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Diffusivity of Asphaltene Molecules by Fluorescence Correlation Spectroscopy
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Using fluorescence correlation spectroscopy (FCS) we measure the translational diffusion coefficient of
asphaltene molecules in toluene at extremely low concentrations<8.03ng/L): where aggregation does

not occur. We find that the translational diffusion coefficient of asphaltene molecules in toluene is about 0.35
x 107% cn?/s at room temperature. This diffusion coefficient corresponds to a hydrodynamic radius of
approximately 1 nm. These data confirm previously estimated size from rotational diffusion studied using
fluorescence depolarization. The implication of this concurrence is that asphaltene molecular structures are
monomeric, not polymeric.

Introduction Historically, the first two models have had wide acceptance
as they are consistent with vapor pressure osmometry (VPO)
measurements and other common methods used to measure
molar concentration. However, rotational diffusion constants of
asphaltene molecules measured by fluorescence depolarization
have been found to be smfalind suggest small molecules; a
recent NMR study supports this picture. These rotational
)piffusion measurements are incompatible with large, rigid
molecules implied by the ‘giant molecule’ paradigm. Neverthe-

Aptly termed the “cholesterol of petroleum”, asphaltenes are
the heaviest, most aromatic component of crude oils defined as
the fraction of crude oil that is soluble in toluene and insoluble
in n-heptane. Asphaltenes are complex compounds consisting
of aromatic rings and aliphatic side chains, with a carbon
hydrogen ratio of 1:1.2 with 40% of the carbon in aromatic
structures and 90% of the hydrogen on saturated carbon. Ever
stage of petroleum extraction and production is hindered by the

presence of asphaltenes. These molecules separate from thl‘?ss’ it has been propgse_d that the “archipelago’ mouh
lighter oil phase due to changes in temperature, pressure, OIJslands of fused aromatic ring systems connected by loose alkane

composition forming aggregates that cause pipeline blockage!lnkages—mlght be compatible with large molecules character-

and reduced permeability of subsurface formations. They are ized by subunits W'th small rotational d|ﬁu3|oq constents. i
also known to stabilize oil\water emulsions, form coke upon  More recent experiments based on ultrasonic sound velocity

heating, and deactivate cracking catalystgtical steps in the ~ Mmeasurements, AC conductivity, and NMR all suggest that there
refining process. is a physical transition at approximately 0-1%.20 g/L10.11.8
Understanding of the basic physics of this aggregation is of This so-called critical nanoaggregate concel_']tration (CNA_C)
central importance to the oil industry and is of great scien- makes VPO measurements less reliable as typical concentrations
tific interest. Though significant progress has been made in required for these measurements exceed this b.yafactor.of 100.
determining both structural and aggregation properties of MaSS spectroscopy resuitperhaps the most obvious candidate
asphaltenek;4 there remain controversies surrounding such (© determine a;phalte.ne molecular weighéve been questioned
basic parameters as the size of asphaltene molecules. Valuef@5€d on two issues: the ability to obtain a gas phase of large

reported in the literature range over many orders of magnitude, C0mPonents and possible fragm%ntation. Recent ultrahigh
Direct measurements of molecular weight have produced €selution mass spectroscopy restltiound that the most

conflicting results due to the tendency of asphaltenes to form @Pundant species of polar asphaltenes molecules are in the range
aggregates. This ambiguity has led to the emergence of at leasf00~800 amu, supporting the rotational diffusion data. .
three well established models which are mutually exclusive yet 10 resolve these issues one must employ a technique which
consistent with the spectroscopic data. The first of these modelsiS nondestructive and remains sensitive at concentrations many
may be described as the ‘giant molecule’ picttifnis model orders of magnltude_below the presumed CNAC ar_ld below the
proposes that asphaltene molecules are composed of very larg@resumed onset of dimer formation (0.05 m@)LTo this effect,
aromatic domains surrounded by very long aliphatic chains. The We study the translat|onal_d|ffu5|on of asphaltene molecules
second model may be described as the ‘archipelago’ piéture. USing fluorescence correlation spectroscopy (I_:CS) at extrem_ely
This model proposes that asphaltene molecules are composedPW concentrations (as low as 0.03 mg/L) in toluene. This
of many smaller aromatic cores which are covalently linked teéchnique uses fluorescence to measure molecular diffusivities;
together by aliphatic chains. The final model may be described ON€ can thus |r_1fer a molecular ‘s_lze’ without ambiguities arising
as the ‘small molecule’ or monomer descriptiof.In this case, ~ rom aggregation or fragmentation.

asphaltene molecules are assumed to have a single aromatic

core with short aliphatic side chains. Experimental Background
. - FCS analyzes the time-dependent fluctuations in the fluores-
* Corresponding author e-mail: bandrews@slb.com. . . . .
t Schlumberger-Doll Research. cence intensity collected from a sample driven either by
*Harvard University. Brownian motion or chemical kinetics. For noninteracting
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particles at a given average concentrat@@rthe relaxation of
local fluctuations in the concentration around the ensemble
averagedC(r, t) is governed by the diffusion equation:

Correlator

_aac;(tr, Y _ pvzscr 1 )

HereD is the translational diffusion coefficient. The normal-
ized autocorrelation functioB(z) is defined as a time average \ .......... 2 Onjectie comeuter
of the products of the fluorescence intendhft) at different
lag timest:14

Neutral Density C ]
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Current FCS experiments utilize a confocal illumination and Figure 1. Schematic of_ experimental apparatus. The 405 nm diode
detection setup which restricts the collection of light to a small laser is collimated to slightly underfill the back aperture of the<60

observation volume. Typically, one assumes this confocal ypiective. Cross-correlation is obtained with a beam splitter and two

observation volume to be a Gaussian ellipsoid: APDs.
Ir) =1 exp{_Z(xz—l—yz) . Zi) 3) Our FCS measurements are performed on a home-built
0 2 W.2 apparatus similar to those described elsewhere (FiguteAL).
Y ‘ 405 nm, 20 mW diode laser (New Focus) is coupled to the
By combining the solution of eq 1 with eq 3, eq 2 can now optical assembly via single mode fiber (OZ Optics) and
be evaluatet collimated to a diameter which slightly underfilled the back
aperture of the objective (6& 1.42NA oil Plan Apo from
G(r) = 1(1 n 1)‘1 (1 i wzl)‘”2 4) Olympus). The dichroic, excitation, and emission filters were
N 75 Tp obtained as a matched set from Chroma Technology corporation.

Instead of a pinhole, a multimode fiber is coupled to a beam
whereN = VCis the mean number of the number of fluorescent splitter and dual avalanche photodiodes (Pacer) with the outputs
molecules,w = Wy/w; is the ratio of the beam waist in the cross correlated. Fluorescent polyspheres with sizes ranging
transverse and axial directions, ang = wy?/4D is the between 0.025 and 08m (Duke Scientific) and carboxytet-
characteristic time required for a molecule to cross the focal ramethyl-rhodamine dye (Fluka) were used for preliminary
volume. This volumeV = 73Aw?w, is typically on the order  characterization during instrument construction.
of 1 fL. The correlation function (eq 4) can be modified to take our sample dilutions are prepared in HPLC grade toluene

g‘rt]?j ac(;:loginst C;;%{gﬂ I;ln?élzsk;ttgli?]leeéfgrrr}ﬁgﬁn, E]Zoﬁglaessggg’ purchased from Aldrich and used as is. Asphaltene concentra-
POIydisp - D y 9 tions range between 0.03 and 3.0 mg/L. For reference we

G(r) to the functional form of eq 4 using least squares. measure dyes with absorption band maxima near our laser
From 7p, the diffusion constant is obtained by the relation o Y P ;
excitation wavelength (405 nm). We select chromophores with

w2 a wide range of molecular diffusivities in order to juxtapose
D=2 (5) the diffusion curves of these heavier and lighter compounds
4rp with the asphaltenes. The chromophores include perylene and

. . _octaethyl-porphyrin (OEPorphyrin) (Sigma-Aldrich). Quantum
If the molecule is approximated as a sphere, a hydrodynamic 45 from Evident Technologies (620 nm emission eatieell
radius may be inferred from the diffusion constantising the CdSe/znS) are also utilized. The asphaltene samples are

Stokes-Einstein equatiotf prepared by precipitation from crude oil with-heptane.

ksT Specifically, UG8 (Kuwait) asphaltene is examined. Asphaltene
R= (6) samples are naturally fluorescent and do not require tagging
617D with tracer molecules.

whereD is the diffusion constanks is the Boltzmann constant, The optical properties of crude oils and asphaltenes have been

T is the temperatureys is the solvent viscosity, anR is the revieyved extensivgly by Mullins et al. (ref 2 and references
radius of the sphere. therem). Thg ch0|ce of 405 nm vyavelgngth for our FQS

In practice, neither the focal nor the observation volumes are €XPeriments is dictated by two considerations: (1) Absorption
perfectly Gaussian, so the measured autocorrelation functionsSPectra of asphaltenes drops exponentially at longer wavelengths
will contain artifacts which are not taken into account by eq 4. Starting at 650 nm, thus near-infrared wavelengths are of less
Analysis of the effects of focal volume artifacts on the interest?(2) Due to the lack of small ring systerfifluores-
correlation function have been explored in detail by Koppel ~cence emission spectra of asphaltenes have almost no UV
and Hess et &° (and references therein). These artifacts make component. Previous work has shown that excitation at 400 nm
precise determination of all fit parameters challenging. More- and detection of all optical wavelengths above 450 nm comprises
over, the large number of fit parameters typically utilized makes almost all of the asphaltene fluorophores. Blue emitting chro-
precise and unambiguous determination of a diffusion constantmophores in asphaltenes have larger quantum yield (by the
nearly impossible. Below, we use a scaling technique to energy gap law) so our choice of a long pass emission filter
overcome this limitation. emphasizes the smaller ring systems.
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Scaling Analysis Tx10”

As noted above, it is standard practice to fit the observed 51 —— UGBAsphaltene
correlation functionG(z) to a Gaussian-Gaussian correlation —— Perylene
function (GGCF) as described by eq 4. This function is derived 5 = g;?,‘g:’p"ga?n‘s

assuming that the observation volume is a three-dimensional
Gaussian ellipsoid. However, it has been pointed out that this
approximation is often not valid and leads to discrepancies
between the observed data and fits to the GGE¥25This is
aggravated by optical abberations, most commonly due to
refractive index mismatéh and imperfect alignment. For
example, index mismatch leads to substantial increase in the
contribution from the out of focus region. These systematic
deviations from the GGCF can lead to artifacts and misleading R
conclusions such as anomalous diffusion. We therefore reanalyze 10° 107 10% 19
the data using a scaling assumption (see below) that is L Temei
independent of eq 4 and thus less sensitive to optical artifacts.Figure 2. Diffusion curves for perylene (red), OEPorphyrin (blue),

This method is applicable when only a single diffusing species UG8 asphaltene (black), and quantum dots (green). The amplitudes
. t and there are no chemical reactions have been _normallzed by adjusting tlyeralues so that_ n_ormah;ed
IS presen : autocorrelation appears the same for each sample. This is the first step

We present a brief but rigorous argument concerning the in the scaling analysis described in the text.
scaling behavior of the two time correlation function obtained
by FCS for free (bulk unrestricted, nonreacting) diffusion; this BJ
argument does not require detailed treatment of the optical o
system and determines the diffusion coefficient of the unknown
molecule by scaling the data with respect to that of a known
standard. The details of the argument will be published
elsewheré?’

The observeds(r) is given by the convolutidf of .((F1,f2,7)—
the two point correlation function or the propagator of density
fluctuations—with (F1,AemAex) A(F2,Aemiex) Where O(F,AemAex)
is the observation volume or optical response function for a
pointT, excitation wavelengthey, and an emission wavelength o
Aem IN the present case, it suffices to note that for free diffusion, 7
T appears iny(r1,f2,7) only as a producDr i.e., multiplied by L —
the diffusion coefficientD. Furthermore,o(r1,f»,7) is propor- 10 ot
tional to the concentration of chromophores. If we assume that Lag Time [s]
the emission and excitation wavelengths are constant or nearlyFigure 3. The four diffusion curves shown in Figure 2 scaled onto
constaniG,(r) = G(Dar) and Gp(r) = G(Dpr) of two different perylene as described in the text (ioigg plot): perylene (red),
molecules will fall on each other when@®¢D.z) and IrG(Dy7) OEPorphyrin (blue), UG8 asphaltene (black), and quantum dots (green).
are shifted in proportion to their diffusion coefficients and
concentrations. Thus, if the diffusivity of at least one of the  Figure 3 shows the same data appearing in Figure 2 after
molecules in known, then that of the others is determined by scaling diffusion times as discussed above. We do not show
the magnitude of the shift. For a single diffusing species this the data when the normalized correlation falls below“10
procedure makes it possible to compare diffusivities without because at such low concentrations, the data are noisy. Figure

Normalized Autocorrelation
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fitting the data. 4 shows fits to our data with eq 4, using the traditional method
of least squares. Several combinations of parameters can produce
Results and Discussion equally plausible fits. Table 1 summarizes the relative diffu-

sivities obtained from least squares (column 3) and using the

Figure 3 compares the diffusion curves for asphaltenes with scaling method described above (column 4). The two methods
known fluorophores with their concentrations equalized. The yield nearly identical diffusivities; however, the scaling proce-
first thing to note is that the diffusivity of UG8 asphaltene is dure has the advantage that the results do not depend on the
comparable to OEPorphyrinR{ = 7.5 A). The diffusion choice of a model function and are parameter independent.
constant for peryleneR, = 3.5 A) is smaller than UGS Using eq 6, the hydrodynamic diameter can be estimated to
asphaltene, while that of quantum doR, & 50 A) is much be 21 A. This is comparable to the diameter inferred from
larger. Thus FCS easily measures the range of molecular sizegotational diffusion constants using fluorescence depolarization
which straddle the asphaltenes. The similar diffusivities of (FDP) by Groenziri, 16(18) A for spherical (ellipsoidal)
asphaltene and OEPorphyrin alone suggest that their hydrody-geometry. The 15% difference in hydrodynamic radii obtained
namic sizes are similar. Considering that porphyrins and by FCS and FDP can be attributed to the different sensitivities
asphaltenes have similar densities, this suggests that asphaltenihat rotational and translational diffusion have to the asymmetry
molecules probed by this technique have molecular weights of of the asphaltene molecule and is well within the errors inherent
the same order of magnitude as that of OEPorphyrin. Most to the assumption of spheroidal particles. Moreover, the FDP
importantly, aggregation effects can be neglected, as there isstudieg used a band-pass emission filter which omits the
no concentration dependence in the diffusions times measuredcontribution of larger chromophores at this wavelength. None-
by FCS for concentrations spanning the range of 638 mg/ theless, both FCS and FDP conclude that the asphaltene
L. fluorophores have hydrodynamic radii close to typical porphyrin
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Figure 4. Unscaled diffusion curves for (a) OEPorphyrin, (b) UG8 asphaltene, (c) quantum dots, and (d) perylene showing the results of a traditional
least-squares fits to eq 4.

TABLE 1: Diffusion Times (Column 2) and Diffusion dimerization. Table 2 compares the diffusion constants obtained
Constants (Column 3) Obtained by Fitting the Data in from FCS with fluorescence depolarization (FDRhd nuclear
Figure 4 Using Least Square% magnetic resonance (NMR).
(10°°s) D (10°cm?/s) D (10 5cn¥/s)

perylene 3.27 1(1.29) 1(1.29) Conclusions

OEPorphyrin 115 0.28 (0.37) 0.29 (0.37)

asphaltene 12.5 0.26 (0.34) 0.27 (0.35) The translational diffusion constants for asphaltenes are small

quantum dots 54.4 0.06 (0.08) 0.06 (0.08) and comparable to previously measured rotational diffusion

aRelative diffusivities are derived from the diffusion times listed in  cOnStants. This suggests that there is no internal structure of
column 2. Column 4 gives the diffusion constants derived from the chromophoric groups in asphaltenes beyond single aromatic
scaling procedure described in the text. Parentheses give the diffusivitiescores. This result is incompatible with the archipelago type
scaled with respect to published values for peryRéne. structures proposed in the literature. Similarly, very large ring
systems with correspondingly high molecular weightghich
would exhibit slower diffusion constants for both rotational and
translational diffusion-are likewise inconsistent with our data.

TABLE 2: Comparison of Diffusion Times Obtained for
Asphaltenes from Three Different Technique3

method D (10"*c¥/s) conen (g/L) d(A) Together, the rotational and translational diffusion constant
FDF 0.006 16-18 measurements show that these molecules are monomeric, not
FCS 0.35 0.00003 21 polymeric

NMR?8 0.29 0.05 24 )

The concentrations employed here are as low as 100 times

#FCS and FDP measurements were performed at identical excitationpe|ow the concentrations suggested for dimer formation and are
wavelength; however, in the latter case a bandpass emission filter wasy o |owest reported in the literature to date. This ensures that
used. All samples were prepared from the same crude GIG8. our data are free of the complications caused by molecular
aggregation and interfacial phenomena. At the concentrations
accessible to traditional techniques aggregates are often mixed
in with single molecules, which impedes the determination of
monomeric sizes. We believe that self-assembly of asphaltene
molecules is responsible for the wide range of molecular sizes
and weights reported in the literature.

molecules. While in the archipelago model individual aromatic
rings may contribute small rotational diffusivities, and transla-
tional diffusion must scale with the size of the archipelago.
Consequently, measurement of translational diffusion (FCS)
resolves ambiguities present in the rotational diffusion measure-
ments (FDP). Having nearly identical rotational and translational
hydrodynamic radii is only consistent with the ‘small molecule’
picture, since the entire molecule is probed for the latter
measurement.

Dimerization has been shown to occur at concentrations o
0.05 g/L13 using absorption and fluorescence spectroscopy.
NMR data shows a mean dispersion consfant 0.29 x 107>
cn?/s8 However, we do not observe any concentration depen- References and Notes
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