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a b s t r a c t

This study investigated breakthrough curves (BTCs) from a series of column experiments, including dif-
ferent column lengths and flow rates, of a conservative tracer, tritium oxide (HTO), and a radionuclide,
cesium, in crushed granite using a reactive transport model. Results of the short column, with length of
2 cm, showed an underestimation of the retardation factor and the corresponding HTO BTCs cannot be
successfully modeled even with overestimated fluid dispersivity. Column supporting elements, including
eywords:
esium
rushed granite
etardation
olumn experiment

filters and rings, on both ends of packed granite were shown to be able to induce additional dispersive
mixing, thus significantly affecting BTCs of short columns while those of the long column, with length of
8 cm, were less affected. By increasing flow rates from 1 mL/min to 5 mL/min, the contribution of struc-
tural dispersive mixing to the false tilting of short column BTCs still cannot be detached. To reduce the
influence of structural dispersivity on BTCs, the equivalent pore volume of column supporting materi-
als should be much smaller than that of packed porous medium. The total length of column supporting
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. Introduction

The fate and transport of radionuclides in geological substances
ave been widely studied because radionuclide residues in aquatic
nd geological environments may accumulate in microorganisms
nd enter into human food chain [1–5]. The key to accurately
stimating radionuclide transport for safety assessment programs
elies on the validity of physical and chemical parameters used
or performance evaluations. Among numerous techniques applied
n the field and laboratory, the advection–dispersion column
xperiments are frequently utilized to evaluate the migration of
oncerned contaminants transporting through porous media [6,7].
or example, the retardation factor can be estimated by comparing
he arrival time of breakthrough curves (BTCs) between a radionu-
lide and a conservative tracer. The conservative tracer is an inert
nalog of species having no chemical interactions with the filled

orous medium, whereas the radionuclide will undertake chemi-
al reactions affecting the transport of radionuclides in geological
nvironments. The BTCs are concentration time series observed
rom effluent solutions of column experiments. Owing to the inert

∗ Corresponding author. Tel.: +886 3 4222964; fax: +886 3 4222964.
E-mail address: mli@cc.ncu.edu.tw (M.-H. Li).
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orter than that of porous medium column.
© 2008 Elsevier B.V. All rights reserved.

ature of conservative tracers, only physical transport will affect the
TCs tilting of conservative tracers. On the contrary, the radionu-
lides BTCs represent a mixture of physical transport and chemical
eactions. The main advantage of column experiments is simply
hat in situ hydrogeological conditions can be approximately recon-
tructed in laboratories [8]. Meanwhile, the main disadvantage is
hat they are frequently time consuming and involve mixing of
hemical and physical transport processes on the measured BTCs.

ithout correctly identifying the contribution of physical transport
n the BTCs of reactive species in advance, chemical parameters
etermined herein will be seriously contaminated by inheriting
ver/under estimations of physical transport processes.

Regarding the need of rapidly achieving experimental results,
hort columns are generally the preferred choices simply because
he speed of obtaining BTCs increases with reducing column
ength, especially time consuming through-diffusion experiments.
or example, the diffusion coefficient of most cations or anions
ies in the magnitude of 10−9–10−12 m/s, showing an intensive
xperimental time of nearly one year is required to obtain a com-

lete breakthrough of a 2 cm column. The lengths of the packed
ubstance columns ranged from 2 cm to 200 cm and the column
iameters varied from 2.5 cm to 7.5 cm [6,9–15]. In spite of dif-
erences in column lengths, few works are aimed to examine the
alidity of parameters determined with different column lengths

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:mli@cc.ncu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2008.05.076
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r flow rates in one study. The question is whether parameters
etermined from a single column experiment can be validated for
uture in situ applications if parameters determined from different
olumn lengths or flow rates were inconsistent with each other.

Both a conservative tracer, tritium oxide (HTO, half live ∼12.3
ears), and a radionuclide, cesium (137Cs, half live ∼30 years), were
pplied to two lengths of advection–dispersion columns at two
ow rates, 1 mL/min and 5 mL/min, of synthetic groundwater and
eawater. Numerical experiments were performed to explain the
iscrepancies in physical parameters between the short and long
olumns and examine the validity of the sorption parameter, the
etardation factor, based on experimental BTCs.

. Material and methods

.1. Solid and liquid phases

Granite is a potential host rock at a future waste disposal site
n Taiwan and could be ground for use as a backfill material. Fresh
unweathered) granite was sampled from an experimental bore-
ole with a depth of 177–178 m below ground surface located on
n islet in the Taiwan Strait. The sampled granite was crushed and
ashed with deionized water in an ultrasonic bath to remove fine
articles and then dried and stored in an oven at a temperature of
0 ◦C. The particle size of the crushed granite selected in this study

s between #60 and #80 meshes, 0.25 mm and 0.18 mm, respec-
ively. The primary constituent minerals identified by the X-ray
iffraction (Philips PW1300) are quartz, biotite, augite, muscovite,
nd lepidolite. Meanwhile, the predominant species were deter-
ined by inductively coupled plasma mass spectroscopy (Sciex

lan 5000, PerkinElmer) as being SiO2 (72.6%), Al2O3 (12.9%), K2O
8.8%), Na2O (4.2%) and Fe2O3 (1.1%). Two synthetic liquid phases,
roundwater (GW) and seawater (SW), were prepared with the
ompositions listed in Table 1. The concentration of 137Cs was pre-
ared at 1 × 10−4 mol/L using the radioactive tracer of 137Cs ion
rom Amersham.

.2. Advection–dispersion column experiment

The schematic structure of the Teflon column used in this study
as depicted in Fig. 1. A total of four columns, two for each length of
cm and 8 cm, were fabricated with an identical diameter of 5 cm.
ne set of 2 cm and 8 cm columns is used for GW and the other

et for SW. The crushed granite particles were evenly spread layer

y layer and compressed inside the columns to ensure consistent
ulk density and porosity, which were calculated as 1.45 g/cm3 and
.55, respectively. Filter papers (30 �m, Advantec) were added to
he top and bottom sides of the packed crushed granite to prevent
ranite particle release. Additional Teflon filters with 36 equally

able 1
he composition and concentration of synthetic groundwater (GW, pH 7.12) and
eawater (SW, pH 7.32)

GW (mol/L) SW (mol/L)

l− 1.78 × 10−1 5.50 × 10−1

r− 5.01 × 10−4 8.39 × 10−4

− 8.00 × 10−5 6.80 × 10−5

CO3
− 1.64 × 10−4 –

O4
2− 5.83 × 10−3 2.81 × 10−2

O3
3− – 4.16 × 10−4

a+ 9.13 × 10−2 4.70 × 10−1

+ 2.07 × 10−4 1.02 × 10−2

i+ 1.44 × 10−4 2.50 × 10−5

a2+ 4.72 × 10−2 1.03 × 10−2

g2+ 1.73 × 10−3 5.31 × 10−2

r2+ 4.00 × 10−4 8.70 × 10−5

o
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u
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t
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a
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ig. 1. The schematic structure of column setup. All parts are made up of Teflon with
column inner-diameter of 5 cm.

paced pin holes at a thickness of 0.8 cm associated with Teflon
ings at a thickness of 0.8 cm were fabricated next to the filter paper
s supporting materials. These additional Teflon components pro-
ided further support for the filter papers against the high pressure
nduced by fluid flows. The column was completed using Teflon lids
nd inlet/outlet valves on both ends.

Prior to conducting further experiments, one set of packed gran-
te columns (2 cm and 8 cm) was first saturated by cycling fresh GW
or 7 days using a peristalsis pump, while the other set of columns
as saturated with fresh SW solutions with another pump. The pur-
ose of GW and SW saturations is to ensure the surface chemistry
f packed granite particles to be equilibrated as similar to those
bserved in the field. More importantly, the cycling process of sat-
ration is to stabilize fine pores of packed granite particles against
ossible cracking induced by fluid flows.

The advection–dispersion experiments were first performed
sing HTO in both GW and SW at a flow rate of 1 mL/min, and
hen with Cs in both solutions. After flushing fresh GW or SW solu-
ions through these columns until no detectable radioactivity of
s in effluents, the experiments were performed again at a flow
ate of 5 mL/min. As a result, a total of 16 experimental BTCs (2
olumn lengths × 2 species × 2 solutions × 2 flow rates) were mea-
ured. The effluent HTO solutions were collected and mixed with
ocktail (liquid scintillation solution, Amersham) and their beta-
ay activities were then measured by liquid scintillation dosimeter
Liquid scintillation analyzer, 2560 TR/XL, Packard). The gamma-ray
ctivities of Cs effluent were directly counted by an NaI(Tl) detec-
or (Wallac 1470 Wizard). The normalized activities of HTO and

s concentrations (i.e., the activity of effluent/the activity of stock
olutions) were thus obtained.

The experimental retardation factor can be estimated by com-
aring the migration distances between conserved and adsorbed
pecies after time t, at concentrations where C/C0 = 0.5 [16]. The
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experimental R value is calculated as 2.78 h/1.03 h = 2.70. As listed in
Table 2, the R values of Cs in GW are 2.70 and 1.96 with the 2 cm col-
umn for slow and fast flow rates, respectively, and are 3.80 and 3.18
with the 8 cm column for slow and fast flow rates, respectively. For
32 M.-H. Li et al. / Journal of Haza

omparison of time values reaching C/C0 = 0.5 from the BTCs
etween conserved and adsorbed species is equivalent to the com-
arison of migration distances when the same flow rate is applied
o both conserved and adsorbed species. Consequently, the retar-
ation factor, R, can be estimated as the time ratio of Cs reaching
he relative concentrations (C/C0) of 0.5 to HTO reaching 0.5 relative
oncentration (i.e., R = TCs/THTO).

.3. Reactive transport modeling

To simulate experimental BTCs of HTO and Cs, the governing
quation of the advection–dispersion column experiments can be
iven as [17],

∂C

∂t
+ �b

�

∂S

∂t
= −V

∂C

∂X
+ D

∂2C

∂X2
(1)

here C is the concentration of contaminant in solution (mol/L) and
is the amount of adsorbed contaminant on solids (mol/kg-solid),
is the pore velocity (dm/h), D is the hydrodynamic dispersion

oefficient (dm2/h), �b is the bulk density (kg/dm3), � is the volu-
etric water content (dm3/dm3), t is time (h), and X is the distance

long the column (dm). To solve Eq. (1) in a situation involving two
nknowns, C and S, the retardation factor, R, can be introduced as
ollows,

= 1 + �b

�

dS

dC
(2)

The distribution coefficient, Kd (mL/g), is related to the R value
s follows,

= 1 + �b

�
Kd (3)

The hydrodynamic dispersion coefficient is given as follows,

= ˛LV + �D0 (4)

here D0 is the molecular diffusion coefficient (dm2/h), � is the
orous medium tortuosity (dimensionless), and ˛L is the longitu-
inal dispersivity (dm). Incorporating Eqs. (2) and (3) into Eq. (1)
ields the following,

1 + �b

�
Kd

)
∂C

∂t
+ V

∂C

∂X
− D

∂2C

∂X2
= 0 (5)

A generic reactive transport model (LEHGC) [17] is applied to
olve Eq. (5) using the finite element discretization in space and
he fully implicit scheme in time and decouples advection and dis-
ersion terms with the Lagrangian–Eulerian algorithm. The BTCs of
onreactive HTO were fitted with a Kd value of zero to determine
he dispersivity before determining the distribution coefficients of
adioactive Cs transport [12,15]. The numerical Kd values of Cs were
etermined in a trial-and-error process by fitting the experimen-
al BTCs of Cs with modeling practices. The process is end when
o further significant improvement can be made. The numerical R
alues of CS were then estimated using Eq. (3). To minimize discrep-
ncies resulting from numerical errors owing to discretizations, a
xed grid size of 0.002 dm and a consistent time step size of 0.002 h
ere applied for all column simulations.

. Results and discussions

.1. Comparison of the BTCs between 2 cm and 8 cm columns
The measured BTCs for GW and SW solutions are plotted in
igs. 2 and 3, respectively. These figures present three general fea-
ures. First, the breakthroughs of HTO occur faster than those of Cs
n GW solution owing to the nonreactive nature of HTO. Second, the
onger the packed crushed granite is, the more time the Cs requires

F
c

ig. 2. The experimental BTCs of HTO and Cs with GW solutions from 2 cm and 8 cm
olumns. The horizontal line indicates the relative concentration of 0.5.

o achieve a breakthrough. Finally, the observed breakthroughs of
s in the SW solution are considerably faster than those in the GW
olution owing to the impeded sorption resulting from the high
otassium concentration in SW (Table 1). Consequently, the BTCs
f HTO and Cs in SW are similar to each other at both flow rates,
s shown in Fig. 3. It is noted that the times required for HTO and
s in GW to reach breakthrough with long and short columns are
ot compatible to the column lengths (Fig. 2). The results of the GW
ases deserve further analyses.

The horizontal lines drawn in Figs. 2 and 3 indicate the rela-
ive concentration C/C0 = 0.5. The time values of TCs and THTO were
nterpolated from experimental data and applied to compute the R
alues, as listed in Table 2. For example, the time required for HTO
TC to reach 0.5 relative concentration in 2 cm column at 1 mL/min
ow rate is 1.03 h (=THTO), while that of cesium is 2.78 h (=TCs). The
ig. 3. The experimental BTCs of HTO and Cs with SW solutions from 2 cm and 8 cm
olumns. The horizontal line indicates the relative concentration of 0.5.
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Table 2
The experimental results of 2 cm and 8 cm columns with fast and slow flow rates in
GW and SW solutions

Solution Flow rate
(mL/min)

2 cm 8 cm

THTO
a (h) TCs

a (h) R THTO
a (h) TCs

a (h) R

GW 1 1.03 2.78 2.70 1.58 6.01 3.80
5 0.24 0.47 1.96 0.33 1.05 3.18

SW 1 0.86 0.80 0.93 1.60 1.51 0.94
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5 0.15 0.18 1.20 0.27 0.33 1.22

a THTO and TCs are the time values of HTO and Cs, respectively, reaching the relative
oncentration of 0.5 from experimental BTCs.

ases involving SW solution, the experimental R values are deter-
ined to be around 1.0 because of impeded Cs sorption from high

otassium concentration. Although R values should be indepen-
ent of flow rate, the experimental R values are slightly affected by
hanging flow rate, yet such variations are acceptable. Notably, in
W cases the R values of long columns consistently exceed those
f short columns, implying inconsistent distribution coefficients
Kd) as affected by the column lengths. This phenomenon contra-
icts the fundamental assumption that the distribution coefficient
hould be independent of column length scale. Numerical experi-
ents were performed to investigate the causes of inconsistent Kd

alues.

.2. Modeling BTCs of HTO

The molecular diffusion coefficient, D0, of HTO was selected
s 10−4 dm2/h [18,11,19]. Owing to the nonreactive nature of HTO,
he observed tilt BTCs (Fig. 4) can be solely attributed to hydrody-
amic dispersion. By adjusting the dispersivity range from 0 dm to
dm to numerically fit the HTO BTCs, no acceptable results can be
btained as illustrated in Fig. 4 for all 2 cm cases, including GW/SW
nd slow/fast flow rates. Even by setting the dispersivity as high as
dm, at least as one order of magnitude exceeding the level given in
ny of the literatures [18,20,21], results of early breakthrough were
btained with unmatched tilting patterns. As shown in Fig. 4(b) of

he fast flow rate corresponding to strongly advective transport, it
emains impossible to reasonably fit the HTO BTCs. Thus it is inter-
sting to observe whether the 8 cm HTO BTCs can be reasonably
imulated.

ig. 4. The BTCs of HTO from 2 cm column and numerically fitted results. Solid lines
ndicate the model fitted BTCs.
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ig. 5. The BTCs of HTO from 8 cm column and numerically fitted results. Solid lines
ndicate the model fitted BTCs.

To minimize discrepancies in numerical errors resulting from
iscretizations, the same grid size and time step size as in the 2 cm
ases were applied for the 8 cm cases as mentioned previously. As
hown in Fig. 5, the model requires the dispersivities of 0.02 dm and
.04 dm at slow and fast flow rates, respectively, to fit the experi-
ental 8 cm HTO BTCs. The determined dispersivities are slightly

nfluenced by different flow rates as described in the literatures
22,23].

The significant tilting of 2 cm BTCs cannot be resolved even
y given extremely large dispersivity. The question then arises of
hat factors can be attributed to the additional dispersive nature

f BTCs in short columns. Fig. 1 shows that Teflon filter and ring are
pplied as supporting materials to both ends of the column. The
ampling location for measuring the BTCs of column experiments
s not immediately beside the bottom of the granite column. Thus it
s necessary to consider whether these structures can be attributed
o additional dispersive behaviors of the measured BTCs.

First the 0.8 cm thickness of the Teflon filter comprises evenly
paced 36 pin holes, each with a diameter of 2.5. These Teflon filters
n both ends of the short column were simulated as the second type
f porous medium with a porosity of 0.09, as estimated using 36
oles of 2.5 mm diameter on a 5 cm diameter cross section. Numer-

cal experiments were conducted with a 3.6 cm column with two
ypes of porous mediums, including a porosity of 0.09 with length
f 0.8 cm on both ends and a crushed granite medium with porosity
f 0.55 with length of 2 cm. No sorption is allowed in pores of Teflon
lters. Results of numerical experiments still failed to reproduce the
otably dispersive BTCs of 2 cm columns (figures not shown).

Second the 0.8 cm Teflon rings are further treated as the third
ype of porous medium, with porosity of 0.81, calculated as the
nner diameter of the ring being 4.5 cm. No sorption is allowed in
ores of Teflon filers and rings. Numerical experiments were then
onducted using a 5.2 cm column with three types of porous medi-
ms, including 0.8 cm Teflon rings and 0.8 cm Teflon filters on both
nds of 2 cm packed crushed granite. Results were shown in Fig. 6
here the dispersivity of 1 mL/min flow rate is fitted as 0.001 dm

nd that of 5 mL/min flow rate is determined to be 0.02 dm. The dis-
ersive 2 cm BTCs can be accurately captured when the additional

ispersive effects caused by supporting materials were considered

n modeling practices.
Although the 2 cm HTO BTCs can be manipulatively resolved by

umerical models, questions arose regarding why the 8 cm BTCs can
e simulated without considering the supporting materials. This
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Table 3
Comparisons of retardation factors determined from experiment data and model
fitting of 8 cm column BTCs

Solution Flow rate (mL/min) Kd (mL/g) R (experiment) R (model)

CsGW 1 0.81 3.80 3.14
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ig. 6. The BTCs of HTO from 2 cm column fitted by considering the dispersive effects
f Teflon filters and rings. Solid lines indicate the model fitted BTCs.

uestion can be answered in two ways. First the total length of sup-
orting Teflon materials is 3.2 cm, which exceeds the pack crushed
ranite length of 2 cm, but is shorter than the long column of 8 cm.
tructure induced dispersive behaviors significantly influence the
ilting BTCs of short columns. Second the pore volume ratios of sup-
orting Teflon materials to packed crushed granite are 1.31 and 0.33
or the 2 cm and 8 cm columns, respectively. Dispersive mixing of
uid before and after entering the short column might contribute to
he tilting of BTCs. Consequently, the induced dispersive behaviors
n BTCs by supporting materials are not negligible in short columns.
lthough this superfluous dispersive effect might be alleviated by

ncreasing the flow rate to enhance advection, the numerical BTCs
re still inadequate to represent the transport behavior of experi-
ental BTCs in 2 cm cases. Besides fast flow rates might introduce

dditional uncertainties, such as particle cracking caused by high
ore velocities. As presented in this study, even the flow rate was
ncreased from 1 mL/min to 5 mL/min, the 2 cm HTO BTCs still can-
ot be resolved by numerical simulations. The dispersive effects
ssociated with supporting structures can only be neglected when
he column is sufficiently long as examined by numerical experi-

ents.

ig. 7. The fitting of Cs BTCs for 8 cm column. Solid and dash lines indicate the model
tted BTCs.

a
f
s
B

F
K

5 0.70 3.18 2.85

sSW 1 0.00 0.94 1.00
5 0.00 1.22 1.00

.3. Modeling BTCs of cesium

Since the BTCs of short column are contaminated by the
ispersive behaviors of column supporting materials, numerical
imulations of Cs BTCs are conducted using results of long columns.
s shown in Fig. 7(a), the Kd values in GW are quantified as
.81 g/mL and 0.70 g/mL for slow and fast flow rates, respectively.
he numerically determined Kd values are slightly affected by flow
ate variance. This phenomenon might be attributed to the limited
ime available for Cs nuclide to diffuse into the pores of crushed
ranite and thus the affinity of granite toward Cs nuclide is slightly
educed. On the other hand, the fitting of Cs BTCs in SW shows no
etardation with the setting of zero Kd value as depicted in Fig. 7(b).
t is the fact of impeded sorption by high potassium concentra-
ion which is in good agreement with that Cs adsorption is strongly
ensitive to ionic strength in solutions [24–27].

Table 3 compares retardation factors determined based on the
ime ratio of Cs to HTO reaching half relative concentrations in
xperimental BTCs (as given in Table 2) and calculated from numer-
cally retrieved Kd values with Eq. (3). In the case of the GW solution,
oth experimental R values slightly exceed those from the model-

ng. Furthermore, in the SW cases, the R values from modeling are
iven as unity as the associated Kd value of zero.

.4. Modeling short column BTCs with long column parameters

Short column BTCs were further simulated with parameters
etermined from long columns. The dispersivities are set as 0.02 dm

nd 0.04 dm for slow and fast flow rates, respectively, as determined
rom 8 cm HTO BTCs. Only the 2 cm packed crushed granite is con-
idered for simulations. As shown in Fig. 8, model reproduced Cs
TCs achieve breakthrough earlier than observed BTC suggesting

ig. 8. Simulating the Cs and HTO transport in 2 cm with GW solutions by using the
d values determined from 8 cm columns. Solid lines indicate the model fitted BTCs.
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ig. 9. Simulating the Cs and HTO transport in 2 cm with SW solutions by using the
d values determined from 8 cm columns. Solid lines indicate the model fitted BTCs.

hat over retardation would be wrongfully concluded from short
olumn BTCs. Fig. 9 shows the results of model reproduced Cs BTCs
n SW with a zero Kd as given in long column cases. The break-
hrough of modeled BTCs is even early than those of observed
TCs. This phenomenon provides strong evidence supporting the
uspicion that the 2 cm BTCs are contaminated by dispersion
rom column supporting structures. Incorrect information can be
etrieved from the short column without cross examination with
esults from the long column and from numerical experiments. The
tructural dispersion is commonly ignored but seriously affects the
etermination of physical and chemical parameters when the col-
mn is short. Even with fast flow rate, the BTCs of short column may
till be contaminated by dispersive transport of column supporting
aterials.

. Conclusions

Experimental and numerical investigations of the effect of col-
mn lengths on retardation factor determination were conducted
or cesium transport in crushed granite. This study examined the
alidity of BTCs from packed granite columns with different lengths
nd flow rates for both HTO and Cs in GW and SW. A series of numer-
cal experiments clearly demonstrated that the BTCs from short
olumns are highly vulnerable to dispersive behaviors induced by
ixing and transport through column supporting materials. Results

f short column BTCs overestimated dispersivity and underesti-
ated retardation factors. With strong advection of using fast flow

ate, the influence of dispersive transport of column supporting
aterials on short column BTCs still cannot be ignored. To reduce

he influence of structural dispersivity on the determination of
etardation factors, the equivalent pore volume of column sup-
orting materials should be smaller than those of packed porous
edium. In addition, the total length of column supporting struc-

ures should be shorter than that of porous medium. Accordingly,
sing the long column and checking with numerical simulations

s suggested before conducting further experiments to obtain valid
nd representative parameters for field applications.
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