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Detection of asphaltene flocculation using NMR relaxometry
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Abstract

We present a preliminary study of the detection of flocculation by NMR relaxometry. For this purpose, various asphaltene
solutions in the presence of solvents inducing aggregation and flocculation were prepared. The asphaltenes were extracted from
one crude oil and various fractions of toluene and n-heptane were prepared to vary the solvent quality. We measured the
transverse magnetization decays at 60 MHz using standard CPMG sequences. We show first that asphaltene aggregates have a
well-defined signature typically at relaxation times in the order of 1 ms. In general, the signal can be split into two parts
characterizing the asphaltene aggregates and the solvents. The asphaltene signature becomes bimodal near the flocculation
threshold. The solvent relaxation rate varies linearly with the asphaltene concentration and this effect can be associated with
viscosity variations. To cite this article: A. Prunelet et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Nous présentons une étude préliminaire concernant la détection de la floculation par relaxométrie RMN. L’application
principale visée est la détection de la floculation d’huiles pétrolières asphalténiques dans des conditions variées de pression et de
température. Différentes solutions d’asphaltènes en présence de solvant favorisant l’agrégation et la floculation des macromolé-
cules ont été étudiées. Les asphaltènes ont été extraits d’une seule huile pétrolière. Nous avons mesuré l’évolution de
l’aimantation transversale à l’aide de séquences CPMG à la fréquence de 60 MHz, pour différentes proportions toluène/n-
heptane. On montre tout d’abord que les structures asphalténiques peuvent être détectées à très faible temps de relaxation
(typiquement 1 ms). Cette signature est confirmée par l’existence du même signal en solvant deutéré. De manière générale, la
décroissance de l’aimantation comporte deux parties distinctes, caractéristiques des structures asphalténiques, d’une part, et du
mélange de solvants, d’autre part. Lors de la floculation, la signature des asphaltènes devient bimodale. L’inverse du temps de
relaxation du solvant varie linéairement en fonction de la concentration et cet effet peut être associé à la variation de la viscosité.
Pour citer cet article : A. Prunelet et al., C. R. Chimie 7 (2004).
© 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Crude oils contain asphaltenes that are of concern in
the petroleum industry. These compounds can affect
oil production at every stage, starting from the flow in
porous media down to the transportation and the refin-
ing. Due to their tendency to aggregate and stick to
solid surfaces, they can alter significantly the transport
properties. Also, during various recovery processes
(pressure depletion, gas injection, acidification), these
macromolecules can flocculate and generate signifi-
cant economic losses. Asphaltenes are commonly de-
fined as compounds insoluble in n-heptane and soluble
in toluene. Hence, there is no precise chemical defini-
tion of asphaltenes, but they may exhibit quite uniform
chemical properties, as shown by various analyses [1].
At high dilution, the aggregate size is thought to be in
the range 10–50 Å [1,2], and during flocculation, they
can grow up to micron-scale sizes. Due the complexity
of the molecules, the prediction of asphaltene floccu-
lation is very difficult, although there is some recent
attempt to use polymerisation models [3].

On the experimental side, the detection of floccula-
tion is not an easy task at temperature and pressure.
The recent development of low-field NMR apparatus
that are portable on site or can perform in-situ mea-
surements suggested us to test the feasibility of floccu-
lation detection from simple relaxometry measure-
ments. In particular, the transverse relaxation time T2

contains a wealth of information about molecular mo-
tions and large-scale interactions between molecules.
For example, viscosity can be predicted over a range
covering six orders of magnitude. Hence, this measure-
ment seems at first glance adequate to probe changes of
molecular motions induced by increasing aggregate
sizes.

2. Theoretical background

Nuclear relaxation times are linked to rotational and
translational motions of the spin carrying molecules
through inter and intramolecular dipole-dipole interac-
tions. If a molecule is viewed as a rigid sphere of radius
a in a medium of viscosity g, the longitudinal and
transverse relaxation times are linked to the viscosity

of the medium and the radius of the molecule accord-
ing to [4]:
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where b is the distance between the two interacting
spins present at the surface of the sphere (i.e. a water
molecule is considered), and N the density of spins per
cm3. In the above relation, the a3/b6 term is the
rotational contribution, whereas the 3 N p/5 term is the
translational one. The dependence of relaxation to
viscosity and molecule size is due to the use of the
Stokes laws when considering the rotational and
translational diffusion constant.

For large molecules, the rigid sphere hypothesis is
obviously a crude assumption but, to our knowledge,
no theory is available for describing the various pos-
sible modes of relaxation. However, it should be
pointed out that the rotational contribution is expected
to be dominant for large molecules, and if the Stokes
laws are still valid, a dependence with the molecular
size is expected to persist, but not necessarily with the
same sensitivity. Note that the dependence of T2 with
viscosity is verified for a very large range of values [5]
(1 to 105 cp) for crude oils (this is not true for T1).
Therefore, the measurement of the longitudinal relax-
ation time at low field is expected to give information
when aggregates are modified in a fluid.

3. Sample preparation

The asphaltenes considered in this study were ex-
tracted from the Prudoe–Bay crude oil by precipitating
in n-heptane according to standardized procedures (NF
T60-115). The dry solid residues were reduced to pow-
der and mixed/homogenized with toluene in a sealed
container during several hours at 30 °C. In parallel,
10-mm NMR tubes were modified to be easily and
quickly sealed after introduction of a given solution.
When ready, the solution is introduced into the NMR
tube (about 100 µl) and a known quantity of n-heptane
introduced before sealing the tube. Care was taken to
not evaporate the solvents and modify the dilution.
Using this method, we obtained three solutions using a
deuterated toluene with different mass fractions of
asphaltenes (C = 4.8, 8.2 and 12.0%) and five base
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solutions using protonated toluene with different mass
fractions of asphaltenes (C = 2.5, 4.7, 7.6, 8.8 and
10.7%). To vary the solvent quality, about eight differ-
ent mass fraction of n-heptane were introduced into the
above five base solutions. The n-heptane fraction U
relative to the total amount of solvent (toluene +
n-heptane) varied from 0 up to 50%.

4. NMR relaxation measurements

All the NMR experiments were performed at a pro-
ton Larmor frequency of 60 MHz (‘Laboratoire de
spectrométrie physique’, Grenoble, France). Several
CPMG sequences were used to measure the transverse
magnetization decays; for the short decays, echoes
were recorded up to 8 ms using inter-echo times of 20,
50 100 µs, and for the long decays (up to 330 ms)
characterizing the solvents, the inter-echo times were
500, 1000 and 1700 µs. For each decay, 64 scans are
accumulated with a repeat delay of 10 s. Then, the data
are combined to give a single curve. During this pro-
cessing, we did not observe any mismatch, clearly
indicating that there is no inter-echo time dependence
and that the physicochemical processes studied were
stable within the measurement time (in the order of
1–2 h). We subtracted also to the measured curves a
parasitic constant probe signal extending up to 5 ms.

5. Relaxation data analysis

All the measured decay curves showed a sharp de-
crease at short time (10 µs – 5 ms) followed by a much
slower decay representing the solvents. We show in
Fig. 1 the data using the deuterated toluene (without
n-heptane), for which most of the signal is due to the
asphaltenes (a small signal still persists from the sol-
vent due to residual protons). The magnetization decay
is clearly multi-exponential, as shown by the curvature
of the signal in semi-log scale (Fig. 1). For non-
deuterated solvents, for which most of the signal is due
to the solvents, the procedure is the following: first, the
signal is scaled by the magnetization amplitude Mo
obtained at 10 µs (first data point of the free induction
decay); second, the signal is split according to:

(2)Mx(t)

Mo
= Ma + Ms = Ma + As exp�−

t

T2s
�

where Ma is the magnetization associated with
asphaltenes aggregates, As and T2s are respectively the
amount and characteristic relaxation time of the
solvent (either the toluene alone or the mixture toluene/
n-heptane). It was found that a single relaxation time
could well reproduce the decay curve of the solvent, as
seen for example by the straight line observed in
Fig. 1 for times larger than 100 ms. For non-deuterated
solvents where more than 90% of the signal is due to
the solvent, this has the advantage of better revealing
the relaxation times of asphaltenes. In addition, we
verified that the amplitude As was proportional to the
asphaltene concentration (the curve at 4.8% is above
the one at 12.0%, Fig. 1), indicating that Mo represents
the true total magnetization of the system. Subtracting
Ms to the total signal, the magnetization Ma was then
analysed separately using two methods, a multi-
exponential and a stretch exponential model:

(3)Ma = �
i

Ai exp (−t ⁄ T2i) or Ma = exp (−(t ⁄ s)�)

The multi-exponential model could be applied di-
rectly to the entire signal, but our experience indicates
that the subtraction procedure yields a numerically
stable and unique distribution of the short component.
The coefficients Ai were calculated using standard
inverse Laplace techniques where an optimum regular-
ization term is calculated to avoid unstable solutions.
For the stretch exponential model, the coefficients
� and s were calculated by linear regression in
log(log(M))–t scale. The multi-exponential model has
the advantage of visualizing rapidly the relaxation time
distribution present in the system.
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Fig. 1. Example of magnetization decay signals for three different
asphaltene concentrations in deuterated toluene. These signals cha-
racterize the asphaltene aggregates. The straight lines indicate the
relaxation time of the solvent (residual signal).
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6. Aggregates characterization

The comparison between deuterated and protonated
toluene experiments provided convincing evidence
that the asphaltene aggregates could be characterized,
even though the signal contribution in the later is rela-
tively small. This is due to the relaxation-time contrast
(several orders of magnitude) between the two terms
Ma and Ms. It has important practical consequences.
Hence, we focus here on the experiments performed in
protonated toluene.

The measured decay curves Ma could be fitted pre-
cisely with both the multi-exponential and the stretch
exponential models. In general, the aggregates are
characterized by a large distribution of relaxation times
(Fig. 2). Using the stretch exponential model, we found
� values much smaller than 1. In the multi-exponential
model, the distribution spans over more than one de-
cade. In both models, the dominant relaxation time,
presumably related to the size of the aggregates, lies at
about 2 ms, except for the low concentration solution
in which the dominant relaxation time is about two
times larger. It is suspected that higher dilution will
produce smaller aggregates and hence larger relaxation
times. Furthermore, the relaxation rate 1/T2s of the
solvent varies linearly with the asphaltene concentra-
tion (Fig. 3) according to:

(4)1

T2s

= 0.264 C + 0.511

where T2s is expressed in seconds and C in % w/w. The
interpretation of this observation is discussed later.

7. Flocculation

Since NMR relaxation times are related to the size
of the asphaltene structures, the NMR signal is ex-
pected to vary during the flocculation process. From
the base solution with different initial asphaltene con-
centrations Ci, various quantities of n-heptane were
introduced in order to induce flocculation. The data
were analysed as explained above. The relaxation time
of toluene and n-heptane are respectively 1590 and
1670 ms. Therefore, the relaxation time of the binary
mixture does not vary very much in all the experi-
ments. It is however influenced by the asphaltenes, as
will be seen later.

The first approach is to detect the changes in relax-
ation time when the quantity of n-heptane is increased
gradually. We present the results obtained on two solu-
tions with initial asphaltene concentration of 2.5 and
8.8% w/w (Fig. 4). For the two solutions, we see that
the distribution is split into two distinct relaxation
modes when the n-heptane concentration is close to the
flocculation threshold. Far above this threshold, there
is no signification change, although the solution is
considered to be flocculated by visual examination of
the tube. However, for one solution (7.6%), the split-

Fig. 2. a and b. Characterization of asphaltene aggregates in toluene.
Left: parameters � and s of the stretch exponential model. Ri-
ght: amplitude Ai of the multi-exponential model.
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ting into two relaxation modes was not observed, and
for the other solutions it was less pronounced.

The second approach is to follow the quantity As

(Eq. (1)) corresponding to the number of protons with
a long relaxation time (the solvent). For the initial base
solution, we verified that As decreases linearly with the
asphaltene concentration. When adding n-heptane to
the base solution, the total proportion of solvent in-
creases in the mixtures and therefore, As increases
(Fig. 5). However, for n-heptane fractions above the
flocculation threshold (about 35%), As decreases al-
though the total amount of solvent still increases. This
means that protons from the solvent are relaxing faster
and have shifted at smaller relaxation time. This
strongly suggests the existence of trapped solvent mol-
ecules inside the aggregates as the flocculation pro-
ceeds. This phenomenon was not observed on the other
solutions presumably due to a lack of measurement
sensitivity of As at low concentration C.

Finally, it is also of interest to analyse the influence of
the asphaltenes on the solvent properties (term Ms in Eq.
(1)). The relaxation time of a mixture of toluene and
n-heptane is nearly constant and we have seen above
(Fig. 3) that the toluene relaxation rate depends on
asphaltene concentration (Eq. (4)). In a similar way, the
relaxation rate of the solvent 1/T2s (Eq. (2)) for all the

asphaltene–toluene–heptane solutions varies linearly
with the asphaltene concentration (Fig. 6) according to:

(5)1

T2s

= 0.273 C + 0.451

Fig. 3. The relaxation rate 1/T2s of toluene increases as the asphal-
tene concentration increases.

Fig 4. a and b. Relaxation time distributions of the asphaltene aggre-
gates for two initial asphaltene concentrations and various fractions
U of n-heptane (w/w) in the toluene/n-heptane mixture. The star
indicates the instances when the solution is considered as floccula-
ted, as observed visually.
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The slope is close to the one found for asphaltene/
toluene solutions. Note that the graph in Fig. 6 gathers
all the data points before and after flocculation.

8. Discussion

The NMR relaxation data collected are consistent
with the flocculation process: as the quality of the
solvent decreases (i.e. the n-heptane fraction in-
creases), the aggregate size increases (the relaxation
time decreases) up to the point where a solid-like
structure is formed (the splitting of the relaxation time
distribution of the asphaltenes). The bimodal signature
is observed near the flocculation threshold and has
been observed for all solutions except one. Therefore,
we think that it might be a good indicator of the onset
of flocculation but other independent measurements
should be performed. Note that the two modes are
separated by a factor of ten yielding a very robust
signature in terms of numerical analysis. The absence
of a bimodal signature at higher n-heptane concentra-
tion above the flocculation threshold is in apparent
contradiction with the proposed signature. We suspect
that the lower relaxation mode becomes gradually un-
detectable using standard CPMG sequences.

The flocculation threshold is also indicated by the
decrease of the amplitude of the solvent (As), inter-
preted with a trapping mechanism of the solvent mol-
ecules inside the aggregates. However, analysing the
solvent relative amplitude is a less sensitive method.

The linear relationship of the solvent relaxation rate
with the asphaltene concentration can be interpreted as
a viscosity effect. Unfortunately, viscosity measure-
ments are not available and we rely on published data
on similar systems. In the range of concentration con-
sidered, the solution studied can be considered in the
dilute domain [6,7] for which the viscosity increases
linearly with concentration. For similar solution,
Fenistein et al. [6] and Henault et al. [7] found a
viscosity increase of a factor of about 2 to 3 when C
increases from 0 up to 10% (w/w). If we interpret the
variation of the solvent relaxation rate as linked to
viscosity, the measured slope (Eq. (4)) indicates an
increase of a factor of 2.6, in agreement with these
authors. Furthermore, since the dominant relaxation
time of the asphaltene aggregates is not linked linearly
with concentration (Fig. 2) and is nearly constant

Fig. 5. Magnetization amplitude As as a function of the n-heptane
fraction U in the toluene/n-heptane mixture.

Fig. 6. Relaxation rate of the solvent binary mixture as a function of
the asphaltene concentration C. The different symbols indicate the
initial asphaltene concentration Ci of the solutions. The unique slope
indicates that there is no sharp viscosity transition during floccula-
tion.
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above C = 2.5%, the viscosity changes can therefore
only be reproduced by the changes of the relation time
of the solvent. However, we expect to observe a viscos-
ity transition near the flocculation threshold [6] and
this is not shown by the relaxation rate of the solvent
for the flocculated solutions (Fig.6 , Eq. (5)). There-
fore, the solvent relaxation time may not indicate all
viscosity fluctuations. NMR dispersion and diffusion
experiments could be useful to provide a better under-
standing of these phenomena.

9. Conclusion

Using asphaltenes extracted from the Prudoe-Bay
crude oil, we measured and analysed the relaxation-
time distribution of asphaltene-toluene solutions and
asphaltene/toluene/heptane solutions. The asphaltene
concentrations varied from 2.5 up to 10.6% and are
considered in the dilute regime. The n-heptane/toluene
fraction varied from 0 up to about 50%, covering the
flocculation threshold. The asphaltene aggregates have
a signature at low relaxation time (1 ms), while the
solvent is seen at about 1.5 s. During flocculation, the
asphaltene signature changes from a wide unimodal to
a bimodal relaxation time distribution. The relaxation
rate of the solvent varies linearly with the asphaltene

concentration. These variations can be interpreted as a
variation of viscosity, in agreement with measure-
ments on similar solutions published in the literature.
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