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Motivation 
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•  New reservoir with asphaltenic nature  
•  Precipitates 
•  Extreme viscosity 
•  Emulsion stability 

Vargas Lab/Rice University 



Asphaltene 

•  Poly-disperse mixture: peripheral alkyl chains with 
different length, different heteroatoms with polar 
functionality in the PAH core  

•  Average molecular weight ~ 750 g/mol Range from 
400 to 1500 g/mol 

•  Solubility class: insoluble in alkanes, soluble in 
aromatic solvent 

•  The most polarizable & surface active component 
of the crude oil 3	

Increased asphaltenes concentration 

From Schlumberger 

n-C7 asphaltenes n-C5 asphaltenes 

Ramos et al. (2001); New Mexico Tech. Petroleum Recovery Research Center; Mullins. (2010) 
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Π = − kΒT
A0
ln(1−Θ)

Langmuir EOS 

A0= 0.3 nm2/molecules  

Rane et al, Langmuir 2013 

Contraction & Expansion of solution of Norwegian 
asphaltenes in a poor solvent 
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E0 =Θ ∂Π
∂Θ

= kΒT
A0

Θ
1−Θ

Π = − kΒT
A0
ln(1−Θ)

Langmuir EOS 

A0= 0.3 nm2/molecules  

Dilatational rheology of Norwegian asphaltenes in a poor 
solvent 

Rane, Pauchard, Couzis, & Banerjee (2013) 



•  0.3 nm2/molecule correspond to carbon 
        skeleton of 6 fused aromatic rings (NMR) 
•  Flat on adsorption of asphaltenes core 
          on water (SFG) 
•  Asphaltene molecule approximately 
       covers 3 water molecule. 
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Figure 30: Schematic of asphaltene stabilized oil-water interface showing that 

asphaltenes monomers with polyaromatic core size corresponding to the Yen-Mullins 

model adsorbed ‘flat on’. In this picture nanoaggregates and clusters do not adsorb as 

readily because of protruding aliphatic chains, which must be accommodated, as 

illustrated in the figure. 

 

Appendix I  

Shape of the droplet: 

During oscillation at extreme frequencies droplet maintains its Laplacian shape and 

follows Young Laplace equation. The figures below show the droplet image with the 

Young Laplace fit (pink line) which fits exactly during the oscillations at extreme 

frequencies. 

Yen- Mullins model2,3
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FTICR MS with collision for de-alkylation 
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Similar behavior for most compound classes 
Pauchard et al, Petrophase 2013 

N	species/60eV

Carbon	number
10 80706050403020

0

10

40

50

30

20
DB

E



parallel -> stableperpendicular -> desorption 

t=0 t=54 ps t=100 ps

DFTB simulations of Benzene and Coronene on water 
cluster. 

Coronene 
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Lattice gas adsorption simulation 
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Monte Carlo simulation 
•  Adsorption Method(Empty to 

full lattice) 
•  Desorption Method(full to 

empty lattice 

Assumption 
•  Infinite repulsive interaction 

between hard core molecule 
•  Infinite repulsive interaction 

between neighboring site 
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D=0 Θà0.694 



→ At Equilibrium rate of Adsorption= 
Rate of Desorption 
 
→ β(Θ) is blocking function, the 
fraction of the surface area which is 
excluded from further adsorption by 
already adsorbed molecules.  
 
→ Gibbs adsorption isotherm from 
equality of chemical potential in the 
system 
 
→ Finding the Equation of state from 
Gibbs Adsorption isotherm 
	

dΠ = kT Θ
Aa
d lnC

kaC[1− β(Θ)]= kdΘ

∂N
∂n

= 1− β(Θ)dynamic
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Kinetic Argument 



Same Blocking function obtained at equilibrium 
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(a) 

(b) 



Comparison of Equation of State With Literature 
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(a) 

(b) 
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Darjani, Koplik, Pauchard, PRE, 2017  
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Dilatational Rheology Experiment 
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mN/m) than initial values before contraction but are very close
to the maximum values reached during static adsorption at the

same bulk asphaltene concentrations (∼19.5 mN/m after 30
000 s at 80 ppm, see Figure 1 in ref 3). This could mean that
“relaxed” surface pressure values correspond to an equilibrium
being established between adsorption and desorption. Such a
mechanism requires further examination with regard to the
hypothesis made for analyzing adsorption kinetics in ref 3, viz.
that asphaltenes are “almost insoluble”, with desorption being
neglected as surface coverage increases up to values ∼80%.
However, at equilibrium coverage itself (∼85% for slow
adsorption processes) desorption must equal adsorption. We
will show that these phenomena can be quantitatively modeled
by a simple desorption model where the rate of decrease in the
surface coverage due to desorption is proportional to the
surface coverage. This leads to a rapid (exponential) increase in
the desorbed amount near the “jamming” limit for slow
adsorption. To proceed consider a quantitative analysis toward
the end of “recovery” (i.e., below 21 mN/m, which as shown in
Figure 3c allows use of the Langmuir EoS to determine surface
coverage from surface pressure). If recovery kinetics is
controlled by desorption rate (for which the simple model
alluded to earlier is ∂Γ−/∂t = −kdΓ with kd the desorption rate
constant), then

Γ = Γ − −t t( ) ( )e k t t
ref

( )d ref (5)

with Γ(tref) being the surface coverage value at a chosen
reference time, e.g., the time when 21 mN/m is reached, for
which conditions we can use the Langmuir EoS to determine
surface coverage.
Figure 6 presents in a semilogarithmic plot the end of the

recovery tests at with tref corresponding to a surface pressure of
21 mN/m. The curves obtained are quite linear. Furthermore,
despite different adsorption and contraction histories, the

Figure 3. Cycling experiments. Droplet aged 3 h in a 100 ppm
solution. (a) Time variation of area of the droplet and corresponding
surface pressure during cycling experiment. (b) Surface pressure versus
area during same experiment. (c) Surface pressure versus interfacial
coverage. (d) Residual nonconvergence of the fit against surface
pressure during cycling experiment.

Figure 4. Droplet contracted by a factor 10 in volume (45 s
adsorption, 100 ppm in 85−15% heptane−toluene).

Figure 5. Recovery curves of contraction experiments. Variable
concentrations in Nexbase 2002. Variable contraction ratio.

Langmuir Article

dx.doi.org/10.1021/la5028042 | Langmuir 2014, 30, 12795−1280312799

Expansion-Contraction Experiment 
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0.652 

0.827 

Hysteresis between Expansion and Contraction 
Experiment              Dynamic Frustration 

Pauchard et al., Langmuir (2014) 

Γ(t)A(t) = Γ(Aref )Aref

Wrinkles 

Asphaltene-Laden Interfaces Form Soft Glassy Layers in Contraction
Experiments: A Mechanism for Coalescence Blocking
Vincent Pauchard,§,∥ Jayant P. Rane,†,‡,∥ and Sanjoy Banerjee*,†,‡,∥

†Energy Institute and ‡Department of Chemical Engineering, City College of New York, New York, New York 10031, United States
§Flow Technology Group, Department of Process Technology, SINTEF Materials and Chemistry, Trondheim, Norway
∥FACE - The Multiphase Flow Assurance Innovation Center, Kjeller, Norway

ABSTRACT: In previous studies, the adsorption kinetics of asphaltenes at the water−oil interface were interpreted utilizing a
Langmuir equation of state (EOS) based on droplet expansion experiments.1−3 Long-term adsorption kinetics followed random
sequential adsorption (RSA) theory predictions, asymptotically reaching ∼85% limiting surface coverage, which is similar to
limiting random 2D close packing of disks. To extend this work beyond this slow adsorption process, we performed rapid
contractions and contraction−expansions of asphaltene-laden interfaces using the pendant drop experiment to emulate a
Langmuir trough. This simulates the rapid increase in interfacial asphaltene concentration that occurs during coalescence events.
For the contraction of droplets aged in asphaltene solutions, deviation from the EOS consistently occurs at a surface pressure
value ∼21 mN/m corresponding to a surface coverage ∼80%. At this point droplets lose the shape required for validity of the
Laplace−Young equation, indicating solidlike surface behavior. On further contraction wrinkles appear, which disappear when
the droplet is held at constant volume. Surface pressure also decreases down to an equilibrium value near that measured for slow
adsorption experiments. This behavior appears to be due to a transition to a glassy interface on contraction past the packing limit,
followed by relaxation toward equilibrium by desorption at constant volume. This hypothesis is supported by cycling experiments
around the close-packed limit where the transition to and from a solidlike state appears to be both fast and reversible, with little
hysteresis. Also, the soft glass rheology model of Sollich is shown to capture previously reported shear behavior during
adsorption. The results suggest that the mechanism by which asphaltenes stabilize water-in-oil emulsions is by blocking
coalescence due to rapid formation of a glassy interface, in turn caused by interfacial asphaltenes rapidly increasing in
concentration beyond the glass transition point.

1. INTRODUCTION
Water-in-oil emulsion stabilization by asphaltenes (indigenous
hydrocarbons composed of polyaromatic cores with side alkyl
chains3) is of practical importance for crude oil transport (pipe
flow) and processing (dehydration). The most prevalent
explanation is the formation of a cross-linked material at the
water/oil interface5−9 which blocks coalescence in the
emulsions. Historically this largely arose from the observation
of wrinkles upon contraction of asphaltenes covered droplets.10

From that starting point, confirmation of cross-linking and its
relationship with emulsion stability was deduced from various
experiments aimed at studying the problem. In particular, shear
rheology revealed the transition from a fluidlike behavior (with
the adsorbed layer viscous modulus being greater than the
elastic modulus, i.e., G″ > G′) to a solidlike behavior (G′ > G″)
after sufficiently long aging times.11,12 Furthermore, shear

moduli in the solid regime appeared to follow a particular form
of frequency dependence11,12 already observed for chemically
cross-linked polymers at the gel point,13 i.e.

ω ω φ π′ ∝ ″ ∝ = ″ ′ =G G A G G n, , and tan( / )
2

n n
(1)

where G′ is interfacial elastic modulus, G″ is interfacial viscous
modulus, ω is frequency of oscillation, φ is phase angle, and n is
power exponent. As well, the condition for emulsion stability
(high asphaltene concentration and poor solubility) appeared
to be consistent with those causing critical gel type rheology.10
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Emulsion stability & Transition to 
multi-layer 
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This value reported as a critical value  
for emulsion stability in the literature 
where blockage of coalescence 
occurs.   
 

By considering Mw~750 g/mol:  
Θ=0.827 à 3.86 mg/m2  



Kinetic Frustration around Phase Transition Zone 
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Shows dynamic frustration  
Caging effect relaxed by thermal motion or stress (diffusion here)                         

Soft Glass Rheology model could be a good option  

0.652 

0.827 

0.652 

0.827 
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Ψ(rj ) =
1
Nk

ei6θ jk
k=1

Nk

∑

g6 (r) =
Ψ(rj )*Ψ(rk )δ (r − rj − rk )

k≠ j

N

∑

δ (r − rj − rk )
k≠ j

N

∑

Local Bond orientation order: 

	
Bond orientational correlation function: 
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Relaxation dynamics of glassy states 2 step simulations: 
1.  RSA with diffusion  
2. Diffusion only to see the evolution of β with time  

β(Θ)∝ (9t)−0.00103

β(Θ)∝ 0.0024exp(t −0.013)

t=0 t=350 

Birefringence is Observed on Contracted droplet 
Varadaraj et al., Energy & Fuel (2012) 



1.  Adsorption of asphaltene on the oil/water interface follow an 
EOS which can be found from Lattice gas model 

2.  Asphaltene adsorbed as a monolayer up to 3.86 mg/m2 and 
after that multilayer is built. 

3.  Transferring to solidification zone stopped the coalescence 
and cause wrinkle appears on the droplet.  

4.  Diffusion and desorption in the system leads the system toward 
equilibrium. But if there are not sufficient enough, relaxation 
took a longer time. 

5.  Equilibrium system shows a strong ordereringwhich is in 
agreement with birefringence observation by Varadaraj et al.  
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Conclusion 



Thanks For Your Attention! 
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