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Abstract

The axial and transverse diffusion coefficients of a band of iodine in a chromatographic column were measured optically
as a function of time. It was found that the axial diffusion coefficient remains constant even when the edges of the sample
band get close to the wall. By contrast, the radial diffusion coefficient decreases progressively with increasing time when the
edges of the sample band leave the core region and begin to diffuse inside the wall region. The local axial and transverse
diffusion coefficients of the band decrease from the column center toward the wall. Hence, the increase in local height
equivalent to a theoretical plate observed in the region close to the wall must be explained by increasing mass transfer
resistances and degree of heterogeneity of the bed.
   2003 Elsevier Science B.V. All rights reserved.

Keywords: Diffusion coefficients; Stationary phases, LC; Packing density; Packed columns; Iodine

1 . Introduction such low reduced plate heights [1–4]. However,
these were packed capillary columns for GC, manu-

Although they are the goal of the industry, highly factured and tested under highly unusual conditions.
efficient chromatographic columns, reproducibly Actually, when chromatographic columns are evalu-
packed with a highly uniform bed, have not yet been ated, they prove to be heterogeneous, both axially
manufactured, let alone routinely so. Such columns and radially [5–7]. The better columns are the more
should have a reduced height equivalent to a theoret- homogeneous [7]. The top part of the bed is often
ical plate (HETP) of the order of unity. There are a less densely packed than its bottom part [5]. Varia-
few examples in the old literature of columns with tions of the packing density in the axial direction are

slow and their extent small over the entire column
length. Furthermore, in a radially homogeneous
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decrease in the column efficiency, because radial obtained in HPLC is the equilibrium–dispersive
variations of the local bed density cause similar model [14]. This model was initially derived by
variations of the permeability, hence of the local Bohart and Adams [15]. Its solutions were studied
mobile phase flow velocity. Instead of the zone first by Wicke [16,17] and later by Lapidus and
remaining a uniform flat plug, these variations lead Amundson [18], Van Deemter et al. [19], and Gid-
to a warping of the band [8]. Furthermore, the radial dings [20] in the linear range, by Houghton [21],
distribution of the local axial diffusion was observed Haarhoff and van den Linde [22], and many others
to have a large amplitude [5–7,9], the local column [14] under nonlinear conditions. This model accounts
efficiency being much lower in the region near the for the band broadening that takes place during their
wall of the column than in that close to its axis. This elution in liquid chromatography, by assuming that
contributes also to an increase in band broadening. the combined effect of axial diffusion, eddy diffu-

Radial variations of the local packing density may sion, and the mass transfer resistances is an axial
be attributed to two factors. First, the geometry of dispersion [20]. Accordingly, the mass balance equa-
the packing in the wall region. The particles cannot tion for one compound is written:
penetrate the rigid wall surface, hence, the void

2
≠C ≠q ≠C ≠ Cfraction increases near the wall. Consequently, the] ] ] ]]1F ? 1 u ? 5D ? (1)a 2≠t ≠t ≠x ≠xsolvent velocity in this region is much higher than

the bulk flow velocity. This wall effect was docu-
whereC andq are the concentrations of the solute in

mented recently [10] but its effect on the band profile
the mobile and the stationary phases, respectively,t

is not yet substantiated, the amount of solute actually
is the time,z the distance along the column of length

penetrating in this wall region being very low in
L, u the mobile phase velocity, andF the phase ratio

most cases. The second factor that contributes to the
(F 5V /V 5´ /(12´), whereV is the volume ofs m sradial variation of the packing density is related to
the stationary phase,V the volume of the mobilemthe friction between the wall and the particles and
phase in the column and́ the total porosity of the

between the particles themselves. Because this fric-
column). In this model, mass transfer between phases

tion is strong, the stress distribution that is ex-
in the column is assumed to be fast and the band

perienced during the packing process throughout the
migration along the column takes place practically

bed is most heterogeneous. This causes a radial
under conditions of equilibrium. The coefficient of

heterogeneity of the column bed because, under
axial dispersion,D , is related to molecular and eddyafriction-induced stress, the packing density increases
diffusion and to the mass transfer kinetics [14].

as the distance to the wall decreases. This radial
Under static conditions (u 50), the mobile and the

heterogeneity of the bed was observed in studies in
stationary phases are in equilibrium at all times,

which a dye marker was injected onto the column
hence are related by the isotherm equation,q 5 f(C),

and the bed was extruded from the column container
and the mass balance equation reduces to a form of

[11], or in which the mobile phase stream or the
Fick’s law:

migrating bands were observed by nuclear magnetic
2resonance imaging [12] or optical means [13]. ≠C ≠q ≠ C

] ] ]]1F ? 5D ? (2)In this work we discuss the results of optical f 2≠t ≠t ≠x
measurements of the radial and the axial diffusion
coefficients and the relationships between their sys- In the absence of flow, molecular diffusion is the
tematic variations and the heterogeneity of the only contribution to axial dispersion that remains.
distribution of the local packing density of the bed. The coefficientD accounts for this diffusion. Itf

differs from the molecular diffusivityD because ofm

the tortuosity of a bed of particles and of the
2 . Theory constriction of the flow channels that slow down

molecular diffusion in a packed bed [20]. Even if the
The simplest model of chromatography that is retention on the stationary phase is not negligible

sufficiently realistic to account for the band profiles (q ±0), the axial dispersion term in Eq. (2) can be
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replaced by the diffusion term,gD , with g the bed direction are relatively slow, except at the very endsm

tortuosity. Diffusion of compounds in a packed bed of the column and when the stress applied during
should be constant and independent of the location consolidation of the bed is high [23]. So, the axial
within the chromatographic column, at least provided variations of the bed density in a transparent column
that the bed of the chromatographic column be [13], which, being packed inside a glass tube, cannot
homogeneous, which it is not [5–13]. Because of the stand a high mechanical stress, are negligible at the
interactions between the column bed and the wall, scale of the diameter of the droplets used in this
the packing density has essentially a cylindrical study. Consequently, we may expect that the band
symmetry [23], although this symmetry may be variance in this column will increase at a nearly
compromised in axial compression columns in the constant rate during its migration along the column.
event that the head fitting is not perfectly parallel to By contrast, the radial variations of the bed density
the stationary phase bed upon initiation of bed are usually not negligible, even at the scale of the
compression [24]. droplet. This is particularly true in the wall region,

In a homogeneous bed under static conditions, where the packing density and the tortuosity of the
axial and radial molecular diffusion should take packed bed increase and, consequently, the rate of
place at the same rate. In the absence of flow, the dispersion is expected to decrease significantly.
molecular diffusivity should be the same. If the Systematic investigations of the radial variation of
apparent coefficients of axial and radial diffusion are the dispersion coefficient could give valuable in-
different, this should be caused by different values of formation regarding the radial heterogeneity of the
the tortuosity in the corresponding directions. We bed in the wall region. Note that accurate estimates
know that the packing density, henceF, increases of the average of the transverse dispersion coefficient
from the core region of the bed to the wall [6,7], to were made by pulsed field gradient NMR [28].
drop suddenly to nearly 0 in the immediate vicinity Unfortunately, it was not possible to decrease suffi-
of the wall [10,25]. Furthermore, because the bed is ciently the volume within which the average is
stressed more strongly at one end than at the other measured which prevented systematic investigations
during the packing of the column [23], the bed is not of the radial variation of the dispersion coefficient.
axially homogeneous either. The heterogeneity of the LetD and D be the apparent dispersion co-r a

bed causes diffusion to proceed at different rates in efficients in the radial and the axial directions,
different parts of the column and also in different respectively. Both coefficients can be measured
directions. A small sample injected into the bed may experimentally through the determination of the
not grow into a sphere by molecular diffusion in the evolution of the dimensions of a band in the radial
absence of flow. In the presence of flow at a finite and axial directions, respectively. The axial disper-
velocity, dispersion proceeds at different rates in the sion coefficient is simply related to the conventional
direction of the flow and in the perpendicular column HETP,H, through the equation:
directions. Mass transfer resistances and eddy diffu-

Hu Lu
sion combine with molecular diffusion to increase ] ]D 5 5 (3)a 2 2Ndispersion along the direction of the flow. Because of

where L is the column length andN its efficiency.the stream splitting effect [26], eddy diffusion com-
Under linear chromatographic conditions [29], thebines with molecular diffusion and enhances both

2variance of a Gaussian band,s , follows the classi-axial and radial dispersion in the presence of flow
cal relationship:[25,27]. Thus, a small sample injected in the bed

may not grow into a symmetrical ellipsoid in the 2
s 5HL 52Dt (4)0presence of flow because dispersion may proceed at

different rates along different radial directions. The wheret is the retention time of an unretained solute.0

measurement of these deviations might provide Under static flow conditions,t , is the period of time0

estimates of the degree of heterogeneity of a column during which the measurements of the band variance
bed. are carried out andD would be replaced byD .a f

Variations of the packing density in the axial Because the injected band has a finite width and
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2 2 2series of measurements are made on this band whiles 5s 1s (6)total inj col

it is inside the column [13], by taking actual photo-
graphs of the band, the two dispersion coefficients In order to determine the dispersion or diffusion
are determined according to the following two coefficients from the progressive broadening of a
equations derived from Eq. (4): band, we need to measure on-column the true band

variance of a sample injected directly into the bed2 2
s 2ss d2 1 a and to do so at successive time intervals. This]]]D 5 (a)a 2 t 2 ts d process will allow the elimination of the variance2 1 (5)2 2 contributions associated with the instrument, leavings 2ss d2 1 r
]]]D 5 (b)r only the change in variance associated with the2 t 2 ts d2 1

packed bed.
2 2where s and s are the variances of the sample Obviously, in the opaque environment of a stain-2 1

band at timest and t , respectively. This procedure less steel tube, it is difficult to observe an actual2 1

accounts for the influence of the initial band width solute band. This explains why the actual observa-
(see below). tion of bands during their migration is unusual and

why studies involving on-column dispersion mea-
2 .1. Experimental determination of the diffusion surements are few. Some examples may be found in
coefficients the literature [10,13,30,31]. Because bands cannot be

conveniently observed directly, accurate on-column
In chromatography, we must make a clear distinc- evaluations of axial dispersion are difficult. Such

tion between dispersion and diffusion coefficients. measurements are typically made by monitoring the
Both terms are related to and derived from evalua- composition of the outlet stream of mobile phase
tions of band broadening. In this work, however, exiting the column with an on-line detector. This
measurements are made under static conditions, with detector can monitor the bulk effluent as in conven-
no flow. Band broadening occurs solely as a result of tional applications, or it can monitor the local
molecular diffusion in the bed because there is no concentration of the outflowing stream if it is small
flow of the mobile phase (u 5 0). and placed directly at the column outlet or just

It is difficult to measure dispersion, let alone before it [6,7]. Even in this last case, it is not
diffusion, in chromatographic columns. The corre- possible to derive the bed variance contribution since
sponding contribution arises solely from factors the injection contribution cannot be derived simply
characterizing the bed packing. However, other from a single, post-column determination, Actually,
contributions arise during migration of the solute the contributions to band broadening of the injection
from the injector, the connecting tubings, the head process and of the inlet tubing, head, and frit may be
fitting, the inlet and outlet frits, the end frit, more more important than usually realized [32–34]. Final-
tubings, and the detector. The total band variance is ly, to measure the coefficient of radial dispersion, it
the sum of the contributions of all these effects. is necessary to perform local injections of the
Assuming that the solute is injected as a droplet into sample, so that there is a radial concentration gra-
the bed center, the contributions to band broadening dient. The initial or injection variance contribution
of the inlet head and frit are removed, that of the must also be measured and subtracted from the total
tubings reduced. As long as the solute elutes under band variance. Otherwise, derivation of the radial
‘‘infinite diameter column’’ conditions, the wall dispersion from the signals detected would overesti-
effect contribution is also eliminated. Further reduc- mate the contribution of the column packing to both
tions of the band variance may be made if detection radial and axial dispersion. Accordingly, if the bands
is carried out on-column, thereby avoiding the are eluted to be detected, radial or axial dispersion
contributions of all post-column tubings, of the outlet are difficult to measure accurately.
head and frit, and of the detector flow cell. Conse- NMR measurements of bands migrating along
quently the total band variance may be found packed beds have yielded useful information allow-
according to: ing direct determination of on-column axial and
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radial dispersion and diffusion [28,35,36]. It proved from General Chemical Division (New York, NY,
to be more convenient and more accurate to carry out USA). All the mobile phases were sparged with
the measurements of axial and radial dispersion helium during the experiments.
coefficients by pulsed field gradient NMR than by
direct imaging [12,26,37,38]. Diffusion effects could 3 .2. Columns and packing material
be separated from flow effects as a result of a phase
shift within the signal. Using this method, Tallarek et All chromatographic experiments were performed
al. [39] were able to calculate the coefficient of on a 100317 mm (I.D.) borosilicate (Pyrex) glass

25 2 21self-diffusion for acetone (4.08?10 cm s ), column supplied by Omni (Cambridge, UK). The
25 2 21 column end fittings were machined from Delrinacetonitrile (2.75?10 cm s ), methanol (1.98?

25 2 21 25 2 21 plastic at the University of Tennessee workshop.10 cm s ) and water (1.98?10 cm s ).
These fittings included a fixed length outlet fittingAn alternative method of evaluating the axial and
and an adjustable inlet fitting that allowed axialradial dispersion coefficients in the presence or
compression of the column. Stainless steel fritsabsence of flow is to look inside a chromatographic
having a diameter of 15.9 mm and a thickness ofcolumn made of a transparent (glass) tube and
1.57 mm were obtained from Bodman (Aston, PA,containing a transparent bed. This is possible if
USA).mobile and stationary phases have the same refrac-

The stationary phase used was YMC C silication index. This technique was previously described 18

(Kyoto-Fu 613 Japan). The particles of this packingin the literature [31–34]. Injection of a colored solute
material are spherical, with a particle size distribu-onto the column allows easy evaluation of the band
tion given as 15–30mm and an average particle sizewidth at different times, with or without flow
of 21 mm. The column was slurry packed in a[10,13,32–34]. This is the method used in the
downward configuration with methanol as both thepresent work.
slurry and the packing solvent. Dichloromethane was
used as the displacement solvent. The slurry was
pushed into the column and consolidated by a steady

3 . Experimental 21stream of methanol at a flow-rate of 9 ml min . The
inlet pressure did not exceed ca. 18 atm (250 p.s.i.)

Transparent chromatographic beds are obtained by
to avoid breaking the glass column. The head fittings

packing a borosilicate tube of proper dimensions
were assembled and inserted into the head of the

with a C bonded porous silica and operating it with18 column. The head fitting was then tightened to a
a mobile phase of same refractive index. We found 21torque of 0.2 m kg and allowed to set overnight
carbon tetrachloride to be most practical for this

before use. To improve visualization and minimize
application in spite of its toxicity [13]. The whole

the cylindrical lens effect, the entire column assem-
equipment was kept under a hood which is kept

bly was placed into a viewing cell having a square
closed most of time. Other combinations of station-

cross-section and closed with four vertical silica
ary phase and solvent are possible but were not

plates. This cell assembly was described in a previ-
investigated. Minimizing the difference between the

ous communication [13].
temperature coefficients of the refractive indices of
the solid and the liquid phases seem to be the most 3 .3. Sample injection
critical issue in this choice.

Solutions of iodine in carbon tetrachloride (12 g
213 .1. Chemicals l ) were used as the sample. At this concentration,

the solute zones are sufficiently colored. A detailed
Reagent-grade carbon tetrachloride was obtained observation of the zones obtained upon the injection

from Sigma (St. Louis, MO, USA); reagent grade of small volumes (less than the 20ml used in this
methanol and HPLC-grade dichloromethane from work) is possible during their entire elution. Central
Mallinckrodt (Paris, KY, USA). Iodine (99.9%) was point injections were achieved by inserting a needle
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through the inlet frit at a distance of approximately their conversion into digital format [13]. In this
0.5 cm below the head fitting. The head fitting was study, the protocols previously discussed were strict-
then inserted into the bed, with minimal disturbance ly adhered to, except for one modification which had
to the column inlet. A sample of the iodine solution to be made to allow the precise determination of the
was injected onto the column inlet. This zone was solute concentrations. Some further discussion of this
eluted into the central region of the bed. At this point change is warranted.
the flow was stopped and the sample band was The iodine sample was injected into the upper part
photographed at regular intervals over the next 50- of the bed of the chromatographic column, using the
min period. To prevent fluid flow, the outlet of the central point source injection described earlier. This
column was capped during this period. resulted in a nearly perfectly spherical band, as

illustrated in the series of photographs shown in Fig.
3 .4. Equipment 1. These photographs depict the diffusion of the

sample in the central region of the column over a
The chromatographic system consisted of two time period of 45 min. Fig. 1a confirms the symme-

high-performance liquid chromatographic (HPLC) try of the zone of the injected sample. The axial and
pumps (model 510, Waters Associates, Milford, MA, radial concentration profiles of these bands were
USA) controlled by a Waters automated gradient directly derived from the photographs. These two
controller. The mobile phase was pure carbon tetra- profiles are shown in Fig. 2a and b, respectively. In
chloride. Sample visualization of the band profiles previous studies, the process of deriving the con-
was achieved using two Pentax ZX-M SLR 35-mm centration profiles from the optical density profiles of
cameras fitted, one with a Promaster 100-mm macro the bands involved calibration against a series of
lens, the other with a Makinon 80–200-mm macro known standard concentration solutions that were
zoom lens. The two cameras were located at right equilibrated within the packed bed until elution of
angle. The opposite two windows of the viewing cell the breakthrough front. Since the column is cylindri-
were illuminated by fluorescent tubes placed behind cal, corrections for the variable path length were
sheets of translucent glass. necessary. This calibration process resulted in the

Kodak Ektachrome 200 ASA Professional slide non-linear calibration curve described in the follow-
film was used throughout. The photographic images ing equation:
were digitized using a Nikon CoolScan II (Nikon,

]Œa1b IMelville, New York, NY, USA) film scanner. All C 5 e (9)
images were acquired at the maximum resolution of

21the scanner (2700 dots in. ; 1 in.52.54 cm). Adobe This calibration curve has two coefficients,a and b,
Photoshop 5.0 (Adobe Systems, San Jose, CA, USA) that both depend on the radial location. In previous
was used to perform image manipulation. Further experiments [13], these two coefficients were de-
analysis (e.g. the determination of the optical density termined at a few predefined radial locations. How-
profiles along selected axial and radial directions of ever, these experiments used broad injections, cover-
the band photographs) was done using SigmaScaning the whole radial cross-section of the column, and
Pro 4.01 (Jandel Scientific, San Rafael, CA, USA) only the axial concentration profiles along a few
image analysis software. parallel to the column axis were needed. In the

present work, measurements of the radial and axial
concentration profiles of the zone were needed. In

4 . Results and discussion order to evaluate the extent of radial diffusion, these
measurements were made as a function of time rather

4 .1. Image collection and analysis than of the migration distance of the band center
along the bed. So, it was insufficient to use the

Previous studies reported all the relevant details of calibration coefficients determined as before but it
the processes of image collection, of the subsequentbecame necessary to measure them with a better
analysis of the photographic images obtained, and of radial definition. To obtain the values ofa andb as a
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Fig. 1. Photographs of a standing iodine sample. (a–d) Camera A; (e) camera B. Time after the end of the injection: (a) 30 s; (b) 10 min
30 s; (c) 20 min 30 s; (d) 30 min 30 s; (e) 40 min 30 s.

function of the radial position, the experimental data at each of the respective radial locations for which
were obtained as before, then they were plotted the coefficientsa and b were determined. This
versus the radial distance in the column (Fig. 3a and allowed the determination of all the concentration
b). The calibration coefficients at any radial location profiles.
across the column were derived from these curves.
Note that these curves are not perfectly symmetrical 4 .2. Determination of the diffusion coefficients
about the column axis. This more than likely is a
reflection upon our inability to perfectly align the The band variance of each of the concentration
head fitting on top of the chromatographic column profiles displayed in Fig. 2 were calculated. Note
parallel to the bed head prior to bed compression. than the range of the band widths in Fig. 2b extends
Subsequently, the bed undergoes compression in a from approximately 0.3 to 0.8 column diameter. In
non-symmetrical manner [24]. Following the de- this range, the radial diffusion coefficient is expected
termination of the coefficients and the subsequent significantly to depend on the radial distance [5]. Fig.
radial concentration distribution, the concentration 4 illustrates the variation of the band variance as a
profile of the sample band in the radial direction function of the time elapsed, in both directions. In

2required the normalization of the chromatographic the axial direction, a linear relationship (R 5 0.999)
profile with respect to the column cylinder diameter is observed between band variance and time. By
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Fig. 2. Concentration profiles across a droplet of iodine solution
Fig. 3. Plots of the coefficients of the calibration equation (Eq.

standing in the chromatographic column (no flow-rate). (a) Profiles
(9)) as functions of the radial position. (a) Coefficienta. (b)

in the axial direction (b). Profiles in the radial direction.
Coefficientb.

contrast, in the radial direction, this relationship is
not linear. Using Eqs. (5a) and (5b), the diffusion
coefficients in both directions were calculated from
the graphs in Fig. 4. The results are plotted in Fig. 5.
The axial diffusion coefficient is nearly constant,
except for an initial decrease, which we expect may
be due to relaxation within the column after the flow
of mobile phase was stopped. The essentially con-
stant diffusion coefficient was in agreement with the
linear relationship observed between time and the
variance of the band profile (Fig. 4). This confirms
other experimental results indicating that the packing
density is nearly constant along the column axis
[23,40] and that the axial diffusion coefficient is also
constant [5,32–34,39].

Using Eq. (5b), an empirical diffusion coefficient Fig. 4. Plots of the axial and radial variances of the band versus
in the radial direction was calculated from the data in time.
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the solute diffuses closer to the column wall. This
result is consistent with the radial distribution of the
packing density of the bed previously reported and
its consequences on the radial distribution of the
local HETP [6,7]. As the solute nears the wall, the
packing density increases and, consequently, the bed
tortuosity increases, hence, the radial diffusion co-
efficient measured in the bed decreases. The conse-
quences of bed heterogeneity in the radial direction
are catastrophic with regards to solute band broaden-
ing. Photographic images of solute zones migrating
along a chromatography column at various radial
locations illustrate this result and are shown in Fig.

Fig. 5. Plots of the axial and radial diffusion coefficients versus 6. In Fig. 6, at the point of initial solute injection into
time. the bed of the column, all solute zones were uniform

and spherical (not shown). However, by the time the
Fig. 4. The values obtained are plotted with respect solute had migrated to near the column outlet the
to time and are shown in Fig. 5. This coefficient solute zones in the regions nearing the wall were
exhibits a continuous and almost linear decrease as distorted. In contrast the solute zone migrating along

Fig. 6. Photographic images of solute bands migrating along various radial sections of the chromatography column. (a) Wall point injection,
(b) injection at 0.6r, (c) injection at 0.3r, and (d) a central point injection.
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the central section of the column remained spherical. Calculations from the correlation of Wilke and
Furthermore, this distortion became more significant Chang [41] gave for iodine in pure carbon tetra-

25 2 21for solute nearest the wall. chloride a value of 2.30?10 cm s which is too
Before interpreting these results, we need to large. The average experimental values of the axial

discuss their accuracy. First, regarding the radial diffusion coefficient of iodine in carbon tetrachloride
coefficient, we note that it is an average and that the obtained by Stokes et al. [42] and used by Wilke and

25calculation procedure biased the estimate obtained Chang in their correlation [41] is only 1.50?10
2 21toward markedly too large values. Even when the cm s (both values at 258C; our experiments were

band reaches relatively close to the column wall, the run at ca. 228C; a 38C difference in temperature
bulk of the solute amount is in the core region. The may correspond to a negligible 1% change in
coefficient D is nearly constant in this core region diffusion coefficients) [41]. This difference betweenr

but depends on the radial distance forr . 0.50. In experimental and calculated values is well in excess
order for the average ofD to decrease with increas- of the average deviation of 12% reported but it wasr

ing radial distance as it does (Table 1 and Fig. 5), the not discussed [42]. Because the value reported by
local value ofD can only decrease markedly faster. Stokes et al. [42] is of experimental origin, we willr

By definition of the local HETP, it is the pro- retain it. Its ratio with the axial diffusion coefficient
portionality coefficient between the differential in- in our column is 1.99 (g 5 0.50), a value that is
crease of the band variance and the differential somewhat larger than usual estimates of the bed
element of migration [20]: tortuosity, generally assumed to be closer to 1.5

[20,43]. In a recent investigation of the mass transfer
2 of the solvent in an HPLC column, using an NMRds 5H dx 5Hu dt 5 2D(r) dt (10)

method, Tallarek et al. [44] estimated the value of
(for a packed bed at 0.65 (and that of the particlesHowever, the band variance corresponding to a
themselves at approximately 0.40). Our value ofg,diffusion coefficient that is a function of the radial
although smaller than usual, is not exceptional. Indistance can be obtained only as a volume integral,
their classical paper on obstructive factors, Knox andwith the axial and radial positions as the integral
McLaren [43] reported values of (between 0.45 andvariables. This leaves little hope of deriving a
0.76 for columns packed with irregular particles andreasonable estimate ofD(r), because such integral
between 0.48 and 0.82 for columns packed withproblems are usually ill-posed and always difficult to
spherical particles. Later, Hawkes and Steed [45]solve. Because the upper and lower parts of the band
summarized data from ten different publications andare well in the core region and whereD(r) is nearly
found values between 0.49 and 0.80 for glass beadconstant, the estimate of the axial diffusion coeffi-
columns. Although we have striven to control thecient of the band is less biased. The average value

26 2 21 measurements errors [13], our ignorance of the(Table 1) is 7.53?10 cm s . This estimate is
factors affectingg prevents us from offering anobviously lower than the molecular diffusivity.
explanation for this result.

Previous studies by Mills et al. [46] and Baumeis-
Table 1 ter et al. [28] also reported differences between the
Apparent diffusion coefficients of iodine

radial and axial diffusion coefficients derived from
Time (s) D Dr a NMR imaging measurements. In their studies, diffu-26 2 21 26 2 21(310 , cm s ) (310 , cm s )

sion was 2–7% higher in the axial than in the radial
630 8.50 8.09 direction. As explained earlier, it is difficult to
930 8.24 7.72 interpret correctly the results and a quantitative

1230 8.05 7.51
comparison between values obtained with different1530 7.74 7.39
methods would not be meaningful. However, the1830 7.30 7.45
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