Reaction-diffusion model for oxidative aging
of bitumen
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Hypotheses
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Molecular structure
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[Akbarzadeh et al., 2007]
2[Soenen, 2017]
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Chemical mechanisms

example: “spurt” oxidation® ~ 40 hours
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Mixtures - partial mass balances
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‘ 8Tp3 +4 Jé =173
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Mixtures - partial mass balances

pré L pp o B p3 <
® dp+Ji=n
‘ 0 Jy=r
pat : Orpa+Jn = 1o , a=1,.,N

‘ 8Tp3 +4 Jé =173
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Mixtures - chemical potential
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TIP

TIP-framework used

TIP - one reaction and isothermal conditions

mass balances

a‘rp(y + ‘](/y = T

diffusion fluxes

l rv—1

Jo = -5 > Lag lus — )
B=1
reaction kinetics
Ta - AS(XJ\/[(\.
chemical potentials
Mo = N/?y + RT In Ao

1o + RTIn Xa7a
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Define the players
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@ resins
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@ asphaltenes assumption:
every ARA member affected only once

e saturates = average compounds
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Diffusion-reaction model
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assumption:

every ARA member affected only once
— average compounds

Typical elemental compasition for heavy oil' (Gateau et al., 2004).

. ‘Weight percentage Ek Yy comp based on Cy + (%)
Fraction (%) C H N o S
Asphaltene 14.1 838 15 13 L7 48
Resin 373 828 890 15 20 43
Aromatic 372 843 100 <03 L1 40
Saturate 114 86.6 13.0 <03 =02 =0.1

! From Venezuela reserve.




Diffusion-reaction model
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Stoichiometry and mass balances

stoichiometry

102 +1ARA = 1ARA™ +1H>0

stoichiometric coefficients
s1=81=—1,83=s2=1,85=0.

molar fraction relations

X3 = X2,
xs = xsll—x1—xa|,
xa = [1—x5][1—x1—x2] —xz-

mass balances

O-c1 + j{ = —A
07-C2 = A



Diffusion-reaction model
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Activity model

Regular solution type activity model

[Vidal, 2003]
vk 2
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Diffusion-reaction model
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Diffusion part
diffusion part (constant T')

Ji Li1 L1z L1z L (1 — po]’
5 1 Loy Loz Loz Loy [/417/2]/
7 = 7 L31 L3z L3z Lz | - [%3_%2]/
H Lu Lo L Lu| 0" 0%
v Lsi  Ls> Ls3 Lsa S

(w2 — ps).; = Balpa — ps)’
(s — ps).; = Balpa — ps)’
(14 — ps),j = Balus — ps]’

*

J1 = —LTH (1 — ps)




Diffusion part

diffusion part (constant T')
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Diffusion-reaction model
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Reaction part

approximate A by a polynomial in activities [Pekar M. and Samohyl I., 2014]
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Reaction part

approximate A by a polynomial in activities [Pekar M. and Samohyl I., 2014]
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equilibrium

N

@ affinity A = — > pasa must vanish
a=1
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Diffusion-reaction model
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Reaction part

approximate A by a polynomial in activities [Pekar M. and Samohyl I., 2014]

1 .
A~ Py =By + §Bnaf+B12a1az+313alaa+Bl4a1a4+315alas
1
+ 532202 + Basaza3 + Basazas + Basazas

1
+ 533311;2», + Bssaszay + Bssasas

1
+ 5344@4 + Basagas

L 2
+ 5355%

equilibrium

N
@ affinity A = — > pasa must vanish
o=t A= B14[CL16L4 — KCLQCLg]

[SHSS] S [SPNS]
ayaj _ B3 _ ajay
ln(—e 9)__RT - K=-+%

az ag az ag

@ A®° = A(aq = af) must vanish too
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Reaction part

intermediate result:

A= DBy { X1X1 €Xp ( L[5y - 3)" + % [04 —5}2>

— X2X3 €Xp (

A= Buaxsexp (g [ =7 + 5 (61— 3]°)

final result:

A =Buax1 [[1 = x8][1 = x1 — x2] — Xx2] exp (7—1 51— 5%+ 2[5, — 5]2)



Numerical example
°

h
bitumen [ '
h = 0.1lcm
o = 8.10x 10" 7mol
cm-+
le = 0.1/100 , .
_ 152 = 3 Bly= 2 e
Atpp = ﬁlc L=6x10 4.BM 4% 10 . -
0 _ L=2x10"%By=4x10
X5 = 0.35
0.456
0
0 100
7 [h]
species density molecular weight molar volume solubility
3 M q
9 cm /NiPa 9
cm mol mol MPa V/ cm s -
oxygen 1.114 32 28.0 14.0 44272.2
water 0.988 18 18.2 48.0 151790.4
ARA* 1709.0 20.0 63246.0
ARA aromatics 1.006 440 437.0 21.0
resins 1.054 990 940.0 19.0
asphaltenes 1.200 4500 3750.0 20.0
average 1709.0 20.0 63246.0
[saturates [ 0887 370 417.0 ] 165 [ 521779 |

[Akbarzadeh et al., 2005, Powers, 2014]



Summary
[ ]

0-c1 +j{ = —A
(9702 = A

J1:—L{{1+ X +x1 l]x'ﬁ—{ X1 +x1 1:|X/2}
1—x1—x2 ox1 1—x1—x2 Ox2

*

A =Buxi [[1 = xs][L = x1 = xe] = xz] exp (I?T (61— 6] + ;ZLT [64 — 5]2)

@ only 2 purely phenomenological parameters (L, Bi4)
@ able to distinguish between different compositions

@ diffusion not significantly affected by the oxidation process
supports hypothesis of additional processes at molecular level
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second reaction C=0
structure formation

N, diffusion

diffusion of rejuvenates
mechanical part

@ aging mortar

@ diffusion
rejuvenates

@ mechanical
properties

@ aging asphalt

@ diffusion
rejuvenates

@ mechanical
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