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Media

by Sofia Visitacion-Carrillo, Stéfan Colombano, Nicolas Fatin-Rouge and Dorian Davarzani

Abstract

Accurate estimation of the nonaqueous phase liquids (NAPLs) saturation such as chlorinated organic compounds (COCs) in aquifers is
crucial for the proper remediation of contaminated groundwater. A combination of conservative and partitioning tracers (PTs) are commonly
used to assess NAPL saturations in the subsurface at COC release sites, using the partitioning interwell tracer test (PITT). In this study, five
fluorescent dyes were assessed as PTs to estimate the saturation of octanol and 3 COC NAPLs in soil columns. PT experiments required an initial
assessment of both partitioning (NAPL/water and octanol/water) and linear free-energy relations. The predictability of the partition coefficients
was correlated to the pH of the two-phase fluids for both systems (NAPL/water and octanol/water). The COC NAPLs were acidic and some PTs
with acid-base properties, like fluorescein, are easily influenced by pH. The PITT experiments were performed in a column packed with glass
beads, using rhodamine WT as PT because of its particular specificity for the complex mixture of NAPLs and sodium chloride as the inert tracer.
Breakthrough curves of rhodamine WT were examined to estimate the saturation of a NAPL made of a complex mixture of COCs. The DNAPL
residual saturation estimation accuracy was sensitive to both pH variations and the water velocity. The latter was represented by an exponential
function which resulted from non-equilibrium measurements, heterogeneous sweeping of the contaminated sample, and redistribution of the
NAPL droplets in the medium.

Introduction NAPL within the porous media that can serve as long-term
source of COCs that pose a risk to human health if con-
sumed via drinking water. Removal of DNAPLs through
natural dissolution is estimated to take from decades to cen-
turies (ITRC 2005). Thus, DNAPLSs are a persistent threat to
human health and the environment (NIEHS 2015).

The mass and shape of the source of pollution are closely
linked to the size of plumes, which supports the use of source
area treatment technologies in the early stages of remedia-
tion (DiFilippo and Brusseau 2008). Therefore, accurate
conceptual site models that define shape, mass, saturation,
and composition are critical for successful remediation. It
is known in field experiments that a thorough understand-
ing of the distribution of the NAPL can support more tar-
geted, cost-effective remediation technologies compared to
blind extraction techniques such as the well-known “pump
and treat” method (Falta et al. 2005; McDade et al. 2005;

Historical use of chlorinated organic compounds
(COCs) has resulted in widespread contamination of soil
and groundwater. According to the BASOL database
(MTES 2018), chlorinated solvents are found in 17% of sites
monitored by the French government. Moreover, 36% of the
water resources used for drinking water supplies (domestic
and public supply wells) are not in fact used due to con-
tamination. In source zones, they are present as dense non-
aqueous phase liquids (DNAPLs), which migrate vertically
downward through aquifer systems, ultimately residing
along low-permeability units such as aquitards and confin-
ing layers. The migration results in occurrence of residual
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Among the gamut of tools for estimating NAPL dis-
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the original work is properly cited, the use is non-commercial is mixed with ones that partition) into the aquifer and uses
and no modifications or adaptations are made. the delay between these two tracer signals to estimate NAPL

This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License,

NGWA.org Groundwater Monitoring & Remediation 1


mailto:
https://orcid.org/0000-0001-5108-2075
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fgwmr.12591&domain=pdf&date_stamp=2023-06-24

quantity. Typically, the PTs are alcohols ranging from pro-
panol to octanol, which are injected into the aquifers at con-
centrations of tens of g/LL (Jin et al. 1995; Jalbert et al. 2003;
Hartog et al. 2010). The coupling of conservative and non-
conservative tracers allows an accuracy of more than 20%
in NAPL saturation estimates at the laboratory-scale for low
permeability materials (Thal et al. 2007). By measuring trac-
ers’ concentration profiles with known partition constants
we can deduce water volumes, while the lag time between
the conservative tracer and the others provides the nonaque-
ous phase liquid (NAPL) saturation. Although PITT are
usually performed under forced gradient conditions, their
accuracy may be decreased in high-velocity aquifers (Ervin
et al. 2011; Muller and Ramsburg 2018). In some cases,
complexity in the alcohols’ molecular structures makes it
difficult to determine the partition coefficients between the
NAPL and the tracer (Ghanem et al. 2003). Varying tracer
properties with environmental conditions such as pH can
be problematic (Klonis and Sawyer 1996). Moreover, the
biodegradability of alcohol tracers may affect recovery and
accurate characterization of the tail of the tracer break-
through curves. Annable et al. (1998) noted the presence of
degradation of the tracers ethanol, n-pentanol, and n-hexanol
by 35%, 24%, and 39%, respectively, during their in situ
experiments. Furthermore, surfactant properties (reducing
the interfacial tension) are of concern since the uncontrolled
downward migration, and then repositioning, of DNAPLs
because of decreasing pores’ entry capillary pressure (Rath-
felder et al. 2003; Maire and Fatin-Rouge 2017). In some
cases, gas-phase PT tests such as helium (Simon and Brus-
seau 2007), sulfur hexafluoride (Wilson and Mackay 1995),
and chlorofluorocarbons (Chambers et al. 2019; Cook
et al. 1995; Werner and Hohener 2002; Werner et al. 2009)
were found to predict the residual saturation reasonably
well. However, the physico-chemical environment (espe-
cially the organic matter content) can dictate a conservative
or non-conservative tracer behavior. The sorption of tracers
to soil organic matter leads to an increase in the retarda-
tion factor (R) and to an overestimation of NAPL satura-
tion (Khan et al. 2008). Several studies have calculated the
retardation factors (R) due to the adsorption of fluorescent
tracers on organic matter (Vasudevan et al. 2001). Oba and
Poulson (2012) demonstrated that R varied between 1.02
and 4.04 and 1.00 to 2.00 for Fluorescein and Eosin Y (at
different pH), respectively. In the case where adsorption on
mineral surfaces is not too high, the residual saturation cal-
culations are more precise (Jin et al. 1995). For low NAPL
residual saturations, tracers can be absorbed on the natural
organic material and potentially increase the retardation fac-
tor (Jin et al. 1997).

Fluorophores are chemical compounds that can re-emit
light upon excitation. These compounds have been used for
decades for the characterization of high-velocity aquifers.
These compounds have been successfully used at sub mg/L
concentrations because of their high detection sensitivity
and their intensity-concentration relation having a large lin-
ear range (Kasnavia et al. 1999; Dorfliger 2010). The PITT
technique with fluorescent tracers is promising and is begin-
ning to be used frequently in oilfield applications (Ohms
et al. 2010; Krol et al. 2021). However, their use for PT
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applications may be tricky, for example, when complex spe-
ciation vs. pH occurs (Klonis and Sawyer 1996). Moreover,
despite linear relations that have been observed for the par-
titioning of compounds between simple two-phase systems,
actual field conditions are more complex, involving multiple
phases (soil, NAPL, air, water), chemical mixtures, and other
variable processes like biodegradation (Ervin et al. 2011).

Fluorescent tracers have several advantages: (1) their
quantification limit is approximately 10* times lower than
non-fluorescent tracers; (2) they are relatively inexpensive
and nontoxic at low concentrations; (3) they can be ana-
lyzed on-site via simple, portable, and cost-efficient ana-
lytical techniques (i.e., UV-Vis spectroscopy, and digital
color analysis) (Aparecida de Melo and de Holleben 2001;
Khmelnitskiy et al. 2022). They are used in oilfield applica-
tions (Ohms et al. 2010; Krdl et al. 2021).

The purpose of our study was, first, to study the appli-
cability of fluorescent tracers for the estimation of NAPL
saturations in a sedimentary aquifer, focusing on COC-
contaminations with increasing chemical complexity.
Second, we explored the validity of the linear relation for
the partitioning of tracers between organic/water systems.
Third, we demonstrated the effect of groundwater veloc-
ity on the DNAPL residual saturation estimation accuracy
(RSEA) in a laboratory-scale experimental setup.

Properties of Tracers and Pollutants

Tracers

Five fluorophores were selected as potential PTs (see
Table 1). Dye concentrations in water were analyzed by
UV/Visible spectrophotometry rather than by fluorescence,
since the latter is easily hindered by various mechanisms
(Leibundgut et al. 2009). A Cary UV 60 spectrophotometer
coupled with a Torlon® probe body (Agilent Technologies,
Inc) was used for measurements. The Beer-Lambert law was
checked for each compound through calibration curves car-
ried out at the wavelength of maximum absorption.

Table 1 includes ranges of published logK,, values for
the fluorescent dyes selected for this study. While only one
published data was registered for RWT logK,,, value, the
other dyes presented a deviation of at least one log unit
within the available literature (F>>>EY >SRB>RB). Any
alteration in the measurement protocol of K, can drasti-
cally affect the effective comparison between studies (e.g.,
temperature, stability to degradation, pH, and the presence
of an aqueous buffer) (Dearden and Bresnen 1988; Harris
and Logan 2014; Cumming and Riicker 2017).

Two-Phase Liquid Systems

The PT distribution of the dyes was studied in two-
phase liquid systems made of deionized water and a NAPL
in contact, allowing the PT to distribute between them. The
NAPLs (N) used in this study were: octanol (O), a historical
DNAPL made of several COCs in a complex mixture (M),
aone-COC (H), and a three-COCs (T) surrogate both based
on the most abundant constituents in M (see Table 2). M
was collected from a weathered COC release site in France,
where a COC leak occurred in the late 1960s (Maire and
Fatin-Rouge 2017). The DNAPL was a complex mixture
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Table 1
Chemical Properties of the Fluorescent Dyes
Compound SRB RWT F EY RB
Structure "o o . . )
Reee o
LU0, o) L e
P

Formula C,,H,N,O,S Na, C,H,,CINNa, O, C,H, Na,O, C,,H,,Br,Na,0, C,H, CIN,O,
Ao’ (M) 565 557 485 515 555
L.0.Q.% (ng/L) 21 16 31 28 17
logk,,} [-2.96; —0.45] -1.33 [-4.77; 3.30] [-1.27; 0.83] [1;2.49]
pKa <1.5* 5.4 2.2;44;6.7 2.0; 3.8¢ 3.0
Solubility in water (g/L)* 70 180 25 >100 20
Provider Sigma Aldrich Acros Organics Acros Organics  Fisher Scientific Acros Organics

EY, eosin Y; F, fluorescein; SRB, sulforhodamine B; RB, rhodamine B; RWT, rhodamine WT.

'Maximum absorption wavelength.

Limit of quantification in this study.

3Detailed information in Supplementary Material S1.
“Kasnavia et al. (1999).

*ChemicalBook (2022).

“Majek et al. (2014).

Table 2
Physicochemical Properties of the Chlorinated Compounds Used in this Study
Molar M T H
Mass Density
Compounds (g/mol)  (20°C)' S (mg/L) logk,' % (wiw)> C(mg/L)® % (w/w) C(@mg/L) S (mg/L)
Hexachlorobutadiene 261 1.68 3.23 4.78 55 1.38 71.6 2.02 3.23
(HCBD)
Hexachloroethane 237 2.09 50 4.14 14 5.08 17.9 7.31
(HCEa)
Perchlorethylene 166 1.62 206 3.40 8 19.42 10.5 28.70
(PCE)
Pentachlorobenzene 250 1.83 499.5 0.419 4 28.18 — —
(PeCB)
Tetrachloride carbon 154 1.58 793.4 2.83 3 17.95 — —
(TCM)
Trichloroethylene 131 1.46 1280 242 2 37.39 — —
(TCE)
Hexachlorobenzene 285 2.05 0.005 5.44 1 0.00008 — —
(HCB)
Others 13 — — —
Total effective 109.40 38.03 3.23

aqueous solubility

S, solubility in water; C, estimated aqueous concentration.
"Mackay and Cherry 2016; Montgomery 2007.
’Cazaux et al. 2014.

3Estimation of the solubilities based on the Banerjee equation (Banerjee 1984) and the UNIFAC method (UNIQUAC Functional-group Activity Coefficients).

primarily of hexachlorobutadiene (HCBD), hexachloroeth-
ane (HCEa), and perchloroethylene (PCE). H (HCBD) and
the T blend (mixture of HCBD, HCEa, and PCE) were pre-
pared using pure laboratory supplies provided by Fischer
Scientific. Octanol was used as a reference NAPL. The gen-
eral composition and specifications of the substances used
in this study are presented in Table 2.
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Experimental Setup and Procedures
Partition of Dyes in Batch NAPL/Water Systems

The partition coefficients of the fluorescent dyes
(F, EY, RB, SRB, and RWT) between the NAPL/water sys-
tems were calculated according to the OECD recommen-
dations (OECD 1995). All experiments were performed in
batches with deionized water, obtained from a Milli-Q water
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35UBD1T SUOWILLIOD) dAIR 1D 3|ceal|dde ayy Aq peusenoh are saie YO ‘8sn JOo Sa|n Joy ArigiTauluQ AS|IAN UO (SUO N} IPUOD-pUE-SWIBYWOD A3 1M Aeld 1puljuo//sdiy) SUoRIpuoD pue s | 3Yl88S “[£202/90/92] uo Akelqiauliuo 48] ‘Saueld auelyooD A T6GZT WMB/TTTT OT/I0p/wod A8 Im AreiqpuljuoembBuy/sdpy woiy pspeojumoq ‘0 ‘2659SP.T



system (18.2MQcm) and degassed before use with an ultra-
sonic bath (Elmasonic P 120H, 80kHz). Experiments were
carried out in triplicate inside 30 mL airtight cylindrical glass
reactors containing 20mL aqueous solution of dye at con-
centrations of 0.5, 1, 2.5, 5, and 10 mg/L. Dye partition was
initiated by adding 1 mL of NAPL to glass reactors stored
in the dark at 20°C, with stirring (150rpm). Partition was
stopped after 24 h, then 10mL aliquots were collected from
the aqueous phase for measurement of dye concentration.
Before and after the partition experiments, the pH was mea-
sured in the aqueous phase (see Supplementary Material S2).
The pH was measured with a glass electrode (Radiometer
Analytical pHC3005-8, Hach), which was calibrated before
each experiment with commercial buffer solutions (pH 10,
7, and 4). Partition coefficients were calculated according to
the following relation (Schwarzenbach et al. 2017):

CN
Ky, = C_

w

)

where Ky, is the partition coefficient of the dye between
the NAPL (N) and the aqueous phase (w). Cy and C,, are the
dye concentrations (M/L?) in each phase. Cy, was calculated
from the mass balances on dyes and based on C,, measure-
ments using the Beer-Lambert law.

PT Tests in Column

When tracers with different partition coefficients (Ky;,)
are injected into a contaminated aquifer under forced-
gradient conditions, inert tracers remain in the aqueous
phase and move at the injection flow rate, while the PTs
have a delayed release because of their in the NAPL par-
titioning (Annable et al. 1998). The delayed PT release is
characterized by a retardation factor, R, which is defined as:

R= t_ﬂ 2)
tr

where ?py and 1,7 [T] are the mean residence times of the PT
and the inert tracer, respectively.

A column study was performed as a model of contami-
nated permeable unconsolidated material in which the fluo-
rescent dyes were injected to assess the NAPL saturation,
according to:

where Sy and §,, (dimensionless) are the average NAPL and
water saturations, respectively.

The experimental setup used for the partitioning tests is
presented in Figure 1. Glass beads of ~1 mm diameter were
passed through sieves to ensure glass bead size tolerance of
+4% (960 and 1040 pm mesh). The beads were then packed
into a glass column (length: 10cm, i.d.: Scm). Degassed
water was injected into the system with a membrane pump
(SIMDOS 10; KNzF Laboratories; 2% accuracy). Weight
and volume measurements were performed to calculate the
porosity of the media which was 38.9%+0.6%. Perme-
ability of the porous media was measured experimentally
according to Darcy’s law by setting a hydrostatic height
above the porous sample and measuring the water flow rate
at its output following the same protocol as (Colombano
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Contaminated

-

glass beads
column
—o=5 cm— Fraction collector

Water

Ty

( UV-Visible

| spectrophotometry and
electrical conductivity

Tracers Dosing pump measurements

Figure 1. Experimental setup of the PT experiments.

et al. 2020, 2021; Philippe et al. 2020, 2021). The measured
absolute permeability was 3.5x 107'°m? The porosity and
permeability values measured in this study are very close
to the ones reported in the literatures (Philippe et al. 2020,
2021; Cochennec et al. 2022) using the same glass beads.

The experiments were performed with the historical
complex DNAPL (M). Residual saturation of M inside the
column of porous material was achieved in two steps. First,
by carefully injecting 1 PV of M in a flow rate of 1 mL/min
in the ascending direction. Then, 10 pore volumes (PV) of
degassed water were injected from the top of the column at
higher flow rates, while M was recovered at its bottom. The
effluent was directed to a phase separator to measure the
amount of M recovered as a pure phase. The residual satu-
ration achieved in these experiments was 2.48+0.21%. We
chose these initial conditions for the experiments because
the method’s accuracy requires a homogeneous sweeping of
the contaminated material. Working with residual saturation
increases the accuracy of the results by preventing DNAPL
pools. The irregularly distributed hydrocarbon saturation
and presence of free-phase NAPL can decrease the accuracy
of the standard method of moments. (Jin et al. 1997; Salman
and Kostarelos 2019).

PT tests were performed by injecting 0.36 PV of tracers
(RWT at 10mg/L mixed with 0.01 M NaCl) at flow rates
of q=1, 4, 10, and 40mL/min (1.9, 7.5, 18.8, and 75.2m/d,
respectively). RWT and sodium chloride were used as PT
and inert tracer, respectively. Before the experiments, we
confirmed that the RWT does not adsorb onto the glass
beads. At least three PV of degassed water were injected
after the introduction of tracers. The tracers were monitored
from the beginning of tracer injection in the water effluent at
the output of the column. Aliquots of 4 mL of water effluent
samples were collected periodically until the tracers were
no longer detected. Each effluent sample was analyzed for
conductivity and RWT concentration from light-absorption
at 557 nm.

Response curves for tracer recovery were analyzed using
the method of moments (Jin et al. 1995; Jalbert et al. 2003).
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Table 3
Partition Coefficients of Fluorescent Dyes
System pH logK,,, SRB RWT F EY RB
oW 5.92+0.42 logk,,, -0.110£0.04 —-0.369+0.039 0.905+0.039 0.084+£0.084 1.881+£0.014
R? 0.975 0.976 0.984 0.899 0.997
HW 5.10+0.37 logk,,, -0.011x0.032 -0.349+0.027 1.022+0.015 0.164£0.044 1.700+0.015
R? 0.984 0.989 0.998 0.970 0.996
W 4.39+0.18 logk,,, —-0.085+0.068 -0.048+£0.014 1.663+0.035 1.419+0.038 1.843+0.023
R? 0.931 0.997 0.987 0.998 0.991
MW 4.21+0.20 logk,,,. -0.016x0.105 1.022+0.028 1.856+0.024 2.296+0.018 2.610+0.028
R? 0.850 0.987 0.994 0.995 0.988

EY, eosin Y; F, fluorescein; SRB, sulforhodamine B; RB, rhodamine B; RWT, rhodamine WT; O, octanol; W, water; H, hexachlorobutadiene; T, three-component NAPL mixture;

M, complex NAPL mixture.

Assuming the PT reaches the equilibrium between the two
liquid phases, the residual saturation of the NAPL in the
porous media is obtained from:

Tpp—1
s, = pr—lir @
(KNW - l)tlT +lpr

where the partition constant Kj,, for RWT was obtained
from experiments in the two-phase liquid system, and where
tpr and t;p are calculated from:

t
- ) Crnydr g
r="0—""7"3 )
[y Cer(ndt

t.
- L) Crtnar
= = ©)

1
Iof Cp(ndt

where Cpy(f) and Cyp(¢) [dimensionless] are the normalized
time-dependent concentrations measured in the effluent of
the PT and the inert tracer, respectively. Finally, ¢, [7] is the
time required to inject the tracers.

Results and Discussion

Partition of Dyes in NAPL/Water Systems

The five fluorescent dyes (F, EY, RB, RWT, and SRB)
were assessed as PTs of different polarities in four two-
phase liquid systems made of NAPL/water mixtures. The
partitioning isotherms of the two-phase systems are shown
in Supplementary Material S3. The partition coefficients
of fluorescent dyes are summarized in Table 3. Their lin-
earity (see the R2-values in Table 3) demonstrates constant
partition values over a ppm-concentration range which
facilitates partitioning determinations (Wise 1999; Wise
et al. 1999). Some authors have demonstrated that PCE/
dye (i.e., rhodamine WT, sulforhodamine, eosine) parti-
tion coefficients for the dyes were fit to linear isotherms
in batch experiments (Ghanem et al. 2003). From a litera-
ture survey, the logK,, values for EY and RB are close
to those reported (see Table 1). However, the calculated
logK,,, values for F, SRB, and RWT differ substantially

NGWA.org

compared to the ones reported in the literature (Table 1),
which systematically appear more hydrophilic. Unfortu-
nately, little information is available about the conditions,
such as pH, for these compounds with acid-base proper-
ties, in which the measurements were performed (Wang
and Lien 1980).

Typical hydrophilic non-partitioning alcohols tracers
used in PITT like ethanol, methanol, isopropanol, and
2-methyl-2-propanol have logK ,, -values ranging below —1
(Willson et al. 2000; Young et al. 1999). Longer carbon
chains (C8 or C9) are used to obtain higher K (Deeds
et al. 2000). Yet, alcohol PTs have logK,,, -values rang-
ing from 0.3 to 2.6, according to the same literature. In
our study, the PT dyes display logK,, -values ranging
from —0.4 to 1.9, which is slightly narrower and shifted to
lower values but quite similar to the PTs alcohols used in
PITT. PT dyes display a higher affinity for the DNAPLs of
COCs than for octanol, except for SRB which is relatively
unaffected by the nature of the biphasic system. The PT
affinity for DNAPLs increases significantly when small
molecules are included in the COC mixture (e.g. PCE),
as expected from the solubilization ability of the organic
phase for organic compounds. For DNAPL/water systems,
the logkK,,,, range from —0.4 to 1 for H/W and from 0O to
2.6 for M/W. However, higher partition constant values
do not mean greater accuracy in assessing the NAPL sat-
uration within an aquifer, because the retardation factor
depends also on the NAPL saturation (equation 2 and 4).
For example, for NAPL saturation of ~0.18%, PTs with
logK,,,,-values as high as two exhibited very poor recovery
and difficulty in interpreting breakthrough curves com-
pared to PTs with logK,,, ranging from 0.5 to 1.1 which
only slightly underestimated NAPL saturations (Hartog
et al. 2010; Ervin et al. 2011; Schaefer et al. 2016). When
assessing NAPL saturation in a contaminated area, it is
critical to inject a mixture of PTs with a wide range of
partitioning properties.

Predictability of Partition Coefficients from Linear
Free-Energy Relations

Selecting appropriate tracers for a given two-phase
system under specific conditions requires a quantitative
assessment of their partitioning behavior, which entails
time-consuming and costly processes. Various researchers

S. Visitacion-Carrillo et al./ Groundwater Monitoring & Remediation
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have attempted to deduce the partition mechanisms of
potential tracers from single and multi-parameter linear
free-energy relations (LFERs) to make it easier to calculate
partitioning properties (Kamlet et al. 1988; Marcus 1991;
Thal et al. 2007). The free-energy of transfer of a series
of compounds in a two-phase system between phases is
considered to be linear in these models (Schwarzenbach
et al. 2017):

AlzGi = (l’A34Gi + b, (7)

where A,G' and A;,G' represents the free energy of the
compound i from the two-phase system 1/2 to the 3/4 one,
respectively. In addition, @’ and b’ are regression parameters.
Equation 7 can then be written in terms of partition coef-
ficients for aqueous two-phase systems where the octanol/
water system is a reference:

logK,,, =axlogk,, +b 8)

where a and b are specific parameters.

The predictability of the partition coefficient of the dyes
among the H/W, T/W, and M/W systems (logK},,, logK,,,
and logk,,) from logK, -values was compared. Results
are shown in Figure 2. The scatter plot demonstrates a high
level of predictability (R?=0.99) of logK},, from logkK,,,.
even though the chemical structures of the fluorescent dyes
differ.

This is assumed to result from a dehydrochlorination
reaction of reactive COCs in T and M like PCE, whereas
the HCBD is more inert (Schwarzenbach et al. 2017).
Figure 2 shows more dispersed results for the predict-
ability of logK,,, and logK,,, from logK,,,, particularly for
RWT, SRB, and EY fluorescent dyes. In this situation, not
only can molecular interactions affect bulk organic phase
changes, but more soluble organic compounds can alter
the solvation properties of the aqueous phase (Kasnavia
et al. 1999). As shown in Table 3, the pH of the aqueous
solution in the two-phase systems decreased according to
the order O/W>H/W>T/W>M/W from approximately
6 to 4. This pH change can strongly influence the abun-
dance of PTs’ acid-base species in equilibrium when
the pH approaches pKa-values. As shown in Figure 2,
the predictability (R*-values) of the LFERs decreases
strongly from 0.99 to 0.48 for the DNAPL systems of
higher complexity, resulting in larger pH-shifts to more
acidic conditions. This predictability is completely cor-
related (R>2 1) to the pH shift. According to the pKa val-
ues of dyes (Table 1), their robustness toward pH changes
from the reference O/W system decreases as follows:
SRB>>RB>EY>RWT>F. F is especially sensitive to
pH changes, given that the pH values vary between two
pKa-values separated by 2.3 units, which strongly affects
its partition constant. The 50% and 90% changes for the
O/W system are expected based on the acid-base specia-
tion for T/W and M/W, respectively. EY displays increas-
ing hydrophobicity in T/W and M/W systems, as expected
from the neutralization of its carboxylate moiety when
pH approaches its pKa (Kasnavia et al. 1999; Batistela
et al. 2011; Oba and Poulson 2012; Majek et al. 2014).
In contrast, SRB and RB are both robust to pH changes
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Figure 2. Logarithm of the N/W (Khw, Ktw, Kmw) partition
constants vs. O/W (Kow) partition constants at 20°C.

and display contrasted affinities for the NAPLs. However,
their absorption spectra differ by about 10 nm. Finally, the
partition constant of SRB seems relatively unaffected by
the nature of the NAPLs investigated here. This is not sur-
prising given its hydrophilic character.

We have chosen RWT as a PT for later experiments
because, it has a particular specificity for the complex
mixture of NAPLs (M) despite pH changes. It is the only
fluorescent dye we tested that possesses a hydrophilic
character in contact with O, H, and T and a hydrophobic
character in contact with M (see Table 3). In addition, its
logK,,,,, value is best positioned for a good tracer recovery
rate in comparison to field experiences (i.e., 0.5 to 1.1;
Hartog et al. 2010).

Tracer Tests for Residual Saturation Estimation

The breakthrough curves for tracers revealed a delayed
release of RWT vs. sodium chloride (see figures in Supple-
mentary Material S4). The residual saturation of M was cal-
culated using the method of moments (equation 4 through 7).
The calculated retardation values were 1.12, 1.18, 1.16, and
1.09 for the flow rates of 1.0, 4.0, 10.0, and 40.0 mL/min,
respectively. These results confirm the fact that the varia-
tion of the retardation factor with tracer injection flow rate
is not significant (Mariner et al. 1999). The calculated retar-
dation factors are (within our experiment accuracy) in the
lower range limit of the recommended minimum retarda-
tion stated as important by various authors (Jin et al. 1997;
Annable et al. 1998; Jalbert et al. 2003; Giraud 2018). It was
suggested that retardation factors should range from 1.2 to
4.0, to provide sufficient separation from the conservative
tracer breakthrough curve, while allowing reasonable PT
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Figure 3. DNAPL residual saturation estimation accuracy
(RSEA %) vs. tracer flow velocity (m/d).

mass recovery over the test duration (Jin et al. 1995). In the
case where the adsorption on the mineral surfaces is not too
high, the calculations of the residual saturation are more pre-
cise (Jin et al. 1995). For low residual NAPL saturations, the
adsorption of tracers can take place on the natural organic
material and potentially leads to an increase in the retarda-
tion factor (Jin et al. 1997). Field PITTs generally target R
much lower than 4. Hartog et al. (2010) performed PITTs
with R between 1.0 and 1.29. Istok et al. (2002), using alco-
hols, found retardation factors between 1.4 and 4, depending
on the experimental conditions.

As shown in Figure 3, DNAPL RSEA is influenced
by the tracer flow velocity. Decreasing the tracer flow
velocity increases the contact time between the PT and
the DNAPL, and consequently, the partition equilibrium
approached. This allows us to estimate the DNAPL vol-
ume in the column more accurately. In addition, the higher
water flow rate can increase the hydraulic dispersion (and
decrease the local contact times) inside the column. The
local velocity inside the column can also be slightly higher
at the column walls compared to the velocity in porous
media for higher flow rates. Furthermore, the decreas-
ing RSEA may be explained by some observed migration
of DNAPL droplets that occurs at high water velocities,
resulting in a hydrophobic pool zones less swept by the
tracer flow (Brooks et al. 2002; Enfield et al. 2005).
Heterogeneity, macro-entrapped, high-saturation NAPL
lenses, and pool morphology could significantly decrease
the estimation of NAPL saturation (Dai et al. 2001;
Fernandez-Garcia et al. 2002; Barth et al. 2003; Moreno-
Barbero and Illangasekare 2006). Finally, PT mass trans-
fer and equilibrium partitioning take longer to occur for
NAPL droplets that are more interconnected.

Under controlled conditions in the laboratory, RWT in
combination with sodium chloride underestimates the total
residual saturation of M by about 25%. Nevertheless, this
sensitivity experiment exposes a fitted exponential regression
(R?=0.98) working as a correlation function between the water
velocity during the test and the RSEA on DNAPL (Figure 3).
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Conclusion

We assessed five common fluorescent dyes as PTs,
to estimate the residual saturation of NAPLs including
eosin Y, fluorescein, sulforhodamine B, rhodamine B,
and rhodamine WT. The three DNAPLs we considered
had increasing complexity from models (artificial mix-
tures of a single or multiple COCs) to a real historical
contamination (a mixture of COCs) and used octanol as a
reference. The pH of the aqueous phase in contact with the
DNAPLs decreased as the number of COCs in the mixture
increased.

Partition equilibria were constant within the ppm-
concentration range and easily quantified. However, the
partition constants associated with fluorescein, rhodamine
WT, and eosin Y were especially sensitive to pH changes
in the 4 to 6 range, which hinder their use. Rhodamine B
and sulforhodamine B are robust regarding the pH-range
of natural water and display contrasted partition constants
matching with PITT applications. Deviations observed from
LFERs between DNAPL/water and octanol/water were also
strongly correlated to pH changes.

Finally, the influence of water velocity (0 to 80m/d)
on the residual NAPL saturation estimation was studied
in PT tests carried out in a column packed with 1 mm
glass beads. Glass beads were used to isolate the effect of
tracer injection flow rate on the estimation of the DNAPL
residual saturation given potential effects on the retarda-
tion factor resulting from tracer sorption on soil organic
matter. The analysis of the breakthrough curves generally
underestimated the amount of the residual contaminant by
a minimum of 25% at least, although increasing expo-
nentially with the water velocity. This behavior may be
related to the exponential behavior of tracer dispersivity
with velocity (or Péclet number). Since we know how the
tracer injection velocity can influence the estimation of
the residual contaminant saturation, the fitted exponential
function could be used as a correction formula to over-
come the method’s inaccuracy.
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