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Experimental evidence of power-law trapping-time distributions in porous media
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We present experimental results of solute transport in porous samples made of packings of activated carbon
porous grains. Exchange experiments, where the tagged solution initially saturating the medium is replaced
with the same solution without tracer, are accurately described by macroscopic transport equations. On the
other hand, in desorption experiments, where the tagged solution is replaced by water, the solute concentration
exhibits a power-law decay for long times, which requires a more detailed, mesoscopic description. We
reproduce this behavior within a continuous-time random-walk approach, where the waiting time distribution
is related to the desorption isotherm. Results are compatible with a power-law trapping time distribution with
divergent first moment, characteristic of anomal@sisydiffusion. [S1063-651X%99)14411-§

PACS numbd(s): 47.55.Mh, 05.40-a

[. INTRODUCTION concentrations can be accurately described by means of mac-
roscopic transport equations. Such equations have been
Transport processes in porous media are a widespreasidely applied to problems involving porous media in many
phenomenon in nature as well as in many applicatidids fields, such as oil exploitatiof5,6], chemical engineering
Besides having considerable practical interest, this kind of7], soil sciencd8], and fluid dynamic$9].
process is a paradigm of anomalous diffusion, which has On the other hand, in desorption experiments the total
attracted much attention in the last dec2le In anomalous  concentration vanishes with time. More specifically, experi-
diffusive transport the proportionality between the meanments show that the long-time behavior of tracer concentra-
square displacement of a partic{e), and the timet breaks  tion exhibits power-law tails. A relevant question is how
down, and is often replaced by a relation of the typé)  these tails are related to the microscopic features of transport
«tf with B#1. The case of3<1, usually referred to as inside the carbon grains and, in particular, to the trapping
subdiffusion is characteristic of transport in porous media. times of tracer particles. In contrast to the case of exchange
Much analytical work has been devoted to study anomagyperiments, the macroscopic approach fails here to correctly
Iqus dlff_us_lon at dlffere_nt levels of descriptior2], eSPe-  eyplain the time dependence of concentrations.
cially, within mesoscopic, random-walk models. In particu- 11 »qqress the above question we follow thus a statistical

L?z;'iti?wat?rlggf/lv?t% g?/serbii? n’:‘eﬁf\lﬁuﬁg%ngg)% tii up:lﬁ?tri;:]a;%echanical approach at the mesoscopic level. We start con-
9 9 sidering the adsorption isotherm, which relates, at a fixed

random walk(CTRW) [3]. This approach has made it clear tgmperature, the concentration of adsorbed particles to the

that a connection exists between anomalous properties of th trati f tcles i luti The ad tion i
transport process and strong inhomogeneities in the underl F?ncen ra Il;)n ot partic ets”mds? u |0_n.é@ N 3 fsorp '2”. IS0
ing medium. However, such models involve often very sim-1"€M can be experimentally determirid®] and, for certain

plified assumptions on the physical structure of the mediumlimits in the concentration domain, admits to be phenomeno-

In this respect, comparison of the analytical predictions withlegically represented by simple analytical expressions. We
experimental results becomes crucial. find then a connection between this isotherm and the
The purpose of the present paper is to report experimentafapping-time distribution associated with the adsorption

results of transport in porous samples made of packings d}ites in the medium. FinaIIy, we associate such a distribution
activated carbon porous graifid]. Two different kinds of ~ Wwith the waiting-time distribution of a CTRW in a one-
tracer-dispersion experiments were carried out. In the firsdimensional model of the porous medium. Within this frame,
one, a tagged solution which initially saturates the medium isve are able to derive the long-time behavior of the total
displaced by the same solution but without tra@itchange solute concentration in the desorption process, taking into
experiments In the second, water displaces the tagged soaccount the low-concentration limit of the desorption iso-
lution (desorption experimentsin exchange experiments the therm. Nonlinearities in this isotherm, whose effects have
total solute concentration remains constant. In this caseheen scarcely studied in previous wdrkl], are crucial in
where the number of adsorbed particles is a fixed fraction oflefining the form of the concentration decay. Our results,
the total number of solute particles, the local evolution ofwhich are in reasonable agreement with experiments, suggest

that assigning a power-law trapping-time distribution to the

adsorption sites in the activated carbon porous medium is a

*Electronic address:gdrazer@tron.fi.uba.ar realistic assumption.
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Il. EXPERIMENT
A. Sample characterization

Porous samples used in the experiments are nonconsol
dated packings of relatively uniform, spherical, activated car-
bon grains obtained from apricot pit. The mean diameter of
the carbon grains id=(0.13+0.01) cm. The carbon grains _gg| |
were packed in a 30 cm length, 2.54 cm inner-diameter cyl—§
inder (cross sectioPA=5.1 cnf). The packing procedure,
intended to obtain homogeneous samples, is described els( %4
where[12,13].

Porosity is defined as the ratio of the volume accessible tc
an intruding fluid to the total volume of the medium. Our
samples have two classes of pores; i.e., they constitute :
double-porosity mediunjl]. We therefore distinguish be- 00 2000 : o e 3000
tween internal and external porosities. The internal porosity time fs]
is associated with the accessible volume inside the carbon ) )
grains. Its mean valu®, = 0.45+ 0.05 has been measured by FIQ. 1. Time d_e_pendence of the tracer (_:oncentratlon recordec_:l at
spontaneous imbibition of distillated water. The pore sizglour different positionsc along the sample In an exchange expert-
distribution (PSD was independently determined by nitro- ment. The dots correspor_ld tq the experlmental data. Solid lines

. . : correspond to the best fit with solutions of Ed3) [f=0.65
gen adsorption and mercury intrusion, and ranges approXis g 0y R=14+03, v=82x10"3 cmis, D=(1.1+0.5)
mately from r.1ear-atomllc scale§ up to focm [10]. The x10°3 cn?/s, Dy=(1.950.7)<10°® cni/s].
total cumulative porosity obtained from the PSBpgp
=0.49, is consistent with the effective porosity seen by
tracer particles. ities across the sample section due to gravity-induced segre-

The externalpacking porosity of the samples is associ- gation. Interfaces are stable when the more dense fluid
ated with the accessible volume outside grains. Its valuélisplaces the less dense one. . .
®,=0.45+0.02 has been determined by comparing the total We performed measurements of tracer desorption and dis-
volume to the volume of the carbon grains' Considering thé)ers|0n, in which a StepW|Se variation in the concentration of
carbon grains as nonporous solids. The total porosity of th&-is induced at timeé=0 and kept constant thereafter. The

samplesb is readily obtained from the internal and external displacing fluid is injected at a constant flow rate. The efflu-
porosities, ent, collected over a computer controlled electronic scales,

allows one to measure and control the injection rate. The

=D ,+(1-P,)P;=0.70=0.06. (1) radioactive tagging technique makes it possible to record

tracer concentration variations at different cross sections of

The adsorption properties of the samples at a given temthe porous medium, through activity measurements. Gamma
perature are characterized by the adsorption isotherm. Thigdiation from tracer particles inside the porous sample is
isotherm relates the total concentrations of solute in solutioollimated by a lead block with a 0.3 cm slot, through which
C; and of adsorbed solut&;. A phenomenological ap- radiation activity is measured by a standard scintillation de-

proach to the analytical form of this relation is the Freun-tector.

dlich adsorption isotherm, which assumes an algebraic de- As advanced in the Introduction, experiments are carried
pendence OST on CT .In a previous experime[{ﬂ_o]’ the out with two different diSpIaCing fluids, namely, an untagged

Freundlich isotherm for the carbon grains imbibited by NalNal solution at the same concentration as the tagged solution

0.8 [

02r

aqueous solution was found: (exchange experimentand distillate watefdesorption ex-
periments.
=kCt, 2
o @ C. Results
with k=1.0-0.4 andu=0.63+0.13. Here,C; and S; are The dots in Fig. 1 stand for measurements of the tracer
molar concentrations. concentrationC(t) as a function of time, normalized to the

Plastic grids were placed at both ends of the samplednitial concentration, in an exchange experiment. Different
preventing outflow of the carbon grains. A few layers of Symbols correspond to measurements at different distances
glass beads placed at the inlet insure a radially uniform infrom the inlet, as indicated in the caption. On the average, as
jection of fluid over the whole cross section of the porousthe untagged solution replaces the tagged dDé) de-
medium[14]. creases steadily approaching zero for large times.

Figure 2 shows measurements of tracer concentration in a
desorption experiment. The tagged solution is now being re-
placed by water and the solute is being eliminated from the

In the experiments, the porous medium is initially filled medium, so thaC(t) approaches zero again. However, it is
with aqueous 0.1 M Nal solution tagged witt®1 In the  apparent from comparison with Fig. 1 that the concentration
saturation procedure and during the experiments, the mealecay exhibits longer tails for large times. The same data are
dium is placed vertically in order to avoid flow inhomogene-shown in Fig. 3 in a log-log plot. It is clear that those tails

B. Dispersion measurements
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FIG. 2. Time variation of tracer concentration in a desorption

experiment. Dots correspond to experimental data recorded at four FlG' 4 T'.me variation of tracer concentration in desorption ex-
different positionsx along the sample, witlv=38.8x 1073 cmis. periments with different flow velocities, at x~2 cm from the

o . . inlet. The straight line corresponds to the predicted power-law tail
Solid lines corresponds to numerical solutions of @, where at long times, whose exponent corresponds to that of the adsorption
the parameter§=0.65,D=1.1x10"% cn?/s andD,=(1.9+0.7) 9 ! P P P

x10°% cmP/s were computed from exchange experiments. TheSOthermx=0.63.
isotherm parameters used dre 0.65+0.05 andu=0.65-0.05in  sample has two different classes of pores. Large pores cor-
agreement with the resuR = 1.4+ 0.3 of exchange experiments. respond to voids in the packing structure, and compose the
) external transport paths. Small pores are found inside the
follow a power law with the same exponept=0.63 for  c4rhon grains, and determine internal transport paths. The
each data set. , _ permeability contrast between these transport paths is very
In Fig. 4, we show measurements taken at a fixed distancgign \with a permeability ratio of about 1¢15]. It can be
from the inlet for different flow veloc_ltles in desorption ex- ¢pown that, due to this large permeability contrast, in the
periments. The power-law exponent is again the same for thg, e of injection rates investigated convection is dominant

three data sets. outside the grains while diffusion is the only relevant trans-

Error.s ba.rs, d|spla)_/e_d in all the figures, CO”,eSPO”,d to th‘f:')ort mechanism in the internal paths. Therefore, the volume
uncertainty in the activity measured by the scintillation de- ¢ internal pores may be considered as a stagnant zone

tector. where tracer particles get trapped and convective transport is
negligible.
1. MACROSCOPIC APPROACH Assuming that a fraction 2f of the total volume of
In order to explain our experimental results, we apply firstP0'eS is occupied by stagnant ZOnes, we can employ the fol-
a macroscopic formulation based on transport equations fdPWing set of transport equatiors6]:
the relevant concentrations. As advanced before, the porous ;¢ ((9<Ci> 3(3)) - #C,  aC,,

m
_J’_ —_
e A= =5 ot a2 Vax

(3a

10

dC;  9S S(a C zaQ). 3b)

_+_: PR -
at o at a’ o r oor

Here, S(r,x,t) is the adsorbed solute concentration inside
the grains, whereaS,(x,t) andC;(r,x,t) correspond to the
solute concentration in mobile and stagnant zones, respec-
tively. The diffusivities in these zones aieandDg, andv
stands for the flow velocity, which is imposed at the inlet.
The coordinatex is measured along the sample from the
inlet, andr is the radial coordinate inside the spherical car-
bon grains. The mean valugs) stand for volume averages
inside the grains. The first equation relates the evolution of
10° L ~ Y solute concentration in mobile fluid zones, the volume-
time [s] averaged solute concentration inside the grains, the longitu-

FIG. 3. Time variation of tracer concentration in a log-log plot. dinal dispersion, and the convective transport. The second
The experimental data corresponds to the desorption experimeﬁ[quation stands for the evolution of the solute concentration
shown in Fig. 2. Straight lines correspond to the long-time behavioinside the grains, due to diffusive transport. The initial and
predicted in Eq.(22), whose exponent corresponds to that of theboundary conditions corresponding to our experiments are,
adsorption isotherm.=0.63. respectively,

-1

cuic,
=
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Cm(x,00=Cq, x>0, (4a) B. Desorption experiments
In desorption experiments the total concentration varies
Ci(r,x,00=Co, x,r>0, (4b)  with time. The concentration of tagged particles is now di-

rectly proportional to that of the solute. Therefore, activity

and measurements can be used to determine variations in the to-
tal solute concentration. Total concentrations inside and out-
= > ) . : ; X ; .
Cn(00)=0, =0, (53 side the grains will be denoted in the following discussion by
C.(x,)=C(r=axt), xt>0, (5b) C,, (total solute concentration in solution inside the external

pathg, C; (total concentration solution inside the internal
wherea=d/2 is the grain radius. The boundary condition atPaths, andS; (total adsorbed solute concentration inside the
the grain surface, Eq5b), couples Eqs(3a) and(3h). graing.

Assuming that the adsorption process is at equilibrium Let us assume, as before, that the adsorption process is
and, using Eq(2), solutions to Eqs(3) can be numerically fast enough to be considered as locally enslaved to diffusion.
obtained by means of standard finite-difference schemethe adsorbed solute concentratiBnis thus related to the
[17,18. Both exchange and desorption situations can be corfocal concentration in solutio@; by the adsorption isotherm
sidered. However, as advanced in the Introduction, the natuld. (2)], and therefore
of such solutions and their accuracy in reproducing experi- u
mental results depends strongly on which kind of experiment ﬁ _ JC{
is being described. at at -

®

Using this relation and rewriting Eq§3) for the total solute

A. Exchange experiments concentration, we obtain

In this case, both the total adsorbed concentraipiand

2
the total concentration in solutiorC+, remain constant. fu+(1_f)i<c+kcﬂ>:Dr? sz—v& (99
Therefore, activity measurements are sensible to variations Jt ot ' dX ax '
of tracer concentration inside the sample. We will thus use 5
Eq. (3) to describe these variations at different cross sections i(c. +kC*)=D (LQ E ﬁ_C') (9b)
of the porous medium. ot ! ! S\gr " r or |

Due to the fact that the total concentration is kept con- Even though the initial part of the desorption process can
stant, the adsorption equilibrium is undisturbed during th 9 P P P

experiments, and the resulting adsorption isotherm for trace € ac_curately described by the numerlcal SO'P“O”S to these
particles is linear: equations, the anomalously long tails of experimental curves

can no longer be fitted, as shown in Fig. 2. Numerical results
S predict in fact systematically lower concentrations for large
gzc—cizkc*;*lci:R(cT)ci , (6)  times.
T Since the macroscopic transport equations are not able to

where we have taken into account that the proportion of add€scribe the evolution of desorption experiments at large
sorbed tagged particleS, /Sy, should be equal, at equilib- times, i.e., at low concentrations, we will formulate an ana-
rium, to the fraction of tagged particles in solutia®,/C,.  Yiical description at a mesoscopic level. More specifically,

Assuming that the adsorption process is enslaved to dif'® will attempt to pred_|ct the ot_;served glgebralc tails in
fusion, namely, that the concentration of adsorbed taggeI:F"SSI oiga o_?ﬁ.-dmens.lonal cotntlnu?uts “]I”e; rt?lnd%rq_RWV?/lk
particles follows instantaneously the local variations of tracefM°%€ [19]. This requires us to relate first the ;
concentration in the solution, and using E6), we can re- waiting-time distribution, to be associated with the trapping
write Egs.(3) as follows: ’ ' times inside the carbon grains, to the Freundlich adsorption

' ' isotherm.
dCnm dCy) _d*C, dCph
o H(1-H)(1+R)— =D — 7 —v—7", (73 IV. MESOSCOPIC APPROACH
X X

A. Statistical approach to the Freundlich isotherm

‘“7_Ci: Ds (&ﬁrﬁ) (7b) It is a well known fact that the Freundlich adsorption
ot 1+R\ar? v oor ) isotherm describes with very good accuracy experimental
data. Since its empirical formulation, several authors have
Solutions to Eqgs(7) accurately fit experimental results provided derivations within statistical mechanical ap-
obtained at different cross sections along the porous mediunproaches, considering inhomogeneous adsorption surfaces
as shown in Fig. 1. Let us emphasize that the whole of exf20—24. In these derivations, the surface is characterized by
perimental data have been fitted by numerical results with & probability distribution for the adsorption-site energies.
single set of parameters. These parameters are in good agreingle occupancy of adsorption sitégonolayer coverage
ment  with  previous experiments [Ds=(1.5-0.1)  and no lateral interaction between adsorbed particieaco-
x10°° cn?/s, D~dv [10,15] and with model assumptions operative adsorptiorare assumefR4]. Moreover, the num-
[f=®;/®;=0.65-0.08, R(Cy)=kC4 '=2.3+15]. A  ber of adsorption sites is fixed.
detailed study of the parameter dependence on the injection We will follow this approach closely but, instead of de-
rate can also be found in previous publicati¢fhg,15. fining a distribution of energies over the surface sites, we
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introduce a distribution of trapping times. The trapping timeThis gives, as already mentioned, a non-normalizable PDF,
7 is defined as the time spent inside the grains by an addue to the high-concentration behavior of the Freundlich iso-
sorbed particle. Assuming single occupancy, the Langmuitherm.

adsorption equatiof25] applies for each value of, Finally, let us note that the asymptotic behaviorgdfr)
c implies a divergent mean trapping time, as the exponent lies
__WhiT in the range &< u<1,
0(r)= 1+wCir’ (10
where () is the Langmuir coverage!]. The constant is (m)= fo T(7)dT="00. (14

inversely proportional to the mean time spent by solute
partlcle:_; in the liquid phase and to theirlnolar concentration of, fact, it can be shown from Eq11) that a distribution with
adsorption sitesSg, namely,w=(7S) " *. Let us note that |,e5n trapping time leads to a linear regim&

Ss equals the saturation concentration. _ . ~{n/7)C;, at sufficiently low solute concentratiofiden-
If ¢(7)d7 is the fraction of sites whose characteristic s [aw [4]).

trapping time lies betweenandr+dr, Eq.(10) implies that

the overall adsorbed concentration is given by B. Continuous-time random walk approach

o [ WG In this section we will describe tracer transport in our
S= SSJO 1+Wci7¢(T)dT. (12) porous samples by means of a continuous-time random walk
[26,19,3. The medium is represented as a one-dimensional

Taking into account Eq2), Eq.(11) makes it possible to N-site lattice along which each tracer particle is convected.
evaluate the trapping-time probability density function At each site the tracer particle gets trapped during a time
(PDP ¢(7). Combining both equations, in fact, we get before a new convective step is performed in the direction of
the flow. Trapping times are distributed accordip@r).

In this decoupled CTRW model the distanéebetween
successive traps is given by the mean length of a convective
path performed entirely in the external channels, i.e., without
where we have replaced; = by x. This equation relates the visiting the internal paths. On the other hand, the long-time
limit of low solute concentration@;~0) to the behavior of behavior of the trapping-time PDF will be dominated by ad-
¢(7) for large trapping times. On the other hand, if the Fre-sorption effects in the internal paths and is given by @8).
undlich isotherm is assumed to hold in the limit of high This approach is valid at low solute concentrations, when the
solute concentrationsCj— ), according to which the ad- interaction between solute particles can be neglected. We
sorbed concentration increases without bound, the resultinghow in the following that this very simple model makes it
PDF is non-normalizablg23]. This result is a direct conse- possible to predict the power-law tail observed in desorption
guence of the assumptions of fixed number of adsorptiomxperiments, which is thus to be associated with the long-
sites and monolayer coverage. Several possible modificatiorisne tail of the trapping-time PDF.
to the adsorption isotherm, which reduce to the Freundlich We aim at calculating the probability distributid®(x,t)
expression whenC; is small, have been proposed for a tracer particle to be at siteat timet, assuming that it
[4,23,21,22. Nevertheless, since we are interested in dewas atx=0 att=0. Following Montroll and Weis§19], let
scribing the behavior at small solute concentrations, we us®(x,t) be the PDF for the tracer patrticle to reacht timet,
the Freundlich isotherm without taking into account possibleand letW (t) be the probability that the elapsed time between
corrections at high concentrations. The range where the cosuccessive convective steps is at lgase.,
centration varies in desorption experimer£0.1 M) is in t
fact within the experimental range where the adsorption iso- .
therm was previously determined. Thus, as the Freundlich rm=1 fo(’D(T)dT' (19
isotherm is a reasonably good empirical description of our
experimental data, the large-asymptotic behavior of the Then
trapping-time PDF should be correctly determined using Eq.

(17). t
Let us then discuss the limit of low solute concentrations. P(x.)= fOQ(X’TN’(t_ mdr.
Using straightforward scaling arguments, Ed2) implies
that the trapping-time PDF has a power-law behavior forgince the particles are convected the same leggih each
long times, jump, Q(x,t) equals the probability,(t) that a tracer par-
ticle has performech=x/¢ jumps exactly at time [27],
o(7)~TH T, 13 Wwhence, irl?the Laplace dorjnainp, it foIIow); that

kCt= 1f°° WX /Ci)d 12
i—SsCi 01+WX<P(X i)dx, (12

(16)

whereT is a constant with dimensions of time. More rigor-

ously, treating Eq(12) as an integral equation where the left P (XU =¥(WQ(x,u)

hand side is known, and applying standard reqdultte that 1—¢(u)
Eq. (12 can be related to a Stieltjes transform, as first =T (WP, (W) =PUW)[e(W]"=—[(uw)]"
pointed out by Sips[23]], it can be shown thatp(7)

« 7~ (1T #) gver the whole range of trapping times (0,%). (17)

u
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Taking into account that convective steps occur in thenamely, the internal and external porosities, the adsorption
flow direction only, the normalized initial condition for isotherm, the diffusion coefficient inside the grains, and the
P(x,t) in desorption experiments corresponds, in this latticecarbon grain siz¢15]. On the other hand, even though the

model, to

1
P(jét=0)=5, O0<j=N=x/¢ (18)
Thus, the probability for the tracer particle to bexadt time
tis, in the Laplace domain,

i 1-[e(u

1
POGW = G ¥ (W) 2, [e(u)]"=—3, (19

Finally, to find the large-time behavior d?(x,t) it is
necessary to use the asymptotic formegiu) in the neigh-
borhood ofu=0. For the power-law tail given in Eq13)

this asymptotic form i$28]
o(u)~1—(uT)*. (20

With this expansion we can compute the smalimit for
P(x,t):

P(x,u)~TrFu* L, (21
Thus, via a Tauberian theorem for Laplace transfofa&,
we infer that
T\#
P(x,t)~( ) .

T (22

macroscopic description agrees with experimental data in the
initial part of the desorption process, the long-time behavior

exhibited by desorption curves differs considerably from the

analytical macroscopic approach. In particular, the power-

law time dependence of the solute concentration is not repro-
duced by the solutions to the macroscopic equations.

This anomalous behavior could be accounted for by intro-
ducing a continuous-time random walk model for the
desorption-dispersion process. The long-time behavior of the
trapping-time distribution was derived from a microscopic
model which correctly describes the limit of low concentra-
tions in the experimentally measured adsorption isotherm.
The microscopic model of the adsorbing surface is a varia-
tion of previous model$23,21], but avoids a description of
adsorption sites in terms of bonding energies. Therefore, it
makes it possible to include geometric effects in the distri-
bution of trapping times inside the carbon grains. Within this
model, we were able to infer, from the Freundlich isotherm,
a distribution for trapping times in the porous medium. In
particular, we have found that this distribution has a power-
law tail with the same exponent as the isotherm, which in
turn implies a power-law decay in the tracer concentration
observed in the experiments. Moreover, the predicted power-
law long-time behavior does not depend on the distance from
the inlet or on the injection rate, as is also observed in the
experiments.

A relevant question regards the possible existence of a
critical concentration at which this anomalous behavior ap-

This is our final result, which prediCtS that pOWer'laW tails pears. More Specifica”y, we expect that the power-|aw decay
observed in desorption experiments should have the samt the solute concentration appears when a critical relation
exponentu as the adsorption isotherm, at any distace petween this concentration, the distandeom the inlet, and
from the inlet section and at any injection rate. The slope othe convective step length is satisfied. Establishing this

straight lines in the log-log plots of Figs. 3 and 4-€.63,
which corresponds to the value of the expongnin the

relation will be the object of future experimental and theo-
retical work. Furthermore, in order to study the observed

Freundlich isothern{2). The agreement with the power-law anomalous behavior in detail, it would be interesting to carry
decay observed in desorption experiments is reasonablyut desorption experiments where the initial solute concen-

good.

V. SUMMARY AND DISCUSSION

tration is low enough for the solute particles to be considered
as noninteracting throughout the experiment. In this case,
recording the time evolution of the dispersion front and of

the average solute distance from the inlet would be a suitable

Wwe have _prese_nted results of exchange .and desorptlo[raol to test the theoretical predictions of our model. Namely,
experiments in activated carbon porous media. In exchan

experiments the total solute concentration remains consta e anomalous broadening of the mixing zone, given by the
P . A - T T " mean-square displacement for a single particle, should grow
while a stepwise variation in the tracer concentration is in-

2u ) : ) -
duced at the inlet. In this case we have shown that a macr(%;a—fetas’evgzﬂe the average distance from the inlet should in
scopic description, in terms of transport equations for the '
relevant concentrations, provides an accurate description of

variations in the tracer concentration at different cross sec-

tions of the porous medium. Moreover, the macroscopic pa- D.H.Z. acknowledges financial support from Fundacio
rameters and their dependence on injection rate can be rémntorchas, Argentina. G.D. thanks J. Busch for fruitful dis-

lated to the porous medium physicochemical propertiescussions. G.D. has been supported by CONICET Argentina.
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