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WATER RESOURCES RESEARCH, VOL. 37, NO. 6, PAGES 1641-1656, JUNE 2001

Limitations and potential of commercially available
rhodamine WT as a groundwater tracer

D. J. Sutton and Z. J. Kabala

Department of Civil and Environmental Engineering, Duke University, Durham, North Carolina

A. Francisco and D. Vasudevan
Nicholas School of the Environment, Duke University, Durham, North Carolina

Abstract. We conducted chemical characterization, batch, column, and modeling studies
to elucidate the sorption and transport of rhodamine WT (RWT) in the subsurface. The
sand-pack material from the Lizzie field site near Greenville, North Carolina, served as
our porous media. Our study confirms earlier results that RWT consists of two isomers
with different sorption properties. It also shows that the two isomers have distinct
emission spectra and are equally distributed in the RWT solution. The presence of the
two isomers with different sorption properties and distinct emission spectra introduces an
error in measuring the RWT concentration with fluorometers during porous media tracer
studies. The two isomers become chromatographically separated during transport and thus

arrive in a different concentration ratio than that of the RWT solutions used for
fluorometer calibration and test injection. We found that this groundwater tracer
chromatographic error could be as high as 7.8%. We fit six different reactive-solute
transport models of varying complexity to our four column experiments. A two-solute,
two-site sorption transport model that accounts for nonequilibrium sorption accurately
describes the breakthrough curves of the shorter-timescale column experiments. However,
possibly due to the groundwater tracer chromatographic error we discovered, this model,
or a similar one that accounts for a Freundlich isotherm for one of the solutes, fails to
describe the RWT transport in the longer-timescale column experiments. The presence of
the two RWT isomers may complicate the interpretation of field tracer tests because a
shoulder, or any two peaks in a breakthrough curve, could result from either aquifer
heterogeneity or the different arrival times of the two isomers. In cases where isomer 2
sorbs to such an extent that its breakthrough is not recorded during a test, only isomer 1
is measured, and therefore only 50% of the injected mass is recorded. Isomer 1 of RWT
can be accurately modeled with a one-solute, two-site, nonequilibrium sorption model.
This conclusion and the results from our batch studies suggest that RWT isomer 1 is an
effective groundwater tracer but that the presence of isomer 2 hampers its effectiveness.

1. Introduction

Tracer tests have been and continue to be used in subsurface
hydrology for aquifer characterization. Gelhar and Collins
[1971], Grove and Beetem [1971], Welty and Gelhar [1994], and
others have used field tracer tests for determining aquifer
dispersivities. In addition, Pang and Close [1999], Adams and
Gelhar [1992], Hess et al. [1992], Mackay et al. [1986], and
others have conducted natural gradient tracer tests for aquifer
characterization at Burnham, Canterbury, New Zealand; Co-
lumbus Air Force Base, Mississippi; Cape Cod, Massachusetts;
and Borden, Ontario, Canada, respectively. Furthermore, two-
well tracer tests [Datta-Gupta et al., 1995] and single-borehole
tracer tests [Sutton et al., 2000] have also been used for deter-
mining spatial variability of hydraulic conductivity.

However, the use of tracers is often complicated by their
chemical reactivity and sorption behavior. For physical aquifer
characterization the ideal tracer should be conservative and
thus should reflect only the effects of the aquifer hydraulic
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properties on the transport. However, all solutes used in tracer
tests react to some degree with the subsurface, resulting in
nonconservative transport. Rhodamine WT (RWT), devel-
oped in 1966 specifically for use as a general tracer [Smart and
Laidlaw, 1977], has been used extensively in groundwater stud-
ies [e.g., Pang and Close, 1999; Derouane and Dassargues, 1998;
Pang et al., 1998; Sinton et al., 1997; Ptak and Schmid, 1996].
This dye is particularly suitable for the following reasons:

1. RWT can be detected at concentrations as low as 0.1 ug
L~! using a sensitive fluorometer.

2. RWT is considered the most stable of the fluorescent
dyes; sunlight and elemental chlorine are its most significant
agents of decay, but they are not present in natural groundwa-
ter systems [Zurner Designs, 1998a).

3. Above pH 6 the fluorescence intensity of RWT is not
affected by changes in pH [Smart and Laidlaw, 1977].

4. The U.S. Environmental Protection Agency (EPA) does
not anticipate adverse health effects when RWT is used as a
tracer for water studies if national sanitation guidelines are
followed as stated in the Federal Register (http:/www.epa.gov/
ogwdw000/ccl/ccl_fr.txt).

S. Field et al. [1995] report that RWT is not an acute toxic
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threat at or above a specified concentration of 1-2 mg L™!
persisting near a groundwater supply for more than 24 hours.

Numerous studies, however, have shown that RWT sorbs
both during field-scale groundwater tracer tests [Ptak and
Schmid, 1996] and laboratory column and batch experiments.
Kasnavia et al. [1999], Everts and Kanwar [1994], DiFazio and
Vurro [1994), Soerens and Sabatini [1994], Shiau et al. [1993],
Sabitini and Austin [1991], Trudgill [1987], and Smart and Laid-
law [1977] document RWT sorption to a variety of subsurface
materials including soil organic matter, clay silicates, and iron
oxides, with the extent of sorption varying as a function of the
aqueous concentration; the pH, ionic strength, and ionic com-
position of the solution; and the composition and properties of
the solid-matrix. In addition, Bencala et al. [1983] found that
RWT sorbed to streambed sediments in batch studies.

From their batch studies, Sabatini and Austin [1991] con-
cluded that RWT sorbs on to alluvial aquifer sand according to
a linear isotherm at low concentrations and a Freundlich iso-
therm at high concentrations. Also, in their column studies
they obtained virtually complete mass recovery, indicating in-
significant RWT degradation. In addition, Sabatini and Austin
[1991] and Everts and Kanwar [1994] noted that RWT break-
through curves are inconsistent with equilibrium sorption of a
single solute, suggesting more complicated sorption mecha-
nisms or multiple solutes. HofStraat et al. [1991] isolated two
RWT isomers from a commercially available solution and ob-
tained their emission spectra. Shiau et al. [1993] also isolated
the two RWT isomers and found that they have different
sorption properties. The presence of the two isomers offers a
possible explanation for the known discrepancy between the
measured RWT breakthrough curves and the transport model
based on the convection-dispersion equation and equilibrium
sorption for a single solute.

Although Sabatini and Austin [1991], Shiau et al. [1993],
Everts and Kanwar [1994], and others report equilibrium sorp-
tion parameters for RWT, such as partitioning and retardation
coefficients, they do not address the kinetics of the sorption. If
the timescale of a tracer test is sufficiently short, nonequilib-
rium sorption will play a significant role in RWT transport.
Because the breakthrough curves of tracer tests are often used
for estimation of aquifer dispersivities or hydraulic conductiv-
ities [e.g., Datta-Gupta et al., 1995; Sutton et al., 2000], the
sorption phenomena should be correctly modeled to minimize
estimation errors. Transport models that account for nonequi-
librium sorption exist [van Genuchten and Wierenga, 1976,
1977; Valocchi, 1985; Cameron and Klute, 1977; Brusseau et al.,
1989], but none of them account for two isomers or have been
applied to RWT. In some cases, RWT is even considered
conservative for simplicity. Derouane and Dassargues [1998]
assumed the sorption of RWT is negligible according to the
findings of Kass [1994], who found RWT sorption to be small.

Despite the overwhelming evidence demonstrating that
RWT sorbs to subsurface material and contains two isomers,
Pang et al. [1998] concluded from tracer tests with both RWT
and chloride that RWT behaved as a conservative, single-
solute tracer during field tests in Burnham, Canterbury, New
Zealand. Two other studies that build on the same tracer tests
[Pang and Close, 1999; Sinton et al., 1997] treated RWT as a
conservative tracer.

This study attempts to accurately characterize RWT fate and
transport in order to facilitate its use as a tracer for aquifer
characterization. Our goal is to evaluate commercially avail-
able RWT as a groundwater tracer on a variety of spatial and

temporal scales. We evaluate the composition of tracer-grade
RWT and its fluorescence properties using standard analytical
techniques (high-pressure liquid chromatography (HPLC)
with UV and fluorescence detection), the sorption phenomena
of each isomer in batch studies, and the transport of each
isomer in column experiments. We examine existing transport
models and develop models to account for the two isomers of
RWT and their sorption at various timescales. Results from
the batch sorption studies and chemical analyses of RWT are
utilized in model evaluation and development. We expect such
a model to improve the interpretation of two-well and single-
borehole RWT tracer tests conducted on relatively short time-
scales.

2. Materials and Methods

The RWT used in this study was obtained from Turner
Designs, Inc. (Sunnyvale, California), lot number A97B015,
with a concentration specified as 21.33% = 2.5% and specific
gravity 1.2 = 0.1. In this study, concentrations of RWT refer to
the concentration of the active ingredient, not the solution of
21.33% active ingredient. The chemical characterization stud-
ies and batch studies employ deionized (DI) water (MILLIQ,
Millipore, Inc.). With the exception of the DI water used for
diluting the original RWT solution by a factor of 1073, all
water used in the column study is tap water left open to the
atmosphere for more than 3 days to allow the chlorine to
degas. The pH of the degassed tap water is approximately
6.7-7.0.

The water used for zeroing and calibrating the fluorometer
was obtained by collecting the degassed water after it passed
through the media-filled column. We should note that a 100-
ppb RWT solution prepared with tap water that is not allowed
to degas shows a reduction in apparent concentration to ap-
proximately 30 ppb in less than 1 day. We are not yet sure
whether there is a loss in RWT fluorescence due to the pres-
ence of chlorine or whether another constituent in the water
causes RWT degradation. However, in multiple experiments,
after the tap water was opened to the atmosphere for 3 days
and then used to prepare a 100-ppb sample of RWT, no sig-
nificant reduction was observed.

The subsurface material chosen for these experiments is a
sample of the medium used in the sand packs of monitoring
wells L-35, L-36, and L-39 at the Lizzie field site near Green-
ville, North Carolina. Its porosity is 8 = 0.40, and its bulk
density is p, = 1.40 g cm >, This material was chosen for its
relative simplicity and its relevance to tracer tests conducted in
those wells [Sutton et al., 2000]. Although not representative of
aquifer material at the Lizzie field site, it is in the skin zones
there, and a significant portion of RWT travels through this
skin zone material.

2.1. Chemical Characterization of Tracer-Grade RWT

Chemical constituents of a 15-ppm solution from a commer-
cially obtained RWT mixture were separated using HPLC with
UV diode array detection (HP, 1100 Series). Separation was
achieved using an Eclipse XDB-C18, 150 X 4.6 mm column
(HP, Zorbax) as the immobile phase and a solution of 65%
methanol (Mallinckrodt) and 35% 5 X 10~* M phosphoric
acid (pH 3.5) as the mobile phase. The separated constituents
of the RWT mixture were collected (Eldex Universal fraction
collector) and subsequently analyzed for fluorescence at an
excitation wavelength of 535 nm and an emission wavelength
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of 590 nm (HCS 7000 BioAssay Fluorescence and Absorption
Plate Reader, Perkin Elmer). For eluent fractions exhibiting
fluorescence, emission spectra were obtained by scanning flu-
orescence between 500 and 800 nm while excitation wave-
length was held constant at 555 nm (LS-50B Luminescence
Spectrophotometer, Perkin Elmer).

2.2. Batch Studies

Sorption of tracer-grade RWT onto untreated and treated
(with H,O, oxidation to remove organic matter) sand-pack
materials was examined at pH 7 as a function of RWT con-
centration (100 ppb to 7 ppm) and time. Analyzing RWT
sorption to the treated and untreated sand allows us to evalu-
ate the sorption of RWT onto both silica and organic matter.
Sand-pack material and DI water containing 1072 M NaCl
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were added to aluminum foil wrapped 25-mL amber vials with
Teflon septa to obtain a solids loading of 500 g L. The slurry
was allowed to equilibrate for 30 min at 25°C in an orbital
shaker (LabLine, Model 3540) and was then spiked with a
known concentration of tracer-grade RWT. The suspension
was set to pH 7 using small volumes of concentrated HCl or
NaOH. NaCl and HCI/NaOH solutions were added to DI
water in order to simulate the conductivity and pH of the tap
water utilized in the column experiments. The samples were
continuously shaken and equilibrated in a darkened hood for
the duration of the experiment. An aliquot of the supernatant
was removed and filtered with a 0.22-um membrane filter. The
RWT isomers in the filtered aliquot were separated by HPLC,
and their respective concentrations were ascertained from UV
absorbance at 256 nm (for initial RWT concentrations above 1
ppm) or fluorescence at an excitation wavelength of 555 nm
and an emission wavelength of 580 nm (for initial RWT con-
centrations below 1 ppm). The mass sorbed was calculated as
loss from bulk solution by subtracting the concentrations re-
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Figure 1. Schematic of the laboratory column and the flu-
orometer.

hydraulic head gradient

Figure 2. Relationship of flow rate to hydraulic head differ-
ential in the piezometers on either side of the column.

covered in the supernatant from the initial isomer concentra-
tions in the reactor. In all cases, desorption experiments were
performed to confirm that loss from bulk solution was due to
sorption alone. At the end of the sorption experiments all of
the supernatant was removed from the reactor, methanol was
added to solid matrix, allowed to equilibrate for 30 min, and
concentration of RWT constituents in the methanol was ascer-
tained.

2.3. Column Studies

A schematic of our column system with dimensions is shown
in Figure 1. The system provides a constant head of up to 183
cm. It utilizes a Fisher Scientific borosilicate glass column with
a 2.4-cm radius and a length of 30 cm. The portions of the
system between the injection port and the column and between
the column and the fluorometer consist of 0.125-inch OD Te-
flon tubing and fittings. Two piezometers are placed on either
side of the column to determine the head differential and, via
Darcy’s law, the hydraulic conductivity of the media in the
column. A bypass hose circumventing the column can provide
additional flow to reduce the heating of the sample as it travels
through the fluorometer. When auxiliary flow is not used, the
flow rate exiting the system is equal to that in the column and
is measured volumetrically with a graduated cylinder and a
stopwatch. When auxiliary flow is used, the flow rate exiting the
system is higher than that through the column, and therefore
the flow rate through the porous media is estimated via Darcy’s
law using the previously measured hydraulic conductivity and
the head differential provided by the piezometers. Figure 2
shows the hydraulic conductivity estimate for the column from
one of our column experiments (experiment 4). The correla-
tion coefficient of the linear fit is greater than 0.99.

We measured the concentration of RWT with a Turner
Designs Model 10-AU field fluorometer capable of detecting
concentrations of RWT from 0.1 to 100 ppb [Turner Designs,
1998b]. The light source is a clear quartz lamp, the reference
filter is a longwave 535-nm square sharp-cut filter, the excita-
tion filter is a 550-nm interference narrow band-pass filter, and
the emission filter is a 570-nm longwave sharp-cut filter, which
allows transmission of light with a wavelength above 570 nm.

We conducted four separate column experiments all using
the same sample of sand. Table 1 shows the linear pore-scale
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Table 1. Parameters for Four Column Experiments C,Hs
Experiment ¢, ppb V;, cm® v, cms ! L/v, min \ N

1 21.3 1.0mL 0.193 26 Csz -

2 213 0.93 mL 0.129 39

3 8.53 X 10° 1.0mL 0.0175 28.6

4 8.53 x 10° 1.0mL 0.0117 4.7

Parameters are injection concentration, c,; injection volume, V;;
linear pore-scale velocity, v; and travel time, L/v, where L is the
length of the column.

velocity (specific discharge divided by the porosity), injection
concentration of RWT, and injection volume for each test.
Because of the low flow rates, column experiments 3 and 4
required auxiliary flow to prevent the sample from heating
significantly as it passed through the fluorometer sample cell.

3. Laboratory Results
3.1. Chemical Characterization of Tracer-Grade RWT

The separation of constituents of the RWT mixture by
HPLC and analysis for UV absorption is depicted in Figure 3;
the chromatogram shows three unique UV spectra, reflective
of three compounds present in RWT. Analysis of eluent frac-
tions corresponding to each of three peaks revealed that only
the compounds found in peaks two and three (hereinafter
referred to as isomers 1 and 2) exhibited fluorescence at an
excitation wavelength of 535 nm and an emission wavelength
of 590 nm. This suggests that tracer-grade RWT consists of one
inactive ingredient, possibly an impurity, and two active ingre-
dients, possibly isomers of RWT. It may be noted that the two
RWT isomers have similar but distinct UV spectra. As men-
tioned earlier, the detection of two RWT isomers is consistent
with previous studies by Hofstraat et al. [1991] and Shiau et al.
[1993]. Individual isomers may differ in structure with respect
to the position of the carboxylic acid groups on the aromatic
ring shown in Figure 4; spectroscopic analyses, not done as part
of this study, are required to identify the exact structure of the
three constituents.

As shown in Figure 5, at pH 3.4 and an excitation wavelength
of 555 nm, the two isomers of RWT have relatively similar yet

RWTlsomer '1¢

RWTlIsomer 2
P —
?‘é 150
1007
o
= ) 2
2 50 ".’
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Figure 3. Separation of UV active constituents in the tracer-
grade rhodamine WT (RWT) mixture by high-pressure liquid
chromatography (HPLC) and UV spectra as obtained from a
diode array detector.

RHODAMINE WT

Figure 4. Molecular structure of RWT (adapted from Smart
and Laidlaw [1977]). The lines connecting the carboxylic acid
groups to the center of aromatic ring D signify that the posi-
tions of these groups are either unknown or may vary. Differ-
ences in the positioning of the two carboxylic acid groups may
account for the structural differences in the two isomers. The
ABC-conjugated ring system is the fluorophore responsible for
fluorescence of both RWT isomers.

shifted emission spectra with nearly identical emission inten-
sities at their respective maxima. The spectra shown in Figure
5 were obtained with the Perkin Elmer luminescence spec-
trometer, Model LS-50B, which has an accuracy of +1.0 nm
and a repeatability of +0.5 nm. Thus the location of the emis-
sion maxima may have a *1.0-nm bias, but the shift of approx-
imately 3 nm at the peaks (and 8 nm around wavelength 625
nm) is real due to the high degree of repeatability. With an
Agilent Technologies, 1100 Series fluorescence detector, we
confirmed that this shift in the spectra also exists at pH 7.0.
Given that both isomers have the same fluorophores (xanthene
rings, labeled A, B, and C in Figure 4), a similarity in their
emission intensities at the respective maxima suggests that the
two isomers are equally distributed (a 50/50 ratio) in the trac-

400 : r
570 nm
—— isomer 1
N mmeees isomer 2
300 | 1
=
2 200 | :
)
£ A
100 | : .
0 )
500 600 700 800

wavelength (nm)

Figure 5. Emission spectra for isomers 1 and 2 at an excita-
tion of 555 nm. The emission maxima for isomer 1 is at 585 nm,
and that for isomer 2 is at 588 nm. The Turner Designs Model
10-AU field fluorometer measures the light at wavelengths
longer than 570 nm.
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Figure 6. Sorption of isomer 1 and isomer 2 onto untreated
and treated sand-pack material as a function of time. Solids load-
ing is 500 g L™Y; pH is 7; [NaCl] = 1072 M; and [RWT],pitjer =
6 ppm, active ingredient.

er-grade mixture. Our preliminary proton nuclear magnetic
resonance (NMR) tests appear to confirm this ratio.

Our estimate of a 50/50 distribution differs from that previ-
ously reported in the literature. Shiau et al. [1993] determined
that the tracer-grade RWT contains 40% by weight isomer 1
and 60% by weight isomer 2 based on column experiments with
select aquifer material and RWT detection using a Turner
Model 110 fluorometer. For this methodology to be accurate,
the emission spectra of isomers 1 and 2 would have to be
identical. Figure 5 shows that these emission spectra are dis-
tinct between 500 and 700 nm. Hence the 40-60% weight
distribution determined by Shiau et al. [1993] may in part
reflect differences in the fluorescence characteristics of the two
isomers and not the true weight percent composition of the two
isomers in their RWT mixture.

3.2. Batch Studies

H,O, treatment is expected to successfully remove most of
the organic matter, and hence we assume that the treated sand
represents a mineral (silica) surface while the untreated sand
represents a mineral (silica) surface with patches of organic

0.003
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0.0025 o untreated, data |
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?, 0.002 | —— untreated, C=0.313C,,
2
E 0.0015 1 4
T .
g o001 o g 1
g _______
o oS g

0 . . s

0 0.001 0.002 0.003 0.004

c™,,, (mg/em’)

matter. Figure 6 shows that isomer 1 sorption onto the treated
and untreated sand achieves sorption equilibrium in a matter
of minutes. It is also evident that between 1 and 2 hours,
isomer 2 is in equilibrium sorption to the treated sand. How-
ever, after the plateau at approximately 1 hour, we observe a
significant increase in the sorption of isomer 2 on untreated
sand between 3 and 24 hours. Although beyond the scope of
this study, additional experiments are needed to determine the
time to equilibrium for isomer 2 sorption onto untreated sand.
On the basis of our observations we conclude that isomers 1
and 2 exhibit different kinetics of sorption onto the untreated
sand-pack material.

As seen in Figure 7, isomer 2 sorbs to a greater extent onto
both the treated and untreated sand-pack material than does
isomer 1. While isomer 2 sorbs to almost equal extents to both
the treated and untreated sand, isomer 1 does not. The parti-
tioning coefficient for isomer 1 sorption onto untreated sand is
greater than that onto treated sand by a factor larger than 1.5.
Therefore it appears that the organic matter content of these
solids does not significantly increase the sorption of isomer 2
but that it does have a small effect on the sorption of isomer 1.
Hence processes other than hydrophobic exclusion from bulk
solution are likely to influence the nature and extent of RWT
isomer sorption. On the basis of these observations we infer
that the sand-pack material affords two types of sorption sites:
a silica surface and patches of organic matter. We also infer
that the two isomers sorb to these surfaces with distinct rates
and mechanisms of interaction.

We fit Freundlich isotherms

Csorbed = KdC:queous (1)

to all sets of data presented in Figure 7 and summarize the
results in Table 2. For the sorption of isomer 1 onto treated
and untreated sand, n =~ 1, as demonstrated in Table 2.
Linearization of these isotherms results in an increase of the
sum of squares error by approximately 1-2%. We therefore
adopt the linearized isotherm for isomer 1.

As mentioned earlier, we conducted desorption experiments
using methanol as an extractant. While we were able to suc-
cessfully desorb isomer 1 from the treated and untreated sand,
we were unable to completely recover isomer 2 from either
matrix. Thus isomer 2 sorbs more strongly than does isomer 1.
Multiple extractions with methanol or the use of alternative
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Figure 7. Sorption of (a) isomer 1 and (b) isomer 2 onto untreated and treated sand-pack material. Initial
RWT concentration range is 1 ppb to 12 ppm, active ingredient. Solids loading is 500 g L™, pH is 7, [NaCl]

= 1072 M, and equilibration time is 24 hours.
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Table 2. Estimated Partitioning Coefficients and Exponents for a Freundlich Isotherm

Fitted to the Batch Experiment Data

Freundlich Isotherm,

Linearized Isotherm,

Freundlich Isotherm,

Isomer 1 Isomer 1 Isomer 2
Treated Untreated Treated Untreated Treated Untreated
K, em®g™! 0.198 0.342 0.187 0.313 1.42 1.55
n 0.94 0.90 1.0 1.0 0.75 0.78

extractants such as methylene chloride or a 107> M NaF so-
lution of pH 4 would be required to successfully desorb isomer
2.

3.3. The RWT Chromatographic Error

The Turner Designs Model 10-AU fluorometer measures
the concentration of RWT by exciting the sample solution with
550-nm-wavelength light, measuring the emitted light at wave-
lengths above 570 nm and converting the intensity of the emit-
ted light to concentration based on a linear calibration curve
obtained with standard solutions of the commercial-grade dye
[Turner Designs, 1998b]. However, Figure 5 shows that the
emission spectra of RWT isomers 1 and 2 are different at
wavelengths above 570 nm when excited by light with a wave-
length of 555 nm. Because the isomers emit differently, the
relationship of fluorescence to concentration for each isomer
also is different. The average intensity I of light emitted by a
given isomer between 570 and 800 nm can be calculated by

800

800 — 570 J
570

where I(A) is the intensity of emitted light from a given isomer
as a function of wavelength. The average intensities for isomers
1 and 2 between 570 and 800 nm are 55.8 and 65.2, respec-
tively. Therefore, for equal concentrations of the two isomers
in the sample chamber of the Turner Designs Model 10-AU
fluorometer, 46.1% of the light intensity is due to isomer 1 and
53.9% is due to isomer 2 assuming the original solution is a
50/50 mixture of isomer 1 and isomer 2.

Using a fluorometer calibrated with a solution made from
the commercially available dye, if the ratio of the concentra-
tion of isomer 1 to that of isomer 2 remains the same between
the calibration and sampling, then the concentration measure-
ments will be accurate. However, because of the different sorp-
tion properties of isomers 1 and 2 (Figures 6 and 7), the
transport of RWT through porous media will produce a chro-
matographic effect, separating the two isomers. Therefore the
ratio of the two isomers will change as the RWT solution
travels through the porous media because isomer 1 will travel
faster than isomer 2. Because the emission intensity from a
sample concentration of isomer 1 is lower than that from the
same concentration of the commercially available dye used for
the calibration, the concentration of isomer 1 will be underes-
timated. Similarly, the concentration of isomer 2 will be over-
estimated. If during a tracer test the sample water contains a
given concentration of RWT that is nearly 100% isomer 1 and
0% isomer 2, assuming a 50/50 isomer ratio, the light intensity
will only be 92.2% of what is expected for that concentration.
Because of the linear relationship between emission intensity
and RWT concentration (for concentrations of up to 0.1 ppm)
[Turner Designs, 1998b], one may expect to underestimate the

1= I(A) dA, 2

RWT concentration by up to 7.8%. (Likewise, if the sample
chamber contained nearly 100% isomer 2, one may expect to
overestimate the RWT concentration by 7.8%.) Hereinafter
we use the term chromatographic error to refer to the error
introduced by the separation of tracer-grade RWT into its
constituent isomers, each with distinct emission spectra.

3.4. Column Studies

As demonstrated above, using a tracer that has two isomers
with different emission spectra and different sorption proper-
ties imposes limits on the accuracy of RWT concentrations
measured using field fluorometers, such as the Turner Designs
Model 10-AU field fluorometer used in our column experi-
ments. To fully explore the benefits and limitations of using the
Turner Designs Model 10-AU fluorometer, we initially assume
that the fluorometer accurately measures RWT concentration
and later discuss the errors from these assumptions.

To present the column experimental data in dimensionless
form, we introduce the dimensionless time T = vt/L; dimen-
sionless distance Z = z/L; and dimensionless concentration

C(Z’ T) = C(Za t)/CO, (3)

where c(z, t) is the flux concentration in physical space z and
time ¢; and C, = M/(V8), where M is the mass of tracer
injected, V is the volume of the column, and 6 is the porosity.
We note that the dimensionless concentration C(Z, T) is
normalized so that the total mass under the breakthrough
curve is equal to 1 if full mass recovery is achieved.

The breakthrough curves, C(1, T), from all four column
experiments (Table 1) are shown in Figure 8. We introduce the
notation BTC; to denote the breakthrough curve associated
with column experiment i. As is apparent, BTC1 and BTC2,
which result from experiments conducted at the higher flow
rates, are almost identical in their dimensionless form. How-
ever, a shoulder is evident in BTC3, and a second peak is
evident in BTC4. Analysis of the data from the four column
runs suggests a mass recovery of approximately 80%; therefore
about 20% of the injected mass was not recovered in each
study. As mentioned earlier, we know from observation that
the water used in the system does not affect the fluorescence of
the RWT over the course of days. Thus the missing mass must
have remained sorbed to the material or have diffused into
immobile regions and returned to the main flow at a rate too
small to result in a detectable concentration. Additionally,
recovering all of the mass of isomer 2 from the batch studies
was difficult while recovering all of the mass of isomer 1 was
not. Therefore this missing mass should consist mostly of iso-
mer 2.

To confirm the hypothesis that the missing mass results from
slow desorption of RWT from the column material and not
quenching of the fluorescence, we stopped the flow after ob-
taining BTC2 to allow time for the mass to desorb. We then
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restarted the flow to extract this desorbed mass. We began by
stopping the flow for 10 min. When we restarted it we observed
RWT leaving the column. We repeated this procedure three
times, each time recording additional mass. Over the course of
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—— Experiment 1
A —-—-— Experiment 2
i ———- Experiment 3

8 days, we used a similar procedure with the stopping periods
ranging from 2 to 24 hours. We then repeated the procedure
twice with stopping times of 11 and 4 days. The breakthrough
curve and the mass recovered over this 24-day period ac-
counted for 90% of the injected mass. Although we stopped
the flow on the 24th day, we suspect the column contained the
remaining 10% of RWT mass. The drift in the calibration of
the fluorometer is less than 0.5% per month [Turner Designs,
1998b] and therefore should not have biased the mass recorded
over these 24 days.

4. Modeling

We consider six different models to fit our experimental
column data. The first three models treat RWT as a single-
solute sorbing tracer that interacts with one to four types of
sorbing sites. The other three models account for the two
fluorescing isomers of RWT, and we assume that they are not
interacting with each other or competing for surface sites. The
first two-isomer model assumes a linear isotherm (equation (1)
with n = 1) and provides one type of sorbing site for each
isomer. The second two-isomer model also assumes a linear
isotherm but provides two types of sorbing sites for each iso-
mer, one where RWT sorbs instantaneously and the other
where RWT sorption is governed by first-order kinetics. The
third two-isomer model also provides two-sorption sites for
each isomer, but for isomer 2 it assumes a Freundlich isotherm
(equation (1) with 7 not necessarily equal to 1) for one of the
sites. To conveniently denote each model, we introduce the
notation Mij, where i represents the number of solutes and j
represents the number of sorbing sites for each solute. M22*
denotes the two-isomer model that incorporates nonlinear
sorption.

For each model we use the dimensionless forms C, T, and
L described earlier and assume a Dirac-delta impulse injec-
tion, 8(T), at the entrance of the column (a valid assumption
as long as the duration of the injection is much shorter than the
timescale of the tracer transport through the column), no
tracer in the eluting water or sorbed to the material at the
initial time, and a semi-infinite spatial domain. We invoke the
latter assumption because it leads to simpler models; although
our column is of finite rather than infinite length, we observe
(measure) the plume at the distance L (Z = 1) from the
injection end of the column, and what happens beyond it is of
no concern.

All of the models with the exception of those assuming a
single equilibrium sorption site or nonlinear sorption are
solved in the Laplace domain and inverted using the Talbot
[1979] algorithm. Because there are no complex singularities in
the Laplace domain solutions, we set the parameters defined
by Talbot [1979, case 1, equation (68)]to v = 1, o = o, and
7= w; = AT, where A is a parameter that scales the time and
Laplace domain variables. Talbot [1979] states that the value of
7 varies with the problem, but we have found through experi-
mentation that 1 = w, = 16 is sufficient. We also found that
n. = 191 points in the complex plane is sufficient.

------ Experiment 4 .

c(y/c,

|
|
l
l
0.5 I l
|
|
!
/

T=tv/L

Figure 8. The breakthrough curves from all four column ex-
periments. Dimensionless concentration is plotted against di-
mensionless time. Small-amplitude noise is noticeable in the
later, more level portion of the breakthrough curve from ex-
periment 4. Although present with the same magnitude
throughout the breakthrough curve, this noise is not apparent
on the peak because it aligns more closely with the steeper
slopes.

4.1. M1 Models

4.1.1. Model M11: Single-solute transport, equilibrium
sorption sites. This simplest, well-documented model [Jury et
al., 1991), based on the convection-dispersion equation with
equilibrium sorption model, is described in dimensionless form
as the following initial-boundary-value problem (IBVP):

aC 1dC aC

3T Pz’ oz @
subject to
C(Z, T=0)=0 ()
C(Z=0,T) =871 (6)
C(Z==,T)=0, ()
where R is the retardation coefficient
R=1+ p—{:—d, 8)

where p and 6 are the known bulk density and porosity of the
porous media, respectively; K, is the partitioning coefficient of
the tracer to the porous media; P = w»L/D is the Peclet
Number; and D is the dispersion coefficient.

4.1.2. Model M12: Single-solute transport, equilibrium
and nonequilibrium sorption sites. The next model, de-
scribed by Selim et al. [1976], van Genuchten and Wierenga
[1976, 1977], and others, assumes two types of sorption sites,
one governed by equilibrium sorption and the other governed
by nonequilibrium sorption. Nkedi-Kizza et al. [1984] expressed
the model in dimensionless form as the following IBVP:

r € 3§ 19’C aC 9
B oT P3zZ> JZ ©)

a_T+(1_B)R
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mass of sorbent in the mobile zone, F,, is the fraction of sorbent
in the mobile zone associated with instantaneous sorption, and
K,,,, is the equilibrium partitioning coefficient in the mobile zone.
Analogously, S}, = S,,A(1 — F,,)K,,C,), where the subscript
“im” denotes the immobile zone. In addition,

1648 SUTTON ET AL.: RHODAMINE WT AS A GROUNDWATER TRACER
(1~ PR o= 0(C ~ 5) (10)
aT
subject to
S(Z, T=0)=0 (11)
and (5)—~(7). In addition,
_ 00++F;;I)<Ij,, 12
= k(1 - F,)pK,Llq (13)
. — (14)
(1-FJ)K.C,

F, is the fraction of solute in equilibrium sorption, K, is the
partitioning coefficient for both sorption sites, k is a first-order
rate coefficient for the nonequilibrium sorption, g is the Darcy
velocity, s is the time- and space-varying mass fraction of sor-
bate to sorbent, and all other parameters are defined earlier.
We note that this two-site sorption model is mathematically
equivalent to the physical nonequilibrium model in which sol-
ute partitions into and out of immobile zones [van Genuchten
and Wierenga, 1976, 1977]; however, we consider only the sorp-
tion version because of the known RWT chemical sorption
properties. Also, we note that for 8 = 1 this model reduces to
the previous model, M11. The four parameters to be estimated
are 8, R, w, and P.

4.1.3. Model M14: Single-solute transport, mobile and im-
mobile zones each with equilibrium and nonequilibrium sorp-
tion sites. The third model is proposed by Brusseau et al.
[1989] and has eight fitting parameters. Four sites for sorption
are assumed, a site governed by chemical equilibrium and
another governed by chemical nonequilibrium in both mobile
and immobile zones of the medium. The model can be ex-
pressed in dimensionless form as the following IBVP:

aC,,
Ry — + Rmka(Cm - STn) + wb(cm - Clm)

ml 8T
1 8’C,, oC, s
“Pez? ez (13)
9Cun .
lel W + le2ktm(ctm - Slm) = wb(cm - Ctm) (16)
subject to

ClZ,T=0)=Cn(Z,T=)=0
Sw(Z, T=0)=8m(Z,T)=0

(17)

CuZ2=0,T)=8T) CnZ=0,T)=0 (18)

C(Z=2,T)=CnZ=x»T)=0, (19)

where C,, and C,,, are the dimensionless aqueous concentra-
tions of the solute in the mobile and immobile zones, respec-
tively; w, is a first-order mass transfer coefficient nondimen-
sionalized by scaling with the pore-scale velocity v and the
length of the column L; and k,,, and k,,,, are the first-order rate
constants for nonequilibrium sorption in mobile and immobile
zones nondimensionalized with the same scaling. S}, = S,,/
((1 - F,)K,,C,), where §,, is the ratio of the mass of
sorbate in chemical nonequilibrium in the mobile zone to the

Fp
R, = d’ + TFmKdm (20)
Fp
Rm2 = T (1 - Fm)Kdm (21)
1-F
lel =1- d) + %FlmKdlm (22)
1-F
leZ = % (1 - Flm) Kdlm (23)

are retardation coefficients; ¢ = 0,,/6 is the ratio of the
mobile zone porosity to the total porosity; F is the mass frac-
tion sorbent comprising the mobile zone; and the other param-
eters are already defined. The fitting parameters are R,,,
RmZ’ Riml’ Rtm2’ km’ klm’ Wy, and P.

4.2, M2i Models

To account for the two isomers of RWT, we combine various
M1i models into M2/ models.

4.2.1. Model M21: Two solutes, equilibrium sorption sites.
For two isomers in equilibrium sorption the dimensionless
IBVP problem is given by

aC, 19%C, aC,

RisT=poz 3z 24)
8C, 19°C, aC,
Resr=P322 "3z (25)
C(Z, T=0)=CyZ, T=0)=0 (26)
C(Z=0,T)=f3(T) CAZ=0,T)=(1-f)¥T)
27)
C(Z==T)=CyZ=%,T=0,  (28)
where
CZ, 1) =CZ, T) + CoZ, T) (29)

is the total solute concentration and the subscripts 1 and 2
refer to isomers 1 and 2, f is the fraction of the RWT that is
isomer 1, and C, and C, are the dimensionless flux concen-
trations of the two isomers normalized by the total injection
mass (i.e., the sum of the isomer injection masses). The fitting
parameters for this model are R,, R,, P, and f.

4.2.2. Model M22: Two solutes, equilibrium and nonequi-
librium sorption sites. Using model M12 to describe each
isomer yields M22, which is described by the following IBVP:

Racl . Rasl_lazc1 aC, 30
BRI+ (1 =BIRi S =5 577~ 57 (0

as,
(1- Bl)Rl 7 =w,(C;— §,) (31)

R 0C, . R 38, 19°C, aC, -
BiRymm+ (1= BRy =5 o7~ 27  (32)
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aS, where C, is the ith concentration point in a data set, C(1, T,)
(1-BIR, ETh wy)(C, =~ §3) (33) s the concentration at the end of the column calculated by the

subject to
S(Z, T=0)=8,Z2, T=0)=0 (34)

and (26)—(28). Again, (29) represents the total solute concen-
tration, and

_ 0+ FetpKdz
‘=T8T K, (33)
W, = k:(l - Fet)pKdnL/q (36)
S, = ol 37
= A= F)KaCy’ (37)

where i = 1 or 2 for isomer 1 or 2 and the other parameters
are defined in the description of M12. The fitting parameters
are By, B2, Ry, R,, w;, w,, P, and f.

4.2.3. Model M22*; Two solutes, equilibrium and nonequi-
librium sorption sites, isomer 2 follows a nonlinear Freundlich
isotherm. The IBVP for this model is equivalent to that of
M22 with the exception that (33) is replaced with

a8,
(1- Bz)Rz W = wz(CZZ =S, (38)

where n, is an empirically determined parameter of the Freun-
dlich isotherm. For n, = 1 this model reduces to M22. How-
ever, in addition to fitting the eight parameters from M22, we
are also fitting n,. We solved this IBVP with a fully implicit
finite difference scheme approximating (27) with

C1(Z=0,OSTSAT)=Af—T

(39)
z=00=T=am =S
CAZ=0,0=T=AT)= AT
and approximating (28) with
C(Z=2,T)=CyZ=2,T)=0. (40)

We confirmed the convergence and accuracy of this model
by comparing results from it with n, = 1 to the results from
M12 calculated with the same parameters. The model con-
verges for AT = 5 X 107% and AZ = 0.01.

5. Parameter Estimation

The nonlinear minimization problems for obtaining the least
squares fits of the models to the data are solved using a mod-
ification of the Levenberg-Marquardt algorithm from the Min-
pack Project [Garbow et al., 1980]. While only one global least
squares fit should exist, many local minima may exist. In fitting
each model to each data set, we began the minimization pro-
cess with a variety of initial guesses in an attempt to find the
global minimum; however, we cannot guarantee that our pa-
rameter estimates represent the global least squares fit. For
each model fit we report a fitting error E, which we determine
from the following formula:

N
E = ,1\, 2 (€, 1) -3 (41)

=1

model at the corresponding dimensionless time, and N is the
number of the concentration point in a measured break-
through curve at which C, ~ C,/100, where C,, is the peak
concentration of the measured breakthrough curve.

5.1. M1 Results

Figure 9a shows the least squares fit of M11 to BTCl, E ~
0.01. Fitting M11 to BTC2 yields similar results (not shown).
The M11 model fits both breakthrough curves poorly.

The least squares approximation of M12 to BTC1 is shown
in Figure 9b. The results for fitting M12 to BTC2 are similar
(not shown), which is expected given the similarity of the two
breakthrough curves. E ~ 0.002 for both data sets, and visual
inspection confirms that M12 more accurately describes the
RWT transport than M11. However, significant differences
remain between the measured and modeled breakthrough
curves. While the two-site model simulates the peak well, it
overestimates the mass between 7 = 2.5 and T = 7.5. The
data suggest that this mass is still sorbed to the material and
exits the column later at concentrations too low to measure.

M14 describes the transport of a solute that is affected both
by physical partitioning of the tracer between mobile and im-
mobile zones and chemical sorption. Its fit to BTC1 is shown in
Figure 9c. Once again, given the similarities between BTC1
and BTC2 (not shown), the fits are similarwith E ~ 1 X 10~*
for both data sets. Despite the excellent visual fit, the retarda-
tion coefficient of the solute that is in equilibrium sorption
within the immobile phase is R,,,; = —2 X 107* from the
BTC1 fit and R,,,, = 0.37 from the BTC2 fit. The estimates
of R,,,; from both experiments are unreasonable; a value less
than one, and especially less than zero, is unrealistic for a
retardation coefficient, as it suggests that the partitioning co-
efficient is negative.

The outcome of the M1i modeling of our column break-
through curves suggests that transport of RWT is not accu-
rately modeled as that of a single solute, as has been done in
several groundwater tracer studies [e.g., Pang and Close, 1999;
Pang et al., 1998; Sinton et al., 1997; Ptak and Schmid, 1996;
Czapar et al., 1994] and laboratory studies [e.g., Everts and
Kanwar, 1994; Kasnavia et al., 1999; DiFazio and Vurro, 1994,
Soerens and Sabatini, 1994].

5.2. M2i Results

We fit M21 to BTC4 because we observe two peaks at this
velocity, but it is apparent from Figure 10 that the model does
not accurately represent the transport of the RWT from col-
umn experiment 4. The magnitude of the first peak is under-
estimated, while the magnitude of the second is overestimated.
In addition, the second peak as represented by the model
arrives later than the observed second peak. M21 also does not
accurately fit any of the other three measured breakthrough
curves.

M22, which superimposes the breakthrough curves of two
solutes each modeled by M12, provides much improved results.
Figure 11 shows the fit of M22 to all four breakthrough curves.
At first glance, the model matches all of the data sets well with
E =~ 1 X 107°. With the exception of P, w,, and f, the
parameter estimates from fitting M22 to all BTCs, except
BTC4, are within 20% of each other. Note that the estimates
from fitting BTC1 and BTC2 are almost identical.

M22 does not fit the data as accurately for the lower flow
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ing, resulting in a shoulder, but the model suggests that chro-
matographic separation is not evident. While the model ap-
pears to accurately reproduce BTC4 (Figure 11d), the
estimates of 3, and R, from the fit of BTC4 are orders of
magnitude different than the analogous estimates from the
other fits, demonstrating that this model fit is an ill-
conditioned inverse problem.

The wide variation in estimates k, and &k, also demonstrates
the inability of M22 to accurately model the RWT transport for
BTC3 and BTC4. While fits of BTC1 and BTC2 suggest
0.012 =< k, =< 0.015 s, the estimates from fitting BTC3 and
BTC4 are 1 and 2 orders of magnitude lower, respectively.
Because the same tracer and the same sand is used in each
experiment, k; and k, should remain unchanged regardless of
the flow rate. According to (36), given a constant k, w should
increase with a decrease in the Darcy velocity, g. This is dem-
onstrated in an example shown in Figure 12. Using M12, we
plot three breakthrough curves with P = 250, 8 = 0.74, R =
1.8,0=0.4,g =0.03 cms %, and L = 10, 100, and 1000
cm. Referring to (36), by increasing L we are producing the
same effect as lowering q: We are increasing the residence
time of the solute in the porous media. Figure 12 shows that as
the residence time increases, w increases, and the break-
through curve approaches that produced by equilibrium sorp-
tion. However, our estimate of w, for BTC4 is lower than the
three estimates from column experiments with higher Darcy
velocities. In addition, B, is lower for BTC4, which translates to
less RWT undergoing equilibrium sorption. Again, this con-
tradicts theoretical arguments that increases in residence time
lead to more equilibrium sorption.

Furthermore, as seen in Figure 12, breakthrough curves
resulting from a tracer sorbing near or at equilibrium have
peak concentrations that arrive at a dimensionless time T =~
R, where R is the retardation coefficient. Otherwise, the di-
mensionless arrival time of the peak concentrationis 1 < T =<
R. Our data (Figure 8) show that the breakthrough curves
from experiments with higher flow rates (and thus in nonequi-
librium sorption) have first peaks that arrive later than those of
the breakthrough curves from the experiments with lower flow
rates (and thus in approximate equilibrium sorption). This
directly conflicts with model predictions and suggests a drop in
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Figure 9. BTCl1 (v = 0.193 cm s~ ') and the least squares fit
of (a) M11, (b) M12, and (c) M14.

rates used in experiments 3 and 4. For example, a closer look
at Figure 11c reveals that BTC3 shows a shoulder around T =
1.75 while the model does not. The inability of the model to
capture this feature suggests that M22 is not an appropriate
model describing RWT transport shown in BTC3. The data
suggest that the two isomers are chromatographically separat-

1.50 — : :
1256 1 —— measured
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1.00 | .
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F , R,=1.3
8 0.75 r ‘: R;=27
: f=0.61
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Figure 10. BTC4 (v = 0.0117 cm s~ ') and the least squares
fit of M21.
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Figure 11. The least squares fits of model M22 and (a) BTC1 (v = 0.193 cm s~ 1), (b) BTC2 (v = 0.129
cm s™Y), (¢) BTC3 (v = 0.0175 cm s™%), and (d) BTC4 (v = 0.0117 cm s~ ). These parameter estimates
correspond to partitioning coefficients and equilibrium times summarized in Table 3.

the partitioning coefficient between column experiments con-
ducted with high flow rates (experiments 1 and 2) and those
with low flow rates (experiments 3 and 4). Between each ex-
periment the porous medium was flushed and repacked, and
we conducted a long-term procedure to recover the mass from
experiment 2 which removed some of the organic material
from the system. Our batch studies suggest that removal of
organic material does decrease the partitioning coefficient of
isomer 1 with this sand, but not to the degree needed to explain
this discrepancy in the column data. Experiments 1 and 2 were
conducted more than a month earlier than experiments 3 and
4. During this time the ionic composition of the water may
have also changed, and according to Everts and Kanwar [1994]
and Sabatini and Austin [1991], this could have an effect on the
partitioning coefficient. Therefore this apparent decrease in
the retardation coefficient may result from changes in the sand
or water properties or possibly from experimental error. We
did not measure the ionic composition of the water during
these experiments, so we cannot confirm or analyze its effect
on the retardation coefficient.

Because of the possible change in the properties of the
material that might have occurred after BTC1 and BTC2 were

measured but before BTC3 and BTC4 were obtained, we focus
mainly on the parameter estimates from BTC1 and BTC2 and
use BTC3 and BTC4 for more qualitative assessments of RWT
transport.

The fraction of RWT that is isomer 1 should not change
from experiment to experiment because the same commercial
solution was used for injection. We note that the estimate of
f = 0.37 and 0.35 from fitting M22 to BTC1 and BTC2 are
within 10% and 20%, respectively, of the value reported by
Shiau et al. [1993], f = 0.40. The value obtained from BTC3,
f = 0.48, is also relatively close, but the value from BTCA4, f =
0.83, is significantly different. However, the fraction of in-
jected mass that is contained in the first peak of BTC4 (0 =
T = 1.4) is 0.37, which, if the first peak only contains isomer
1, is consistent with the estimates from BTC1, BTC2, and
Shiau et al. [1993]. This suggests that although inaccurate due
to the chromatographic error, the distribution of the two iso-
mers of RWT with a luorometer is consistently estimated near
40% for isomer 1 and 60% for isomer 2.

The presence of isomer 2 biases the estimation of the isomer
1 parameters and f, and we suggest that this bias is stronger for
BTC3 and BTC4 where the two isomers begin to appear as
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ror exists in this fourth column study such as a drift in the flow
rate. We note that the model breakthrough curve shown in
Figure 14b is not the least squares fit; rather, it represents the
point at which the parameter values varied insignificantly be-
tween iterations. Trial and error model runs with various val-
ues for the parameters did not lead to a fit better than that
shown in Figure 14b.

In Figure 15 we show an approximated breakthrough curve
for isomer 2 generated by subtracting the estimated break-
through curve for isomer 1 shown in Figure 13 from BTC4.
The oscillation at T ~ 1 only represents a 2% error, as it
results from fitting portions of breakthrough curves with a
magnitude of C(¢)/C, ~ 1.25.

6. Comparison of Column and Batch Study
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Figure 12. Simulated breakthrough curves calculated with
M12 for w = 1,10, and 100 are plotted with a breakthrough
curve computed with the equilibrium sorption model. P =
250, B = 0.74, § = 04, g = 0.03 cm s, and L
10, 100, and 1000 cm.

distinct peaks. An explanation for a higher bias in the fits to
breakthrough curves where the isomers are separating may be
the inaccuracy of measuring the concentration of two individ-
ual RWT isomers with a fluorometer calibrated with the com-
mercial-grade tracer. As discussed in section 3.3, isomer 1 and
isomer 2 of RWT have different linear relationships for deter-
mining concentration from emission intensity. When the iso-
mers are arriving as one peak, the ratio of isomer 1 to isomer
2 is closer to the ratio of the solution used for injection and for
calibration of the fluorometer than it is when the isomers
arrive as two distinct peaks. The largest errors will occur when
the isomers arrive separately.

In an attempt to model isomer 1 from BTC4 we fit M22 to
the portion of BTC4 where 0 = T =< 1.3 assuming that the
contribution of isomer 2 to BTC4 is small there. The data,
estimated parameters, and the breakthrough curve calculated
with these parameters are shown in Figure 13. The fit is visually
good, but as expected, the values for B,, R,, w,, and P are
different from the estimates obtained from fitting M22 to
BTC1 and BTC2, reflecting possible changes in the properties
of the sand between column experiments. However, the esti-
mated f = 0.4 is consistent with our column-study results and
those of Shiau et al. [1993], both of which are biased by the
chromatographic error. We note that the estimate of k, =
9.33 X 1073 s~ " is much closer to the estimates from BTC1
and BTC2 than the value obtained from fitting M22 to all of
BTC4, which was approximately 2 orders of magnitude lower.

Assuming the synthetic breakthrough curve plotted in Fig-
ure 13 is an accurate description of the transport of RWT
isomer 1 in column experiment 4, we still need to accurately
model the transport of isomer 2. We attempt this by holding
constant the parameters estimated for isomer 1, f, and P while
estimating B,, R,, and w,. Using M22 results in inaccurate
parameters, as is evident from comparing the estimated break-
through curve to BTC4 in Figure 14a. To find a more accurate
model, we also fit M22*, this time estimating 8,, R,, w,, and
n,. This result is also poor, as is evident in Figure 14b, sug-
gesting that a nonlinear isotherm cannot describe the RWT
transport at this timescale or that significant experimental er-

Results

In Table 3 we compare the estimates of K,,, K, k,, k>,
and f as determined by the column and modeling study with
the results from the batch and chemical characterization spec-
tra studies. The parameter estimated by fitting M12 to the first
peak of BTC4, as shown in Figure 13, is denoted BTC4*. To
compare the kinetic batch experiments, shown in Figure 6, with
the column studies, we estimate the required time for equilib-
rium sorption to occur. To arrive at a required time for equi-
librium of isomers 1 and 2 based on the £, and k, estimates
from the column study, we assume the following first-order
kinetic model:

»_ ki(Kyc —5) (42)
at
cg=c+s (43)
subject to
ct=0)=c¢y s(t=0)=0, (44)

where s(t) and c(t) are the time-varying mass fraction of
sorbate to sorbent and aqueous concentration, respectively, of
RWT isomers 1 or 2. Solving the above system yields

1.50 : . ; ;
—— Experiment 4
1.25 | ﬂ ---- M22, isomer 1 only
1.00
= B,=0.918
075 | R,=1.21
o w,=2.37
P=307
050 =0.400
0.25 t J
0.00 : , - -
0.0 1.0 2.0 3.0 4.0 5.0

T=tviL

Figure 13. BTC4 (v = 0.0117 cm s ') and the least squares
fit of M22 for isomer 1 to the portion of BTC4 where 0 = T =
1.3. These parameter estimates correspond to K, = 0.060
cm® g™, F,, = 0.528, and k, = 9.33 x 1073 s~ .
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Figure 14. BTC4 and a synthetic breakthrough curve obtained by fitting (a) M22 and (b) M22* to BTC4.
Here B, R,, and w, are the only variable parameters for the M22 fit, while those and n, are the only variable
parameters for the M22* fit. All other parameters are equal to the estimates obtained from fitting M22 to the

portion of BTC4 where 0 = T =< 1.3.

Ko
K,+1

s(t) = (1 — e, (45)
Whent = k,/3, s(¢) is approximately 95% of the equilibrium
value. We therefore define the approximate times to equilib-
rium for isomers 1 and 2 as 7, = 3/k; and 7, = 3/k,,
respectively. We note that the time to equilibrium sorption of
isomer 1 to the treated and untreated sand in the batch study
cannot be accurately determined from our results due to in-
sufficient resolution. However, equilibrium appears to have
been reached by the time our first (5-min) measurements were
made (Figure 6). For the batch experiments we therefore se-
lect 7, = 5 min as the time isomer 1 takes to reach equilibrium
sorption on both the treated and untreated sand.

The high values of 7, 7,, and f for BTC3 and BTC4 as well

0.256

— isomer 2=
BTC4-(M22, isomer 1 only)

0.15

cLm

0.05

-0.05 - : : : :
00 10 20 30 40 50

T=tv/L

Figure 15. An estimate of the contribution of isomer 2 to
BTC4 obtained from subtracting estimated breakthrough
curve for isomer 1 from BTC4. The oscillation at T = 1
represents a smaller error, as the magnitude of the first peak of
BTC4 is approximately 1.25.

as the high value of K, for BTC4 relative to the values esti-
mated from BTC1, BTC2, and the batch and chemical char-
acterization studies suggest that M22 does not accurately de-
scribe the RWT transport in BTC3 and BTC4. This and the
estimate of K;, = 1532 cm® g~ * for BTC4 (Table 3) illustrate
the danger of using an incorrect model for parameter estima-
tion. If the partitioning coefficient of the sand for BTC4 is
allowed to drop to 0.060 cm® g~* and M12 is used to fit the first
peak of BTC4 (BTC4*), the values of 7, and f agree with the
other results. This reconfirms our hypothesis that the proper-
ties of the column sand sample changed between column ex-
periments. Therefore, as mentioned before, we do not consider
the parameter estimates from BTC3 and BTC4 but, rather, use
these breakthrough curves for their qualitative information.
They illustrate the chromatographic effect, that is, separation
of the two RWT isomers as they are transported through
subsurface material.

The estimates of K;; from BTC1 and BTC2 are in excellent
agreement with the values from the batch experiments for the
untreated sand as seen from Table 3. The estimates for X,
from BTC1, BTC2, and the batch experiments are of the same
order of magnitude. BTC1, BTC2, BTC4*, and the batch ex-
periments also yielded similar results for the approximate time
required to equilibrium sorption.

When we discussed the fit of M22 to the BTCs, we men-
tioned that the column-study estimates of f, and the related
distribution ratio of the two isomers, obtained by us and by
Shiau et al. [1993] are biased due to the chromatographic error.
However, a chromatographic error of approximately 20% is
required to reconcile the 40/60 isomer distribution ratio sug-
gested by those column studies with the 50/50 one estimated in
our chemical characterization study.

7. Extrapolation to the Field Scale

As the timescale of advection increases sufficiently beyond
the timescale of the sorption, a model accounting only for
equilibrium sorption becomes more accurate. For simplicity,
we only analyze the sorption timescale of isomer 1. Revisiting
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Table 3. Comparison of Parameter Estimates From the Column and Modeling Study With Those From the Batch and

Chemical Characterization Studies

Ky, cm® g™! Ky, cm® g7t T, min T,, Min f

BTC1 0.320 2.48 3.1 92 0.35
BTC2 0.294 2.30 4.1 105 0.37
BTC3 0.266 2.39 36 796 0.48
BTC4 0.37 1532 156 2.9 X 10° 0.83
BTC4* 0.060 N/A 54 N/A 0.40
Batch (treated) 0.187 1.48 ~5 60-120

Batch (untreated) 0.313 1.55 ~5 >24 hours

Chemical characterization ~0.50

BTC4* refers to the parameter estimates obtained from fitting M12 to the early portion of BTC4, as shown in Figure 13. The rate constants
k, and k, are replaced by approximate time, in minutes, required for equilibrium sorption, 7, and 7,. Subscripts 1 and 2 refer to thodamine WT

isomers 1 and 2, respectively. N/A, not available.

(36), we note that o is a dimensionless parameter describing
the rate of the exchange of a RWT isomer between the system
water and the soil sample. As is evident in (36), w is a dimen-
sionless rate constant composed of a factor, k(1 — F,,)pK,,,
with units of 1/s and scaled by an advective timescale L/q,
where L is a characteristic length and q is the Darcy velocity.
In effect, w is a ratio of the advective timescale over the
sorption timescale. Revisiting Figure 12, we note that the ar-
rival time of the peak concentration of a breakthrough curve
resulting from nonequilibrium sorption is equal to that of a
breakthrough curve resulting from equilibrium sorption if w is
sufficiently high. In the case of the parameters used to calcu-
late the breakthrough curves in Figure 12, = 10 is sufficiently
high. The corresponding travel time to w = 10 is RL6/q =
2400 s. These parameters are similar to those estimated from
fitting M22 to BTC1 and BTC2. Therefore, if our parameter
estimates for RWT isomer 1 are correct, then the equilibrium
sorption model should estimate accurately the peak arrival
time of isomer 1 transport through our sand when the travel
time exceeds approximately 40 min. However, for the equilib-
rium sorption model to accurately describe the entire break-
through curve, the travel time should exceed approximately
Lo/qg = 6 X 10* s (~400 min).

Furthermore, at a residence time of approximately 50 min
(BTC4) we have seen that an RWT breakthrough curve con-
tains two overlapping peaks. A concentration breakthrough
curve from a tracer test with RWT that contains two peaks may
be ambiguous in that the two peaks may result from a heter-
ogeneity in the hydraulic conductivity or the two isomers ar-
riving at different times. Given the difficulty in modeling the
transport of isomer 2 in a column study, a tracer test should be
conducted on a sufficiently large timescale for the two isomers
to arrive as distinct peaks.

To illustrate the ambiguity that arises from using commer-
cially available RWT in small-scale tracer tests, we present in
Figure 16 the breakthrough curve from a small-scale, single-
borehole tracer test called the dipole-flow test with a tracer
(DFTT) conducted on the length scale of approximately 1 m in
well L-32 at the Lizzie field site near Greenville, North Caro-
lina [Sutton et al., 2000]. The first peak and shoulder that arrive
in approximately 15 and 40 min are likely due to heterogene-
ities in the hydraulic conductivity of the aquifer, while the peak
and shoulder at approximately 70 and 120 min are likely due to
isomers 1 and 2 arriving at different times. The presence of
both RWT isomers complicates the interpretation of this
breakthrough curve, and those unaware that RWT contains
two isomers may mistake these two later peaks for aquifer

heterogeneity. For the signals of isomers 1 and 2 to arrive
separately, the timescale of the test may need to be increased
by an order of magnitude, which is inconvenient given that this
test took over 5 hours. If the timescale of the tracer test is
increased sufficiently, the signal of isomer 2 may never be
recorded. In such a case, it is important to note that only
40-50% of the injected mass will be recovered.

8. Conclusions

We conducted chemical characterization, batch, column,
and modeling studies to elucidate the sorption and transport of
rhodamine WT (RWT) in the subsurface. As a representative
porous media, we selected the sand used to fill the sand packs
around the monitoring wells at the Lizzie field site near Green-
ville, North Carolina. The chemical characterization study in-
volved separating the constituents of commercially available
RWT and analyzing them with UV and fluorescence detection.
We confirmed that there are two isomers of RWT and found
that they have distinct emission spectra. The batch study in-
volved experiments to analyze the sorption (kinetics and iso-
therms) of both RWT isomers to the original sand sample and
to a sample with the organic material removed. To interpret
the breakthrough curves from our four column experiments,
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Figure 16. Data from a dipole-flow test with a tracer con-
ducted with RWT [Sutton et al., 2000] showing both heteroge-
neities and possibly the partially overlapping signals of isomers
1 and 2. Arrows on the time axis denote the arrival times of the
peaks and shoulders.
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we fit them with six reactive-solute transport models of varying
complexity. Three of the models, taken from existing literature,
account only for a single solute. The other three models, which
we propose in this paper, combine two single-solute models to
account for the two RWT isomers.

We did find an inconsistency between the transport models
and our data. This discrepancy is likely due, in part, to (1) a
change in the properties of the sand from flushing and repack-
ing of the column between experiments, (2) possible experi-
mental errors in measuring flow rate or variations in the ionic
composition of the system water, and (3) the chromatographic
error that we introduce in this paper. Analyzing the results
from our chemical characterization, batch, column, and mod-
eling studies and accepting this discrepancy with the data, we
arrive at the following conclusions about the properties of
RWT and its sorption to the porous media we used.

1. We established the distinct emission fluorescence spec-
tra of the two isomers of RWT and confirmed the finding of
Shiau et al. [1993] that the two isomers have distinct sorption
properties. The identical fluorophore structures and nearly
identical intensities at the emission-spectra maxima of the two
isomers strongly suggest a 50/50 isomer ratio in commercially
available RWT.

2. One isomer of RWT (isomer 1) sorbs to a lesser extent
and reaches equilibrium sorption an order of magnitude faster
than the other isomer (isomer 2). We also found that a linear
isotherm describes the partitioning of isomer 1, while a Freun-
dlich isotherm describes the partitioning of isomer 2.

3. The different emission spectra and sorption properties
of the two isomers of RWT complicate the use of a fluorom-
eter to accurately measure the concentration of commercially
available RWT. As the two isomers travel through the subsur-
face, they separate, changing their relative concentrations in
solution. As the relative concentrations depart from those used
to calibrate the fluorometer, the error in the concentration
measurement may increase up to approximately 7.8%. This
error has biased our parameter estimates and may affect in-
terpretation of field tracer tests.

4. Through column studies with a fluorometer, we and
Shiau et al. [1993] independently estimated a 40/60 ratio of
isomer 1 to isomer 2. This estimate, however, is likely biased,
because a fluorometer does not account for the different emis-
sion spectra of the two isomers. The chromatographic error we
have measured is not sufficiently large to fully account for the
discrepancy between this estimate and the 50/50 one we ob-
tained by considering the isomer structures and emission spec-
tra.

5. For the transport timescales tested, none of the models
that consider a single solute can accurately describe the RWT
transport. While the model proposed by Brusseau et al. [1989]
does reproduce the two breakthrough curves with a single
peak, the parameter estimates are unrealistic.

6. A model (M22 in the text) that considers two RWT
isomers sorbing noncompetitively to equilibrium and nonequi-
librium sorption sites following linear isotherms accurately de-
scribes the transport of RWT on short timescales through our
porous media sample. Furthermore, parameter estimates from
fitting this model to short-timescale breakthrough curves are
similar to estimates obtained from batch studies. Neither the
M22 model, nor its modification (M22* in the text) that allows
for a Freundlich isotherm for one isomer, can accurately de-
scribe the transport of both isomers of RWT through our

porous media for experiments conducted with longer time-
scales.

7. A single-solute, two-site model that accounts for non-
equilibrium sorption (M12 in the text) can accurately describe
the transport of RWT isomer 1 at a variety of timescales.

8. The presence of the two RWT isomers complicates the
interpretation of field tracer tests, because a shoulder or any
two peaks in a breakthrough curve may be caused by either
heterogeneity in the aquifer hydraulic conductivity or the dif-
ferent arrival times of the two isomers. In some cases, isomer
2 may sorb to such an extent that its breakthrough is not
recorded during a test, allowing only isomer 1 to be measured.
In such cases, only about 50% of the injected mass may be
recorded.

On the basis of the above conclusions, we find that RWT
isomer 1 would be an excellent groundwater tracer that sorbs
to a relatively small degree and can be modeled relatively
easily. Contrastingly, we find that RWT isomer 2 is a poor
groundwater tracer that sorbs to a relatively large extent and
follows a nonlinear isotherm. The effectiveness of commer-
cially available RWT is hampered by the presence of both
isomers because (1) they have different sorption properties
and emission spectra that introduce errors into RWT concen-
tration measurements made with a field fluorometer, (2) iso-
mer 2 sorption follows a nonlinear Freundlich isotherm that
complicates the modeling of RWT transport, and (3) tracer
tests that result in breakthrough curves with two peaks are
ambiguous given that the peaks could be caused by either
heterogeneities in hydraulic conductivity or by the different
arrival times of the two isomers. We therefore suggest that
efforts be made to separate the two isomers and provide RWT
solutions that contain isomer 1 as the only active ingredient.
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