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Surface nuclear magnetic relaxation and dynamics of water and oil in macroporous media
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Proton nuclear spin-relaxation studies on water- or oil-saturated granular packings and limestone rocks allow
estimating surface molecular dynamical parameters. Measurements were performed at various conditions of
temperature, magnetic field strengths, and pore size. We show by low field NMR relaxation that changing the
amount of surface paramagnetic impurities leads to striking different pore-size dependences of the relaxation
times T, and T, of liquids in pores. These dependences are well supported by surface-limited or diffusion-
limited relaxation models. Surface relaxivity paramejer&ndp, are deduced from the pore-size dependence
in the surface-limited regime. We evidence the frequency and temperature dependence of the surface relaxivity
p1 by field cycling NMR relaxation and relevant theoretical models. The typical frequency dependence found
allows an experimental separation of the surface and bulk microdynamics in porous media. Several surface
dynamical parameters, such as diffusion coefficients, activation energies, time of residence, and coefficient of
surface affinity, were therefore determined. The methods presented here give a powerful analysis of the surface
microdynamics of confined liquids, which can be applied to the study of oil-bearing rocks.
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[. INTRODUCTION cerned so far with high surface-area materials. Here we
propose to extend their domain of application to
How is it possible to obtain structure and dynamic infor- macroporous systems with a low surface to volume ratio,
mation on liquids at pore surface by nuclear spin-relaxatiorsuch as oil-bearing rocks. Previous work in the field was
methods? The question is central to understanding textureoncerned with fixed low field NMR relaxation, both in labo-
and transport properties in high surface-area microporougatory measurements and in well logging applicatiph2—
materials, chromatographic supports, heterogeneous catalyti®]. This approach allows the estimation of fundamental
materials, and cement and natural macroporous materialpetrophysical properties, such as porosity, permeability, satu-
such as clays, minerals, or porous rocks. However, probingation, pore size distribution, and surface wettability2—
directly the molecular surface dynamics by standard nucleatg).
relaxation methods is difficult. For instance, the very low  oyr ajm here is precisely to characterize fundamental sur-
fraction of molecules in a surface layer in fast exchange withy, ¢ dynamical properties, such as water and oil surface cor-

the flocal bullk plhasde prevents any dllrect measmrjlrem%nt of thRation times, surface diffusion coefficients, surface resi-
surface molecular dynamics. Several attempts have been prgance times, and coefficients of surface molecular affinity.

ppsed to probe surface molecular beha_wor by standard tecrN/'Ioreover, to obtain these parameters from a nuclear spin-
niques[1-6]. For example, a progressive saturation of ce-

ment has permitted the isolation of the surface contributionrelaxatIon study, some questions exist concerning the char-

to spin-spin relaxation ratef2]. This method, difficult to acterization of the nuclear spin processes at the pore surface.

realize in practice, has permitted a check of the validity OfThese processes depend mainly on the nature of the liquid

the biphasic fast exchange model in porous media by th@‘nd on its affinity for the pore surface. , )
In the present study, we answer these questions by using

linear dependence of relaxation rates with the saturation fac- ) , )
tor [1]. The spin-spin and spin-lattice relaxation rate mea-Poth nuclear relaxation at 2.2 MHz and field cycling NMRD

surements for a series of saturated calibrated microporod§chniques applied to different kinds of water- or oil-
silica glasses, with or without surface silanization, has al-Saturated macroporous media. One kind of sample consists
lowed separation of the surface and bulk contributi@ss)], of packing of calibrated SiC grains, with 25% of the surface
thus leading to information on the surface reorientational dycovered by Si@ leading to a series of porous media varying
namics[6]. Nonstandard nuclear magnetic relaxation disperin pore sizes in the range of those of oil-bearing rocks. The
sion experimentsNMRD) [7] were also proposefB-11]. other kind of sample consists of fine-grain limestone rock
For instance, these methods have shown striking differencesores. Both kinds of samples are homogeneous in pore size.
between water and aprotic liquids in contact with mi- We evidence the presence of’feand Mrf* paramagnetic
croporous glass surfaces containing trace paramagnetic inens by electron spin resonan€SR) for grain packing and
purities[10,11]. All these experimental attempts were con- limestone, respectively. We show by nuclear relaxation mea-
surements at 2.2 MHz that changing the amount of surface
paramagnetic impurities, by hydrochloric acid cleaning,
* Author to whom correspondence should be sent. FAX: 33 1 6deads to striking different pore size dependences of spin-
33 30 04. Email address: jean-pierre.korb@polytechnique.fr lattice and spin-spin relaxation tim€s,; andT,). These ob-
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TABLE | Sample Characterlstlcs UBLEALLL SRR R L B R LR
w Water in grain
Grain size Pore siz8 Specific surface Porosity Permeability = | packs of 8 um
() (um) (m/g) (%) (darcy 2
e
150 138 0.026 43.9 15.5 R
110 100 0.035 42.9 8.4 S
80 74 0.047 43.8 3.0 _‘g
50 48 0.078 46.4 1.4 =
30 27 0.13 44.8 0.4 g
15 14 0.25 43.4 0.15 0 1 : | :
8 8.3 0.56 52.6 0.05 107 10° 10" 102 10°
&These numbers come from grain sizes and the use oflEq. T2 (ms)

FIG. 1. Example of théH spin-spin relaxation time distribution
ained with the cleaned 8m grain pack saturated with water at
2.2 MHz and 34 °C. The intense and narrow peak at 180 ms shows
Ghe monodispersity of the pore size distribution. The same measure-
ment has been made for each sample.

servations and an analytical model show that the Ieadin%bt
relaxation process is either surface limited or diffusion lim-
ited. For the surface-limited process, we deduce the surfa
relaxivity parameterg,; andp, directly from the pore size

dependence of ; andT, We report, by the nuclear magnetic

relaxation dispersion techniquéeld cycling NMRD), the NMR and gravimetric methods and are reported in Table I.

_frt_equency and temperature erend(_ence of the surface rela"]‘he almost constant value of the porosigbout 45% for
|V|ty,spcl:(pr).|We a%plledhthlsl_technl?_ue to the “cleaned d8 the various packings show that the main textural properties
pm SIC samples and to the Lavoux limestone, saturated el o preserved although the grain sizes vary. The grains are

ther with water or oil. This technique and the theoretlcalnonporous by themselves. The resulting pgg. and grain

moq6| that W€ propose permit the separat!on of the surfacggram diameters are related, considering the correspondence
liquid microdynamics from the bulk dynamics. We thus es-patween pore volume and solid volume

timate surface dynamical parameters as correlation times,
surface diffusion coefficients, and surface residence times.

We evidence the differences in water and oil surface affinity dpore™
and deduce a coefficient of surface affinity. Anomalous tem-
perature dependence of relaxation times for the silica surface
is also discussed.

1/3
%) dgrain- (1)

The monodispersity of the pore sizes is evidenced in Fig.
1 by the narrow NMR spin-spin relaxation tim&) distri-
bution of water in grain packings of 8m. This distribution

Il. SAMPLE CHARACTERIZATION is obtained by a numerical Laplace inversion of the observed
_ magnetization decayl6]. The inversion involves a regular-
A. Granular porous media ization method that smoothes and broadens the distribution.

We used model granular porous media made by packingiowever, as we used grain packings with narrow pore size
down calibrated silica carbide grairiSiC) from P. Wolters distributions, these problems of data inversion are limited.
Company (Germany [17]. The grains were obtained by Therefore, in the paper, we use tiig value obtained by a
grinding and were selected in calibrated size by sedimentanonoexponential fit of the relaxation signal corresponding to
tion in air. The mean grain sizes range individually betweerthe geometric mean of th&, distribution (peak valug in
8 and 150um, with an accuracy of-5%, with a grain den- accordance with the accuracy of the measurement. We have
sity of 3.2. The grain-specific surface areas measured by npbtained similar distributions for the other grain sizes. The
trogen adsorption-desorption range between 0.56 and 0.02fuadratic relationK«d3y,., that we observed between the
m?/g for grain sizes between 8 and 1%0n, respectively permeabilityK and the pore sizéFig. 2 is consistent with
(Table ). Individual grains are composed of SiC crystals ofthe Kozeny-Carman relation typically observed in quasi-
size about 0.1um cemented by an amorphous SiC phasespherical grain packings. Moreover, this figure gives us con-
X-ray photoelectron spectroscopyXPS) experiments fidence about the reproducibility of the texture of the differ-
showed that 25% of the surface is covered by Si07], ent packingg18,19.
formed by passive oxidation of amorphous silica either for The porous media were saturated either with water or oil
months at room temperature or during a few hours at 350 °Qdodecang in the cells initially under a vacuum of 2

This material is convenient to produce model granularx10 2mbar. For water saturation, cycles of vacuum and
porous medid 18] obtained by packing down dry calibrated CO, flooding were made to totally remove oxygen in pores.
grains in cells of 3 cm in diameter and 5 or 10 cm in length.The pore surface contains paramagnetic impurities that origi-
The cells are composed of a glass tube and two caps allowrate either from the grinding of the grains or substituted to
ing fluid circulation, and bearing pressure up to 5 bars tesilica during the production of the SiC material. It is neces-
avoid gas formation at high temperature. The porosifies  sary to remove the paramagnetic impurities coming from
the various prepared grain packs were obtained both bygrinding to perform reliable surface relaxation experiments.
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10 10 FIG. 4. Electron spin resonan¢&SR spectrum measured at
dpore (um) room temperature on the dry grains of diameters80. The sharp

peak atg=2 corresponds to free electrons and the large peak at
FIG. 2. Variation of the water permeabilit) as a function of  ~4.5 corresponds to the ferric ions¥e The corresponding inten-
the pore diameterd,.d. K is measured for each sample of a set sjty of Fé*, obtained by the integration of the peak, is much larger
of SiC cleaned calibrated grain packs. The curve fit shows the exthan that of free electrons.
pected power lavk «cd?,

. . . . ~4.5 represents ferric ion (B€) impurities. The integra-
We thus applied a continuous flux of hydrochloric acid SOIu'gon of th?s eak. oo ortion(al )to tr?e amount of3F gis
tion in each porous media at a low flow rate, for a few peax, prop £

weeks, to clean the surfaces. The acidic solution at the outl LIIC\r/]v Itil]rgte; trrr]iani trf:attrc])f tr}ﬁﬂpeik ofthelel?:trci)gs.rV\t/envvrlllls)((ae
of the grain pack was gathered by a fraction collector ever elo atterric jons thus influence the fiquid proton refax-

90 min. Each fraction was analyzed by its spin-spin nucleagﬂfg&srera'gngaﬁgféﬁsévzly 2;5%8 paor\’/aersursf%czjl. ;r:'it;?e;'
relaxation rates Ti,, proportional to the paramagnetic im- y 9 y y

purity concentration in solutiof20]. Figure 3 shows an ex- CuSQ of known weight in the sample. This allows an esti-

ample of the variation of T/, as a function of the cleaning mation of the quantity of paramagnetic impurities per gram

duration as a control of the efficiency of our cleaning proce—Ofanr]nafréarI'tr\]/Ze T}g%sg;etdo:hjeza;gg n:JaTqbsr Sgl-;?tr:asr Egirect—
dure. The sharp decrease at short times exhibits the removg] v w grain siz

of major impurities and iron filings. At longer times, T/ Ing the data only for the large grain sizes due to the skin

tends to an asymptotic value given by the relaxation rate ojffeeaé;mzcggg?;;wceigﬁ?ﬁgqﬁﬂzs d\é?jlsgetﬁzparrgt'ggigfn
the pure acidic solution. Of course, this cleaning procedur P 9 : prop

does not remove paramagnetic impurities chemically substf[-)rf surfzice Lmdpuntles, to WT;.Ch rg:?iatlon of {I.wd protogs of
tuted to silicon. e saturated porous media will be sensitive, 849,

The remaining paramagnetic impurities were monitoredWhereSP IS the specnjg surface arepq th? grain density,
by electron spin resonan¢&SR for each sample. The ex- and 62'3.6,& is the silicon interatomic distandd0]. The
periments were performed on an X-band ESR Bruker Spedgropo_rt_lon_of the surface corgpared to the total amount of
trometer at room temperature. For instance, Fig. 4 shows thgpurities is 'Fhus apout (.)‘.065/0 for the,anBgraTs and the
spectra measured for the &dm grains. The sharp peak at surface density of impurities iss=1.7x 10" Fe’*/cnt.
g=2 is the signature of free electrons. The extended peak at

B. Limestone

6 prorr T T We used cores of fine grain Lavoux limestone of diam-
5 ] eters and lengths 4 and 3 cm and 0.8 and 1.5 cm, respec-
o ] tively. The cores were water- or oildodecang saturated
~ 4F E under vacuum. The narrow pore size distribution was evi-
"o 3 _‘ E denced by the narrow transverse relaxation time distribution
e o 3 of the water-saturated co(€ig. 5. Paramagnetic impurities
- 2r L PR g species of the limestone were analyzed by EBIg. 6). The
4 ”0’":"'8 o] spectrum presents the well-known six-peak hyperfine struc-
! C Pure HCI solution J ture corresponding to manganese ions ¢Nrconvoluted by
o(;' o hn;“()”"'léi()-'»"'1-2‘6' L '1%0 a powder patterf21]. Though it is possible to make a quan-

titative analysis of the ESR spectrum, the value found does
not help us to estimate the surface density ofMparamag-
FIG. 3. TheH spin-spin relaxation rates (Ij) of the acidic ~ Netic ions. Indeed, this Lavoux limestone is a natural cavity
solution at 2.2 MHz and 34 °C, collected at the outlet of thes® ~ 'OCK where it is not possible to make any hypothesis about
grain pack as a function of duration of cleaning. At short time, thethe volume repartition of these impurities. However, we will
sharp decrease of Tlf exhibits the efficiency of the cleaning pro- S€€ in Sec. IV that due to the particular shape of the NMRD
cess. At long time T, tends progressively towards the asymptotic dispersion curve, the value ofs is not necessary to interpret
1/T, of the pure HCI solution represented in the figure. the data. No ferric ions have been detected in this rock.

Duration of cleaning (hour)
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10" 10° 10 10°  10° FIG. 7. (8 The H measured water spin-latticd{) and spin-

T_(ms) spin (T,) relaxation times as a function of the pore diamelgy. at
2 2.2 MHz and 34 °C, before cleaning the surface. The quadratic con-
FIG. 5. 'H spin-spin relaxation time distribution of water satu- finuous lines represent the best fits obtained with &a). 4 (b) The
rating a Lavoux limestone at 2.2 MHz and 34 °C. This distribution measured'H water spin-lattice T;) and spin-spin T,) relaxation
shows a relatively narrow pore size distribution, allowing an expo-times as a function ofly,e at 2.2 MHz and 34 °C after cleaning

nential analysis of the magnetization decay. the surface. The continuous lines represent the theoretical pore
size dependences calculated with Ed@b)4 varying the surface
C. NMR techniques relaxivity parametep, , from 0.3 um/s to infinity, downwards. The

dashed lines represent the best fits obtained with @dps.or (4c).
Proton spin-latticelT; and spin-spinT, relaxation times

were measured at 2.2 MHz on a Resonance lns.trumer\‘}ariable relaxation period after which it is switched to 7.25
Maran-2 spectrometer England. This low frequency is ChOMHz, at which the magnetization is detected by a Hahn spin

sen in the range of a NMR logging tool frequeri@bl. Ty gcho. The decay curve is obtained by varying the relaxation
and T, were measured using a standard mversmn-recove;&

: ~'period 7 and T, is determined by the exponential fit of the
sequence and a spin-echo CPMG sequence, respectiveiécay curve. The complete dispersion curve is obtained by

[20]. Owing to the homogeneity in pore sizes of the samplegeneating this procedure for the different measured field val-
studied, we used a simple exponential fit to determine the .4 ranging from 0.01 and 25 MHz. Measurements were
relaxation time_s. Variation of, with the temperature was performed at temperatures ranging from 15 to 45 °C, stabi-
measured during the slow decay of the temperature of thg,eq py 4 circulation of perchloro-ethylene. Some experi-

cells from 85 to 34°q22] ments on water-saturated limestone were repeated on a fast

We measured the variations of the spin-lattice relaxation;gq cycling spectrometer from Stelar Compaifialy).
rates with the magnetic field and the temperature using a

field cycling instrument of the Redfield desidg23] built
partly in collaboration with Brown and Koenig of the IBM
Watson Laboratorf23,24]. This spectrometer switches the A. Experiments
current in a solenoid immersed in liquid nitrogen. Proton
spins are first polarized in a magnetic field corresponding Qim
a Larmor frequency of 25 MHz. The magnetic field is then
switched to the measured value of inter@sirresponding to
Larmor frequencies ranging from 0.01 to 25 MHior a

IIl. NUCLEAR RELAXATION WITHIN PORES

Proton nuclear spin-latticE; and spin-spirT, relaxation
es were measured as a function of the pore size at 2.2
MHz and 34 °C for the water-saturated SiC grain packs de-
scribed above. The accuracy of the measure@nd T, are
around 3% for fluids in pores and in bulk. One finds a qua-
dratic relationshigFig. 7(a)] betweenT, or T, and the pore
size when the surface density of paramagnetic impurities is
high (“uncleaned” grain packs On the contrary, when the
surface density of paramagnetic impurities is I¢wleaned”
grain packy one finds another pore size dependencg,afr

J w T, reaching progressively the asymptotic valligs=T,g

~0.3 s of the bulk watefFig. 7(b)]. Moreover, as expected,

the absolute values of the relaxation times for the cleaned
and uncleaned samples vary in opposition with the surface
density of paramagnetic impurities. The next section pro-
vides a theoretical interpretation of the striking observed dif-
ferences for cleaned and uncleaned samples.

Signal (arb.units)

3000 3400 3800

Magnetic field (gauss) B. Comparison theory—experiments and discussion

FIG. 6. Electron spin resonance spectrum measured at room Basically, there are two limiting cases in the theoretical
temperature on a Lavoux limestone. The six-peak hyperfine strugdescription of the relaxation of liquids filling pores with sur-
ture is typical of Mi" ions. face relaxation sinks[13,25. These cases are either
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diffusion-limited or surface-limited relaxation, providing that This value is slightly lower than the bulk valu®

bulk diffusion or surface processes dominate, respectively=3x 10 °cn?/s expected at this temperature. This slight
Theoretical expressions of the nuclear relaxation rates hawtifference is due to the confinement of the fluid and gives us
been proposed in each limited c48&]. In particular, special confidence about the validity of the proposed model. We ob-
interest has been focused on the surface-limited relaxatiomain D=4.7x 10" ° cn?/s from theT, data, which is higher
corresponding to most of the natural rock dgi8,26. In  than the first estimation. In this uncleaned material, this dif-
order to discuss the pore-size data presented in Fig. 7, wierence may be due to the presence of non-negligible internal
describe in Appendix A the general situation when both profield gradients, coming from the contrast of susceptibility
cesses occur. We have considered explicitly the exchangsetween fluid and grain parts of the pore, which affects the
rateW between the surface layer of thicknesand the bulk, CPMG measuremeni®7,2§. We note that all the grains
and their respective relaxation tim&€ss andT,g. One finds  were obtained by the same grinding process applied to the
at long timest and under the condition of fast exchange, same SiC material. Therefore, we expect that the surface
>T,> 1MW, an exponential time decay of the longitudinal density of paramagnetic impurities before cleaning does not

magnetization with the spin-lattice relaxation rate vary very much from one grain size to the other. We have
performed some ESR measurements, which are very noisy

1 i+ 1 _ i+ ap; 1 2 and difficult to interpret. However, the Fig. 3 proves the pres-

T, T, a a® T, a pia’ ence of a large amount of surface impurities, before cleaning,
_ap1+2aD T which could create some complex electronic spin states.

However, the exact knowledge of the surface density of para-
In Eq. (2) ais the characteristic dimension of the model poremagnetic ions is not needed as soon as the condition of
anda=1, 2, or 3 is the shape factor for planar, cylindrical, diffusion-limited regime pd,.J4D>1) is reachedsee Fig.
and spherical pore geometry, respectively. The efficiency of(@]. In the rest of the paper we were only concerned with
the surface relaxation is qualified py=¢/T;gandD isthe  cleaned samples in the surface-limited regime, which is of
translational self-diffusion coefficient within the pore. The considerable interest as this regime is encountered in the ma-
expression of the spin-spin relaxation is similar, exchangingority of natural rocks.
the indices 1 and 2. Equatid@) shows clearly the indepen- Experimental results show another pore size dependence
dence of bulk and confined relaxation rates, while the conof T; and T, for the cleaned porous media that reaches as-
fined rate depends on two relaxation processes in series. yinptotically the bulk relaxation timgrig. 7(b)]. The uncer-
direct comparison of R/a and p; , shows that the slowest tainty resulting from the small difference between the relax-
process limits the relaxation. For instance, whena/2D ation times of the largest pores and the bulk value requires a
>1 the relaxation is diffusion limited, and E¢@) simplifies ~ more conservative and general approach than the immediate
use of Eq.(3b).
1 1 2aD We first note that we have obtained the same surface den-
E: E"’ a2 (33 sity of paramagnetic ferric impuriti_es for all the_ samples_of
' ' various grain sizes by ESR experiments and interpretations
On the other hand, whep, ;a/2D <1, the relaxation is sur- described in Sec. Il A. So it is meaningful to study the pore

face limited, and one has size dependence of the nuclear-spin relaxation rates of water
within this set of cleaned samples.
1 1 apyp The general situation that describes the nuclear-spin relax-
T .- + : (3b) ation of a liquid in confinement is presented in Appendix A
Tio Tim a q p pp ,

where both surface-limited and diffusion-limited processes
These expressions thus relate directly the relaxation tifpes occur in series. This leads to the spin relaxation rate given
or T, to eithera? or a, providing that the conditions of for a spherical pore by
diffusion-limited or surface-limited relaxation are fulfilled,

respectively. 1 1 1 1 6p12 1

Experimental results show that for the uncleaned porous — = T + d 2T d doore’
media presenting a high surface density of paramagnetic im- %2 1% pore | “pore 128 Pore 4 4+ P1.2%pore
purities[Fig. 7(a)], T, andT, relaxation times of water vary 6p12 24D 4D
as the square of the pore diametg, .= 2a (quasispherical (4b)
pores. This dependence agrees with the diffusion-limited re-
laxation[Eq. 3a)], which becomes The experimental results fof; and T, are displayed in

Fig. 7(b) in comparison with a set of theoretical pore size
11 N 24D 24D 4 dependences calculated with E@b) varying the surface
T1,2_ Tis dgore~ dgore' (43 relaxivity parameterg; ,(um/s) from a very small value to

infinity. In Eq. (4b) we used IT; x~0.3s ! and the mea-

In Eq. (43 the measured bulk water relaxation rate§;;4/  sured diffusion coefficienD=2.3 10 °cn?/s of water in
=1/T,5~0.3s%, can be neglected. Such a relation thus propores. These theoretical dependences thus cover the com-
vides an estimation of the translational diffusion coefficientplete range between the pure surface-limited relaxation pro-
in poresD=2.3x10 °cnm?/s at 34°C from theT, data. cess, whermp, 4D <1, described by
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1 1 6p1'2 12 [T T T T

— = (40
Tiz Tim  dpore 10 t 45°C

Water
and the pure diffusion-limited relaxation process, when

p1,8p0rd4D>1, described by Eq4a). The change of behav- 3
ior of these theoretical pore size dependences in the two =
extreme parts of the range of surface relaxivity parameters < 4

p12 gives a clear information about the leading limiting re-
laxation regime. The location of the experimental points in
Fig. 7(b), compared with the theoretical behavior, reveals an g 0O
intrinsic coherence in our experiments, allowing us to en- 102 107 10° 10" 102

close our data in a range of surface relaxivity parameters. For Frequency (MHz)

instance, we propose the following ranges: 9@

<1 um/s and 3<p,<5 um/s, with an average value deter-  FIG. 8. Measured water and diflodecang *H spin-lattice re-
mined by the best fitgp; =0.6 um/s andp,=3.7um/s, ob- laxation rates, saturating the #m grain pack after cleaning the
tained with Eq.(4b) and represented by the dashed lines insurface, as a function of the proton Larmor frequency, for different
Fig. 7(b). The calculations made fgr; 5, d4D with these ~ temperatures: 45°QB), 35°C(4), 25°C(V), and 15°C(A) for
two latter values ofp;,, even in the worst case af,,, Water and 15°Q4), 25°C(V), and 45°C(O) for oil. The con-
=138um, give the estimationg,dyd4D =9X 10~2 and tinuous lines correspond to the fits obtained with E).

p20p0d4D =0.056. The conditionsp; Jpod4D<1 show . i
that the pore size dependences of these cleaned samples §figinal theoretical model to follow the frequency) and
finally better described by the surface-limited relaxation pro-€MPeraturdT) dependence gfy(w,T).
cess rather than by the diffusion-limited relaxation process.

Moreover, the use of Ed4c), corresponding to the surface- A. Field cycling experiments
limited relaxation regime, gives the same average values of
p1 andp,. , _ _

Last, we have measured the internal gradients for all the The cleaned §um SiC grain packs were specially pre-
water-saturated grain packs, from the variation of the meapared for the field cycling spectrometer in cells of 0.8 cm in
sured 1T, relaxation rates of the CPMG sequence with thediameter and 1.5 cm in length and filled with water or oil, the
interecho time. We checked that the contribution of the gra€Xxtra liquid on top being removed. The magnetic field varia-
dient in relaxation rates, T4, is negligible for the very short tions of the measured longitudinal relaxation rate$, 1for
interecho times usef®2]. both water and oil saturation, are displayed in Fig. 8. The
measurements are reported for magnetic fields corresponding
to Larmor frequencies ranging between 0.01 and 25 MHz
from 15 to 45°C.

It is well known that surface paramagnetic impurities are Inspection of Fig. 8 leads to the following immediate con-
strong relaxation sinks for the spin-bearing molecules inclusions.(i) Water relaxation rates are higher than oil ones.
pores. As seen above, the access to the pore surface is goMiese differences are due to the different distances of mini-
erned by molecular diffusion and biphasic fast exchange bemal approach of these polar and nonpolar liquids near the
tween the surface layer and the bulk. Now, we aim to charfelaxing sources, namely the paramagnetic impurities, thus
acterize the dynamical processes at the origin of the surfacevealing the expected difference in the affinity of these two
relaxivity p, of liquids, occurring at the pore surface. Theseliquids for the pore surface. However, we mentioned that
processes depend mainly on the nature of the liquid and it85% of the surface is covered by Siénd 75% by SiC. This
affinity for the pore surface. For instance, the possibility ofSiC surface is less hydrophilic than the Si€urface, so that
exchanging protons is determinant in the liquid dynamics att is more likely that dodecane molecules reach directly this
the solid-liquid interface. This will also enhance the value ofpart of the surface of the grains(ii) The frequency depen-
the relaxation rates, especially in the presence of surfacdence is different for water and oil. Water dispersion curves
paramagnetic impurities. However, probing directly the survary logarithmically with the magnetic field, and terminate
face dynamics of proton species in saturated large pores sy a plateau below a specific cutoff value at low field. Oil
difficult due to the very low ratio of the surface to bulk dispersion curves vary logarithmically with the magnetic
amount of molecules. Two conditions will favor the surfacefield in the whole field range studied, but with a much
study. (i) The biphasic fast exchange condition allows ev-smaller slope. (iii) The temperature dependence of the re-
ery molecule in the pore to probe temporarily the surf-laxation rates I; has the opposite sign for water and oil.
ace. (ii) The use of the field cycling technique enhances theThis is specifically important as it shows the role of the water
dynamical range of information covering all the possible surproton exchange with the surface prot¢@&], while for the
face events. We present below the nuclear magnetic relaxdodecane molecule the protons are nonexchangeable.
ation dispersion dattNMRD) of spin-lattice relaxation rates To emphasize water and oil differences, we report on two
1/T, of water- or oil{dodecangsaturated m grain packs Arrhenius plots, the temperature dependence daf; Ifbr
and limestone cores and their interpretations in terms of amarious Larmor frequencies for watdfig. 9a)] and oil[Fig.

T

1. 8 um grain packs

IV. NUCLEAR RELAXATION AT THE PORE SURFACE
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FIG. 9. Arrhenius diagrams of the measurétirelaxation rates, FIG. 11. Arrhenius diagrams of the measur&d relaxation
saturating the &m grain size pack after cleaning the surface, as arates, saturating the limestone rock, as a function of the inverse of
function of the inverse of temperature for different proton Larmortemperature for different proton Larmor frequencies for water
frequencieqa) for water and(b) for oil. and (b) for ail.

9(b)], respectively. Usually, T increases exponentially tion. This last monolayer of water at the pore surface is ex-
with the inverse of the temperature revealing activated rmafremely difficult to remove in such sample@.) Water dis-

tional or translational molecular diffusive motions. This is persion curves vary logarithmically with the frequency, and
observed for oil at all frequencies, and for water at frequen, . inate by a plateau below a very low frequency c'utoff
cies above 10 MHZFigs. 92 and db)]. On the contrary, Oil dispersion curves follow Lorentzian-like frequency de-

Sg:g\év d[}:(i) M;;;j tgﬁc\évz;tr?gri?;ﬂir?;xe;aetﬂfg%zn(;enézn'ggendence(iii) The spin-lattice relaxation rates for both water
9. ' P b Hd oil present a normal temperature dependence for the dif-

has been observed previously in nanopores and has requir Stent Larmor frequenciekFigs. 11a) and 11b)]. This de-

an interpretation in terms of a specific surface diffusion pro- . . ;
cess[11]. pendence reveals activated rotational or translational mo-

lecular diffusive motions. To interpret completely these
different observed frequency and temperature variations of
the relaxation rates, an original theoretical model is required.

2. Limestone

The NMRD curves of IV, for both water or oil saturation

in core limestone are reported in Fig. 10 for frequencies

ranging between 0.01 and 25 MHz from 15 to 45 °C. Inspec-p, calculation of NMRD of surface spin-lattice relaxation rate

tion of Fig. 10 leads to the following immediate conclusions. _ ) .

(i) As previously observed, relaxation rates are higher for Ve conlS|de_r an ensemble of proton spin-bearing mol-

water than for oil. This is consistent with the expected highe€cules (=z) diffusing within a porous media with a given

surface affinity of water compared to dodecane. This is als§urface densityrs of paramagnetic impurities of electronic

consistent with the shorter distances of minimal approackpinS(S=3 for Fe’* and Mrf*). Basically, we consider two

near the relaxing sources for water than for dodecane. Rhases: a surface-affected liquid phase of spin-lattice relax-

monolayer of water might cover the surface and enhance thigtion rate 1T ;5 and a bulk liquid phase of spin-lattice relax-

minimal distance, even in the presence of dodecane saturation rate 1T,5, and we suppose that the exchange kate

between them is much larger than both relaxation ratégs1/

20 prrm—rrrrm—rrrem—rrr and 1T ,5. According to this biphasic fast exchange model,

L 15:C and generalizing Eq4c) (surface-limited relaxation process

! to a porous system of surface to volume rafg/V,, the

®)

15[ 3
I ] overall proton spin-lattice relaxation rate,T1{w,,T), is
v ]
v‘_10— — 1 1 Sp 1 NS 1
- ] ——=—+tpi(0,, T =t — .
S Tor D) T P DY =T N T D
5

In Eq. (5), the bulk contribution appears to be frequency
independent at low magnetic fields due to its Lorentzian be-
havior. On the contrary all the frequency dependence comes
FIG. 10. Measured water and gidodecang *H spin-lattice re- ~ from the surface contribution, wherfés/N represents the
laxation rates, saturating the limestone rock, as a function of théatio of the pore surface to the total amount of water mol-
proton Larmor frequency for different temperatures: 15(&),  €cules. Due to the paramagnetic impurities, the dominant
23°C(V), and 45 °C(®) for water and 15°GA), 25°C(V), and  contribution of the prototil) nuclear relaxation T s(w, , T)
45°C (O) for oil. The continuous lines correspond to the fits ob- comes from the heteronuclear dipole-dipole interaction with
tained with Eq.(11). the electronic spinsg), formally given by[20]

sod oo
102 10" 10 10" 10?
Frequency (MHZz)
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oH tions of Eq.(B2) into Egs.(8) and (5) lead to the general
oL N Bulk expression of the proton spin-lattice relaxation rates in pores,
“3 1 _ 1 Nsmog oo
H\O‘\ O:H T Towr 1) Tig | N 20 5% (NY)SSHD
7
H\‘(:q. H /Hw/ ;\/H.‘ 1+ 0?72(T)
Q 0 o7 o X 7(T)IN 5 .9
sl' | L (Tm(T) + w272(T)
: E [ : — ;T
/O/o/ \O/O/E\O/S('\O, 7s(T) L
SN //,/F/’o,rg surfacé 8’/ e This expression gives a logarithmic nuclear magnetic re-
risrsss laxation dispersioiNMRD) with a leveling off below a fre-

quency cutoffw,;,. Such a behavior corresponds quite well
0 our observation for water-saturated grain pagkg. 8).
he typical dispersion curves obtained thus allow us to ac-
cess directly to the two surface correlation timgsand 7
1 2 1 of the model. For instanceyg is given byrs=1/w,., and r,
—=—(yv5)?S(5+1) _J<L0)(w|_ws)+J<Ll>(wl) is estimated from the slope of the logarithmic NMRD data.
Tis 3 3 We introduce the notion of surface “affinity” given by the
ratio 75/ 7, which corresponds to the number of molecular
, (6) diffusing steps precisely on the solid surface, before
“desorption.” There exists some recent and very sophisti-
. cated high-resolution two-dimensional NMR technique,
where the Larmor frequencies of the electron and proton aré | . ! .
_ L o(m) Which could measure the time of residence of water at the
related by ws= 6.58'21"' . The spectral densmgsl,_ (w? surface of a macromolecule. But this latter method is mean-
(m=0,£1,%2), in the_ Iaporatory frameL) assoc[ated W't,h ingless for a solid surface. The knowledge of an isotherm of
the constant magnetic fielB, are the exponential Fourier

c , i X adsorption of water might give complementary information
transform of the pairwise dipolar correlation functions g the jiquid-solid interaction. Now it could be also useful to

G(Lm)(T): relate our local affinity measurement to some macroscopic
. wettability measurement through capillary pressure curves

IM(w)= f G™(r)e *mdr. 7 18l .

—o The temperature dependence of {lw,,T) appears via

the activated laws of correlation timeg, and g,
The basic principles of nuclear paramagnetic relaxation show

that the proton nuclear relaxation is controlled by two differ-

ent correlation times both dependent on liquid motion and Tm(T) = Tmo exr{R—bT), (10
electron spin relaxatioh29]. The difference between these

two correlation times comes from the electron longitudinal Es

or transverse spin relaxation contributions. The relative im- 78(T)=7sp exp{ ﬁ) (10b
portance of these two latter times and the relatiog b

=658.21w; allows us to simplify Eq(6), Here R, is the gas constant\E is an apparent activation
1 2 energy expressed as a differenkE=E,,— Eg of the activa-
- _c 2 (1) tion energy for liquid translational diffusiok,, and the en-
Tis 3 (nysh)SSTLI (@), ® ergy E of the potential binding between the probed mol-
ecules and the surfacEg depends on the type of interaction
Here we have extended the theory by focusing on the frewith the surface. For instance, for silica surface its value is
guency dependence of the surface spin-lattice relaxation ralgrger thanE,,, leading to a negativd E, and to a surface
1M;5(w; ,T). To calculate the spectral densilf’)(w;), we  correlation timer, for diffusion events apparently increasing
consider a surface diffusive model where the dipole-dipoleyith the temperatur&. This effect corresponds to the surface
(I-S) interaction is modulated by the two-dimensional trans-diffusion induced by the chemical exchange in the surface
lational diffusion of the mobile spih in the dipolar field of |ayer. This effect is limited by another exchange with the
the electronic spisfixed at the pore surface. The correlation bulk population, schematically described in Fig. 12.
time of surface diffusion events is characterizedy. We The main interest in using the field cycling NMRD tech-
also incorporate in the model the molecular surface desormique for probing 1T, (w, , T) is to separate surface and bulk
tion in terms of finite residence time; of the protons mov-  liquid dynamics. The surface dynamics is responsible for the
ing on the pore surfac@ig. 12. Such a consideration is of important logarithmic dispersion seen at low frequency,
particular importance to explain the differences of surfacevhile the bulk dynamics gives only a small and frequency
affinity of water and oil in porous media. We outlined the invariant contribution, which can be neglected in this range
calculation ofJ*)(w) in Appendix B. Successive substitu- of frequency. The direct comparison of Eq€) and (5)

FIG. 12. Schematic diagram of surface diffusion of the proton
species of water on a silica surface limited by exchange with bul
water.

+23 (w+ wg)
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shows that the frequency and temperature variation of theurface correlation times, a coefficient of surface molecular
surface relaxivityp,(w, ,T) is directly proportional to that of affinity is defined as the ratios/ r,,,~ 2700, giving the num-
the measured relaxation rateT1(w, ,T). The coefficient of ber of molecular jumps during the surface residence time.
proportionality is the volume to surface ratig, /S, of the ~ We note thatry, can be directly obtained without the knowl-

pores that could be measured with the pulsed field gradierftdge of all the constant parameters of E2). Considering
method[30,31]. the frequency cutoff, the slope of the logarithmic variation

and the value of the relaxation rate of the platedly }eau
for ;> w;,, the relaxation rates vary in frequency as

1 1
In 1+(w|7m)2) N[ wc0mm) ]-

T_l - 2Tlplateau

C. Comparison theory—experiments and discussion

1. 8 um grain packs

The experimental dispersion curves off {{w,,T), dis- (11)
played in Fig. 8, present a logarithmic behavior with a lev-
eling off for water below the frequency cutofb,.,, in This very simple method confirms the results found

agreement with Eq9). This logarithmic behavior is the un- above. One of the interesting points of E@l) is that the
ambiguous signature of the two- dimensional proton speciegalues ofS,/V,, and os are not needed to fit the dispersion
diffusion in the surface layef32]. The loss of frequency curves, as soon as we know the value of the plateau and of
dependence fow,<w,., is due to the absence of dipolar the slope of the logarithmic part of the curve. However, Eq.
correlations betweeh and S spins after molecular surface (11) can be applied only in presence of a plateau in the
desorption. As described above, these typical dispersioNMRD data.
curves allow us to access directly to the two surface correla- Another striking result is the temperature dependence of
tion timesr,, and 75 of the model. One notices that there is 1/T; observed for watefFig. 9a)]. In the high frequency
more than a factor 2 between the relaxation time measured a&nge, the observed usual temperature dependence is coher-
2 MHz by the field cycling method and by the standardent with an activated fast translational diffusion of bulk wa-
method described in Sec. Ill. A possible explanation comeser characterized by the activation energy¥E,
from the fact that the response time of the field cycling mea=4.8 kcal/mol. In the low frequency range, the observed
surement may bias the measurement. Any fast decay is themomalous temperature behavior allows us to find an appar-
usually missed because of the necessary finite field switchingnt activation energyAE=E,,—Egs= —2 kcal/mol for the
time. Another explanation might originate from the fact thatwater proton mobility in the surface layer. From these values
the same lot of cleaned calibrated grains @i was used in  of E,, and AE, we deduce the activation energ¥g
series for the two experiments after successive drying ane-6.8 kcal/mol that might correspond to a particular surface
resaturation. This method does not prevent us from partighteraction[11]. The effective diffusion of the proton species
oxidation of the sample surface. is modeled at the pore surface in the schematic diagram of
The best fits obtained with E9) for the cleaned &m Fig. 12. Such a diffusion occurs through a succession of
grain packs NMRD of I, (w, ,T) are shown as continuous exchange processes within the first layer of water molecules
lines in Fig. 8. Let us consider first the results of water.and is limited by another exchange with the bulk. The popu-
Almost all parameters present in H§) are either known or lation of such layered water molecules varies as a Boltzmann
measured independently. The only adjustable parameter factor[ expEs/R,T)] that decreases when the temperature in-
the surface translational diffusion correlation timg. The  creases. On the contrary, the usual diffusion coefficient in-
paramagnetic surface densitg=1.7x 10"*Fe**/cn? is ob-  creases with - T as  Dy(T)=Dpoexp—En/
tained by ESR measuremen®= 3). The ratio between sur- R,T). In consequence, to interpret our data, we consider an
face and total amounts of water molecules is modeled asffective surface diffusion coefficier o4(T)=Des o €XH (Es
Ns/N=6&/dyqre, Where the surface layer width=3.8Ais  —E_)/R,T|=Desoexd —AE/R;T], which apparently de-
chosen as the order of the water molecular size. The distanegeases whefl increases becaugeE < 0.
of minimal approachs between andS spins is chosen as For the dodecane molecule, the NMRD present a weak
The time of surface residence is related to the observed frdegarithmic dependence with the magnetic field with no lev-
quency cutoff w,c,~0.1x2wx10Prad/ls as 7s~1llw,  eling off (Fig. 8 and a pure diffusive temperature behavior
=1.6us (at 25°Q. The correlation time of surface diffusion [Fig. 9b)]. This frequency dependence is rather surprising
is found asm,,~0.6 ns at 25 °C. The effective surface diffu- for such a large flexible molecule. We expected an intramo-
sion coefficient of the water proton species on the silica surlecular(I-1) dipolar relaxation process by molecular reorien-
face is thus estimated aB.s~e?%(41,)=6x10""cn?/s, tation in a quasispherical molecule leading to a Lorentzian
which is much smaller than the bulk water. A similar value NMRD. On the contrary, the logarithmic dependence proves
has been measured by the pulsed field gradient spin-echihat this molecule presents an asymmetric conformation,
NMR at the surface of silica for a surface monolay&f.  which does not average out the internal proton dipolar cor-
Owing to the water-surface interaction, it makes sense thatlation at proximity of the surface. The dominant relaxation
the surface diffusion coefficient is reduced. This might beprocess for oil thus comes from the translational motion at
due to the relatively high surface density of ferric ion and toproximity of the paramagnetic species. From the fit of our
the value of the enthalpy of metal-ion-water dissociation,data, we estimate the diffusion correlation timg~0.4 ns,
AH=7.4kcal/mol, for the exchange of water from the ferricand the effective surface diffusion D44~ (47y)
cation[33] which hinders the surface diffusion. From the two ~1.5 10" % cn?/s. Due to the absence of exchange of the
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10 W CaCQ surface. The coefficient of surface molecular affinity,
r ] 15/ 7~ 4100, giving the number of molecular jumps during
r ) the surface residence time, is higher than the coefficient of
| dpore (um) ] silica surface. One notices a slight differe{d€%) between
o the T, values measured at 2.2 MHz by the standard method
B E and by the field cycling method. As previously mentioned for
E m the measurements in grain packings, the problem might arise
M from the response time of the field switch, which may bias
m the measurement. This might also be due to the size of the
. core used for the field cycling method. The small core might
0172728 29 3 341 32 33 not integrate the total complexity of pore size of the natural
1000/T (K) rock as the large core used for the standard measurement.

We recently performed other experiments on similar ma-
FIG. 13. Water'H spin-spin relaxation rates as a function of the terials at other temperatures that reveal a transition to a
inverse of temperature for the different pore sizes, after cleaning thpilogarithmic character of the NMRD curves, typical of a
surface, at 2.2 MHz, and after correction of the bulk contribution. pidimensional two-frequencygelectronic and nucleaprob-
lem [10]. Such a bilogarithmic character can be easily ob-
protons with the surface, we choad&=E,, in accordance tained with the theory proposed in Sec. IV B by considering
with the normal temperature dependence observed Ty 1/ the spectral densitiegEq. (B2)] at electronic and nuclear
[Fig. 9b)]. frequencies Eq(6) with ws>w,. However, all the surface
dynamical parameters are of the same order of magnitude
2. Temperature dependence of the spin-spin nuclear relaxation than the one described above.
rates The situation for the dodecane dispersion data is very dif-

In complement, we measured the temperature dependenf:‘aerert:t rt]h:?n for :h]?f ]:Nater one. Tfi 'e;’e"”‘iogﬁ g;;cu_ﬁ,] ata
of the proton spin-spin relaxation ratesT1/of the water- much higher CUlOTT frequency,c,~1x 2mx 197rad/s. The

saturated cleaned grain packs for every pore §iaaging dispersi_on CUrves, displayed i Fig.. 19’ are almost
from 8 to 150um). After the correction of the bulk contri- Lorentzllan—_hke. The temperature behavior IS typ|ca! of a
bution, one obtains the ratesT}/ presented in Arrhenius pure diffusive procesgFig. 11(b)]. The best fits obtained

plots on Fig. 13. The data series of each pore size are fitte ith Eq. (1) ind_icate that_the time of res_idence on the_ sur-
by exponential curves. The results obtained confirm the ob € (rs=20ry) is not sufficiently long to induce a logarith-

mic frequency behavior. We check that the limiting expres-
served anomalous temperature effect seen fof.1In par- sion of Eq.(9) when <1 and 7</7-=1 behaves in
ticular, we find the same activation energyfe=E,,—Eg, 9. ©17m 7s! Tm=

ranging from—2 to — 2.8 kcal/mol as found for T, More frequency like a Lorentzian. Such dispersion data thus re-

enerally, these results prove the anomalous temperature d\é?als a much lower affinity of dodecane for the limestone
9 Y, AItS p P surface than for the silica surface. In consequence, the reori-
pendence ofp, of silica surfaces. We recently found the

same temperature dependence on water-saturated Fontai entation of a quasispherical conformation of the dodecane
bleau sangstone P Wolecule at proximity of the paramagnetic species {Nris
' probably the dominant relaxation process.

3. Limestone cores

. . . V. CONCLUSION
The experimental water dispersion curves of {tv, ,T)

present a logarithmic frequency dependence characteristic of On the basis of experimental and theoretical nuclear re-
a two-dimensional surface diffusidirig. 10. A plateau ap- laxation results obtained at various conditions of tempera-
pears below a very low frequency cutoff, revealing a longerture, magnetic field strengths, and pore size, we find surface
value of the surface residence timeg than for a silica sur- dynamical parameters from the relaxation rate$;1land
face. Moreover, the temperature dependence ®f IFig.  1/T, of water and oil liquids confined in calibrated grain
11(a)] is typical of a pure diffusive process. Due to the dif- packs and limestone rocks. Both porous media are homoge-
ficulty of estimating the density of paramagnetic impuritiesneous in pore sizes and present some paramagnetic impuri-
at the surface, we directly used the simplified Etfl) to  ties(Fe** or Mn?") that have been analyzed by electron spin
extract the surface correlation times from the NMRD dataresonance ESR. We observed striking different pore size
The best fits are shown as continuous lines in Fig. 10. Thelependences of the relaxation timiesand T, at 2.2 MHz
time of surface residence is related to the observed frequendyy changing the surface amount of paramagnetic impurities.
cutoff w.o~0.03x 277X 10P rad/s asrs~1/w,.,=5.3us (at  These observations support a theoretical model of pore size
25°0). We find a correlation time,= 1.3 ns at 23 °C, lead- dependence of relaxation rates in terms of surface-limited or
ing to a surface diffusion coefficient D.z=2.5  diffusion-limited relaxation processes. For the surface-
X 10 " cmf/s, which is two orders of magnitude slower than limited processes, we evaluated the surface relaxivity param-
for the bulk. This slow two-dimensional diffusion might be etersp, andp, directly from the pore size dependenceTaf
interpreted as the diffusion of hydrated calcium anions in-andT,, respectively. These parameters, of the order of that
stead of water molecules at proximity of the very reactiveestimated in natural rocks, justify the surface-limited relax-
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ation process as relevant in natural rocks. We evidenced the Mg(r,00=Mg(0). (A2)
variation of the surface relaxivity,(w,,T) with the fre-

quency and the temperature by the nuclear magnetic relarhe boundary condition at the surface~@) describes the
ation dispersion techniqugield cycling NMRD). This tech-  equivalence between normal magnetization flux and magne-
nigue and the theoretical model that we propose allowtization loss by exchange:

evidencing properly the surface liquid microdynamics in

fully saturated porous media. For instance, we showed that IMg(r,t)
water molecules on a silica surface follow a two-dimensional D—7Fr =We[Ms() —Mg(a,)].  (A3)
surface diffusive motion, before desorption from the pore r=a

surface. Sev_e_r al surfacg dynamlcal parameters, SUCh. as dWe solve the coupled differential Eq#\1) in the Laplaces
fusion coefficients, activation energies, surface residence

time, and the coefficient of surface affinity, were thereforeSPace, wherélg(r,s) andMg(s) are the Laplace transforms

determined. The methods presented here give a powerf@ Pulk and surface magnetizations, respectively. The

analysis of the surface microdynamics of confined liquids-@Place transform of EqA3) simplifies at long times, under

which can be applicable to the study of oil-bearing rocks, the condition of fast exchanges<1/T,s<W) with the ap-
proximationM g(0)<Mg(0),

ACKNOWLEDGMENTS ~
IMg(Br)| Pisy Al
The authors gratefully acknowledge stimulating discus- ar - D s(5a), (A4)
sions with Dr. C. ChachatySaclay, Dr. D. Petit, Dr. P. r=a

Levitz, Dr. F. Beuneu(Ecole Polytechnique and Dr. G. whereB=\[(s+ 1/T,5)/D. Here we take out all the transient
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APPENDIX A: SPIN-RELAXATION IN CONFINEMENT calculations lead to the solution in the Laplace transform:

We consider a liquid saturating a spherical pore of radius
a. We enlarge the description for other pore geometry at the
end of the appendix. The thicknessof the liquid surface _ Mg(0) p1

layer is assumed much smaller tharThrough the presence Mg(8r)= &2 1 D
of paramagnetic impurities, the surface of the pore acts as a P
relaxation sink for the liquid. We introduce the longitudinal
bulk mg(r,t) and surfaceemg(t) magnetization densities in
this spherical geometry at a given positioand timet. We ™
consider the new variableg(r,t)=mg(r,t)—mg, and \/2—m|1/2(ﬁf)
Mg(t) =mg(t) — me, Where me, is the longitudinal equilib- X . (A5)
rium magnetization density. The longitudinal magnetization iy p1
densities obey the generalized and coupled Block equations: V %(Bh/z(ﬁa” 5'1/2(,33)>
e dMs(t) - iMs(t)—WS[Ms(t)— Mg(r=a,t)], v_vhere I and I, are spheric_al Bessel functions. At Ipng
dt Tis times, Br<pBa<1, Eq. (A5) simplifies to a power series

(Ala)  which can be integrated over the parspace, leading to the
1 Laplace transform of the total magnetizatith,(s),
=— ——Mg(r,t)+DV?Mg(r,t), (Alb) -1
TlB

- 1 1
Min(s)=Mg(0)V, 5+T—1B+ﬁ2— , (AB)

3p. 6D

IMg(r,t)
ot

where T1g and T,5 are the bulk and surface longitudinal
relaxation times, respectivelf is the translational diffusion

coefficient of the liquid, andV describes the rate of ex- . . . .
hv(\_!‘herevp is the pore volume. Finally a simple Laplace in-

change between the surface and bulk magnetization at tversion of Eq.(A6) gives an exponential time decay of the

surface layer. This rat¥/ might be either a chemical ex- magnetization with the following spin-lattice relaxation rate
change between two different proton species or, more gener- 9 gsp

ally, a physical exchange between surface and bulk liquids.

The first equation describes the variation of the surface mag- L = 1 + ;2 (A7)
netization by nuclear relaxation with the surface paramag- Ti Tis a n a
netic impurities and exchange with the bulk magnetization 3p; 6D

close to the surface. The second equation describes the two

possibilities of modifying the bulk magnetization by nuclear A similar treatment for a cylindrical or a pore-slit model, for
relaxation and translational diffusion within the pore. Ini- a longitudinal and transverse relaxation, generalizegAx).
tially, one has a uniform bulk magnetization density to the form
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1 1 1 At long time, G{9(7) must behave as a power lawrbhar-
E: Tiom + a a2 (A8) acteristic of a dipolar relaxation process by a two-
’ ap + 22D dimensional translational diffusiofil1,32. Here we simply
1,2

include the effect of the surface desorption by an exponential
where a=1, 2, or 3 for planar, cylindrical, and spherical Cutoff occurring at timers: G (7) (Al 7)exp(=rig). (iii)

pores, respectively. We must also consider the form 6{)(7) on the time scale
of surface molecular diffusion eventssG~ r,,<7g, char-
APPENDIX B: CALCULATION OF SURFACE DIPOLAR acterized by the correlation time, surface diffusion events.
SPECTRAL DENSITY Finally, all these requirements lead to the following expres-

(B1)

3mog 1+ w272m

_ ~ sion of the correlation functiorG{®)(7) which is, as ex-

We have already calculated the spectral density functiongecteqd, always positive:
in the case of pure two-dimensional diffusive molecular mo-
tions [10,11. In particular, it is much simpler to calculate 1 T pe 1 1
first the spectral densitieﬁ,,m)(w) in the pore surface layer GF\?)(T)ZA; exr{ - T—) —exy{ - —> / (—— —)

. S Tm ™Tm Ts

frame M and then to use the well-known properties of the
Wigner functiong 34,35 for the correspondence between the Tm T T
M andL frames[10]. It is also necessary to make a powder ~A— ex;{ - T_S) —exp{ - T_m) when 7,<7s.
average ofl{""(w) over all the orientations of th& frame
relative to the constant direction 8, [10]. Results of these
calculations show thadj}(w) dominates largely, at low Straightforward calculations similar to those given in the Ap-
frequency, overJ{p(») and J{7(w) and that the only pendix of Ref[11] show thatA= 370 ¢/85% whereos is the
spectral density needed to E¢) simplifies asJ{"(w)  surface density of paramagnetic species aigithe distance
~1/5J§\f|”(w). However, our previous calculations do not of the minimal approach between spihand S at the pore
consider explicitly the necessary finite surface residence timeurface. The spectral density function is thus given by the
75 due to surface desorption. Here, we incorporate this limexponential Fourier transform of EB1),
iting process in the calculation (ﬁf\?)(r) and then proceed
to a simple Fourier transform to obtaly(w). ©) \_

From a mathematical point of vie?vifﬁﬂthe correlation func- Iu' (@)= g 7m In 2 (B2)
tions va?)(r) must fulfill the three following requirements.
(i) At short time, whenr—0, G{9(7) must tend to a finite
constantA, such asG{P(0)= .. J®(w)dw=A [20]. (i) andIM(w)~1/50P(w).

Tm
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