg
x10¢
8.36 0.01
[ cg

Fig. 5. Simulation results at the early beginning of surface interaction (top) and after reaching the steady state condition, or equilibrium, (bottom) (25 °C). The surface of filler
clearly illustrates the generated surface species CF and the asphalt domain the free species of B.
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Fig. 6. Species of reactant (B) changes over time along the periphery of the particle
at constant temperature.

Table 2

Studied parameters in sensitivity finite element analyses.
Parameters Values
Temperature, T [°C] 20, 40, 60, 80, 100
activation energy of adsorption, E.4s [k]/mol] 40, 50, 60, 70

reaction rate of adsorption, Kugs [mol/(m?s)] 4E-9, 4E-8, 4E-7

tion of asphalt binder on the surface mineral give rise to a net flux
at the corresponding boundaries as

Np = —Tugs + T'ges = 7kadSCB(1 - 0) + kdescfﬂe (18)

where 1445 and rg.s are the adsorption and desorption rates, cp is the
concentration of B, ¢sp is the concentration of surface adsorbed
species.

The balance equations for the BF and CF species will be

ac

% = Tads — Tdes — Tq = KaasCB(1 — 0) — KgesCr 0 + k1Cr (19)
oc, C

(Tfr = —kicsp (20)
where

_ Ea,]
ki = K1(T)exp (— ﬁ)
where E,; is the activation energy of the formation of CF species.

3. Finite element analyses

A finite element mesh built of 190E3 number of domain ele-
ments to simulate a sorption case of asphalt-mineral interaction
(Fig. 4). A single particle of 1E-6 m radius was set in the middle
of a rectangular three-dimensional geometry (10E-6 x 10E-6 x 1
E-6 m?) and part of particle cropped as shown in Fig. 4 (top). Reac-

16E-05
14E-05
12€05
:E 1,0E-05 [ 20deqC
2 80E-06 ——40degC
& 6006 - e
i 80degC
40E-06 100degC
2,0E-06
0,0E+00 i
4 6 8 10
Time [s]
50E-06
———20degC
T 10E05 ~——40degC
= 60degC
E 80degC
& 15605 100degC
2,0E-05
25€-05
(a)
1.0E+0
8.0E-01
_ 6.0E-01 —— 20degC
= e 40degC
® = 60degC
4.0E-01 80degC
100degC
2.0E-01
0.0E+00+—— ; : 7 : 4
0 2 4 6 8 10
Time [s]

Fig. 7. Impact of surface temperatures on surface species changes over time
demonstrating the impact of surface temperature on (a) the consumption and
production of BF and CF species, respectively, and (b) the fraction of surface free
sites.

tions occur at the surface of the particle representative domain
where the reactant B is adsorbed onto the surface, consumed and
at the same time generates the CF species.

For the current sorption analyses, the values of energetics param-
eters were obtained from a database generated in (1). Out of all the
previously mentioned functionalities that perform differently with
different minerals, benzoid acid (My = 122.13 g/mol) was consid-
ered as the model compound to represent carboxylic acids. At equi-
librium state, the negative 4G and K, between acid and surface
were considered 30 kJ/mol and 4E-5, respectively (25 °C) [1].
According to (1), similar 4G values of benzoic acids on greywacke
and gravel have been determined. By keeping the studied system
at equilibrium state, activation energy of adsorption (Eq4s) of 50 [Kk]/-
mol] and of desorption (Eges) of 80 [k]/mol] were implemented in the
model. Further, 4E-8 and 1E-3 [mol/(m?s)] of reaction rate of adsorp-
tion and desorption were used as input, respectively. Regarding the
surface coverage, the density of active sites (I"),) on mineral surface
was considered of 10E-6 mol/m?, as in (14). The concentration gra-
dient of species B is considered along one single direction while no
gradient exists in the other two directions (initial cg of 1E-6 mol/
m?; initial cgr 0.01E-5 mol/m?) (Table 1).
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Fig. 8. Impact of activation energy [k]/mol] on surface species changes over time
demonstrating the impact of surface temperature on (a) the consumption and
production of BF and CF species, respectively, and (b) the fraction of surface free
sites.

Typical output of the model with the above characteristics and
of surface reactions are shown in Fig. 5, where the strike of B spe-
cies and their localized sorption on the active surface sites is
demonstrated at the early beginning of interaction and after full
coverage on the surface, respectively. Especially, the initial evolu-
tion of the concentration profile of B species is shown in Fig. 6,
demonstrating the spatial distribution of concentration and con-
centration variation of B species adsorbed and consumed on the
surface across the length of its periphery at the first 0.14 sec of
interaction. Different time length of reaction cause different con-
centration profiles along the particle periphery. Nevertheless, these
analyses are limited on one temperature and on a very low concen-
tration of diluted species on a solvent, or binder. In the next sub-
sections, sensitivity analyses were discussed to elucidate the effect
of temperature and of reactivity characteristics on sorption perfor-
mance of the whole system (Table 2).

3.1. Influence of surface temperature
To quantify mechanistically the impact of temperature during

the interaction of diluted free species B(1E11 mol/m?) on the active
free sites of a surface (10E-6 mol/m?), finite element analyses were
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Fig. 9. Impact of adsorption reaction rate [mol/(m? s)] on surface species changes
over time demonstrating the impact of surface temperature on (a) the consumption
and production of BF and CF species, respectively, and (b) the fraction of surface free
sites.

conducted at different surface temperatures by keeping the temper-
ature of asphalt domain constant (25 °C). Particularly, the predicted
concentrations of BF and CF species on the surface at 20, 40, 60, 80
and 100 °C and their respective evolution due to the sorption reac-
tions are demonstrated in Fig. 7. Fig. 7a (top) and a (bottom) illus-
trate the concentration changes of B and CF species that were
consumed and produced on the surface, respectively, at different
surface temperatures over time (i.e., from O to 10 sec). Increase of
reaction rate is observed with increase of the surface temperature
resulting in the fastest consumption of BF species and also the high-
est surface concentration of CF at 100 °C. As expected from the
results obtained from the BF and CF concentration profiles, the sur-
face active free sites are occupied by B species, attached and reacted
on surface, and hence the number of active free sites is decreased
over time (see Fig. 7b). Further, as temperature increases, the con-
sumption of BF species and the production of CF species on the sur-
face was accelerated and subsequently reduction of fraction of free
sites was resulted, reflecting the chemical response of warm miner-
als when they are in contact with asphalt binders.

3.2. Influence of reactivity

The energetic parameters governing the sorption isotherm phe-
nomena are the adsorption energy (E,4s) and reaction rate (kqgs) of
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the B/F configuration, and thus their effects on the extent of surface
reaction have been analyses as well. Finite element predictions
provided at 25 °C and the influence of activation energy of adsorp-
tion (40, 50, 60 and 70 k]/mol) on the conversion rate of BF to CF
species is analysed and simulation results are shown in Fig. 8a.
Also, the reduction of active sites on surface due to the conversion
of B to CF species is illustrated in Fig. 8b. Lower activation energy
values indicate more reactive systems and thus species which are
able to initiate a react without high energy demands. On the basis
of simulation results, decrease of activation energy leads to a faster
reduction of fraction free sites and conversion of new species on
the surface (see Fig. 8).

In similar fashion, as expected, increase of reaction rate on the
surface (i.e., from 4E to 9 to 4E-7 mol/(m?s)) caused quick sorption
and generation of new species (see Fig. 9). The amount of adsorbed
B species increased faster while the production rate of CF species
increases on the surface, following the same trend with the activa-
tion energy decrease. As seen in both Figs. 8 and 9, adsorption and
generation of new specific on the surface of minerals is highly
dependent upon the reactivity parameters (i.e., Eqgs and kggs). The
equilibrium concentrations were reached faster in the system with
the 40 kJ/mol and 4E-7 mol/(m?s) of activation energy and reaction
rate, respectively. Overall, the temperature and the reactivity of
individual components strongly influence the surface reaction pro-
cess between asphalt species and minerals.

4. Summary and future work

Understanding of conversion of functional groups in asphalt
binders to useful compounds (e.g., oxidation inhibitors) with min-
erals, or nature originated particles, is not a well-established mod-
ification field in asphalt technology. Here, a fundamental study was
presented and insights into the chemical thermodynamics of sorp-
tion phenomena of asphalt binders are discussed elucidating the
controlling variables. A sorption model extended with surface reac-
tions (two-step sorption model) was developed as well to explain
the sorption behaviour of asphalt binders onto minerals. The cur-
rent analyses could serve in future material studies to restrain
the number of selected parameters for investigating the key steps
of the sorption phenomena in asphalt mixes. Also, the model is
applicable for various scenarios of asphalt-surface interactions in
which the reaction-driven distribution of concentrations of asphalt
adsorbates can provide useful information once the energetic
parameters are known. Finally, the current model can be extended
to applications where multiple catalytic processes can compete in
various conversion schemes in asphalt- and hydrocarbon-related
industries. Some exemplary applications may be the chemical con-
version of heavy asphalt fractions (e.g., asphaltenes) to lighter
hydrocarbons or reduction of molecular weights of certain groups.
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