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ABSTRACT: Temperature swing solvent extraction (TSSE) has been shown to effectively desalinate hypersaline brines. However,
the fate of organic contaminants during TSSE remains poorly understood. This study elucidates the key physicochemical
phenomena governing the equilibrium distribution of organic contaminants in biphasic solvent-aqueous systems relevant to TSSE.
Distribution coefficients of organic analytes spanning roughly five orders of magnitude of hydrophobicity were systematically
evaluated across five thermomorphic hydrophilicity amine solvents, at extraction and disengagement temperatures, and in
hypersaline environments. While hydrophobicity has a principal role in governing distribution, acid−base interactions between the
solvent and the contaminant were also found to be significant. Temperature typically has a minimal effect on conventional
partitioning behavior but exerts a substantial influence in TSSE due to the thermal sensitivity of solvent solubility in water. Brine
salinity does not uniformly affect distribution until the aqueous phases approach saturation, at which point the analytes are salted-out
of the brine. A multiple linear regression analysis using KOW, pKa’s, and solvent solubility to model distribution achieved high
accuracy (R2 = 0.93), offering a practical framework for a priori determination of contaminant fate. These findings provide key
mechanistic insights and design tools for TSSE solvent selection and process engineering.
KEYWORDS: distribution of organic contaminants, partitioning in basic environments, multiphase system behavior,
temperature swing solvent extraction (TSSE), acid−base interactions, thermomorphic hydrophilicity amine solvents, hypersaline brines

■ INTRODUCTION
Hypersaline brines, with total dissolved solids of approximately
>70,000 ppm, need to be properly treated and managed to
prevent environmental damage.1−3 Oil and gas extractions,
mining operations, textile manufacturing, leather tanning,
inland desalination, thermoelectric power production, carbon
dioxide storage, and landfills are prominent sources of these
aqueous waste brines.1,4−8 When discharged into surface
waters, the high salt contents and other contaminants present
would damage ecosystems and pollute water sources.9,10

Desalinating these brines is a cost-effective and environ-
mentally sustainable treatment option, reducing the liquid
volume to enable efficient disposal and producing reusable
water.1,4,11,12 However, the hypersalinity, high concentrations
of mineral scalants, and presence of other foulants in the brines
often pose insurmountable technical challenges to the

conventional desalination methods of reverse osmosis and
thermal distillation.13−15 Temperature swing solvent extraction
(TSSE) is an emerging technology for the desalination of
hypersaline brines.16−20

TSSE utilizes a solvent with thermally responsive hydro-
philicity to extract water from the high-salinity feed stream.
Salts, on the other hand, are largely rejected by the low-
dielectric environment of the solvent. A moderate-temperature
change stimulus triggers the solvent to switch from a
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hydrophilic state to a hydrophobic state. As a result, the
solubility of water in the organic extract is lowered, driving
water to disengage, and the demixed product water can be
recovered. The solvent is simultaneously regenerated and
recycled back into the process. TSSE is both membrane-less
and nonevaporative, thereby avoiding the technical challenges
that hamper conventional methods in brine desalination.18

Real hypersaline brines commonly have complex water
chemistries. While inorganic salts constitute the majority of
total dissolved solids, organic carbon compounds, heavy
metals, oil and grease, particulates, and surfactants can also
be present.1 Organic contaminants are particularly relevant to
produced waters from oil and gas operations, textile waste-
water, coal-to-chemical wastewater, and landfill leachate.4,5,7,21

Concentrations of organics in real hypersaline brines often vary
over several orders of magnitude, e.g., 10−1000 mg/L.8,22−24

At such non-negligible concentrations, these solutes have the
potential to impact product water purity and taint the makeup
of the recycled solvent stream. TSSE studies generally use
single-electrolyte solutions (of sodium chloride) to simulate
hypersaline streams. The few investigations that used actual
field samples focused on proof-of-concept demonstration or
inorganic ion transport.25−27 As such, there are significant gaps
in our fundamental understanding of the fate of organic
contaminants in the TSSE desalination of real brines.
Furthermore, while the distribution of neutral organic

compounds in multiphase systems is well-studied,28 the
behavior of ionizable chemicals is poorly understood.29−31 In
particular, fundamental studies investigating the distribution of
organic contaminants in highly basic environments are lacking.
Amines are good solvent candidates for TSSE because water
solubility in the solvent is high and changes sharply with

temperature.32,33 However, amines are also very basic, often
with pKa’s > 10, and have significant solubility in water. Many
organic compounds that typically remain neutral in octanol−
water systems will ionize in the basic environment of the
aqueous phases of TSSE. Elucidating the underlying
mechanisms governing the distribution of organics within
amine−water systems relevant to TSSE can also shed light on
the role of acid−base interactions on the distribution of
organic contaminants for many environmentally relevant
systems, including sediments, soils, and wastewater
sludges.29−31,34

This study systematically investigates the distribution
behaviors of organic analytes in amine solvent−aqueous
systems across a parameter space relevant to TSSE
desalination, with the overarching objective of contributing
to a more complete framework for understanding partitioning
equilibrium. Mole fractions of six model organic compounds,
spanning almost five orders of magnitude in hydrophobicity,
were carefully evaluated in equilibrated organic solvent and
aqueous phases. Distribution coefficients are analyzed against
key analyte physicochemical properties, and factors influencing
the fate of organic contaminants are assessed. Evaluating
different temperatures and a range of feed concentrations
reveals how acid−base interactions impact the phase affinity of
the analytes. Next, the effect of solvent on the analyte
distribution is investigated using five amines with distinct
molecular structures and thermophysical attributes. Differences
in partitioning behavior between salt-free and saline environ-
ments are characterized, and the underlying salting-in and
salting-out mechanisms are explored. Finally, implications of
the study’s findings for the desalination of real hypersaline
brines using TSSE are discussed, and we consider the potential

Table 1. Chemical Structures, Logarithms of Octanol−Water Partition Coefficients (KOW), and Acid Dissociation Constants
(pKa,1 and pKa,2) of Analytes Uracil, Caffeine, Sulfamethazine, Acetaminophen, Chloramphenicol, and Bisphenol A.a

a“NA” denotes “not applicable”.
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broader impacts for understanding the distribution behavior of
ionizable compounds in a wider range of systems.

■ MATERIALS AND METHODS
Materials and Chemicals. Solvents tert-octylamine (TOA,

95%), N,N-dimethylcyclohexylamine (DMCHA, 99%), N-
ethylcyclohexylamine (ECHA, ≥99%), dipropylamine (DPA,
99%), and triethylamine (TEA, ≥99.5%) were used as received
from MilliporeSigma (Burlington, MA). These solvents were
chosen for their distinct chemical structures and properties,
and all have been well-studied in the existing TSSE
literature.18,35−39 Although diisopropylamine is commonly
used in TSSE studies,18,36,37,39 the solvent is fully miscible
with salt-free aqueous feeds at 25 °C and was, therefore, not
evaluated here. The chemical and structural properties of the
solvents are summarized in Table S1 of the Supporting
Information.

Model analytes of uracil, caffeine, sulfamethazine, acetami-
nophen, chloramphenicol, and bisphenol A were chosen to
span a wide range of octanol−water partition coefficients
(Table 1). In addition, these organic analytes represent
common environmental contaminants with well-defined
characterization methodologies using high-performance liquid
chromatography (HPLC).40−44 Aqueous analyte feeds con-
taining uracil (≥99%, Thermo Fisher Scientific, Waltham,
MA), caffeine (USP standard grade, Thermo Fisher Scientific),
or acetaminophen (USP standard grade, MilliporeSigma) were
prepared by dissolving the solid organic chemical in deionized
(DI) water obtained from an ultrapure water purification
system (Milli-Q, Millipore, Billerica, MA). Stock solutions
containing sulfamethazine (≥99%, MilliporeSigma), chloram-
phenicol (97%, Thermo Fisher Scientific), or bisphenol A
(≥99%, MilliporeSigma) were prepared by dissolving the
powdered organic compound in methanol (certified ACS
grade, Thermo Fisher Scientific); appropriate quantities of

Figure 1. Equilibrium analyte mole fractions at (A) 25 and (B) 70 °C in the organic solvent and aqueous phases (filled and open columns,
respectively). Analytes uracil, caffeine, sulfamethazine, acetaminophen, chloramphenicol, and bisphenol A are abbreviated as Ura., Caff., Sulfa.,
Aceta., Chlor., and BPA, respectively. Darker shades of blue (25 °C) and orange (70 °C) represent analytes with lower octanol−water partition
coefficients, KOW, as indicated by the color bar legends (with log KOW labeled). Distribution coefficients, D (eq 1), as a function of analyte KOW at
(C) 25 °C and (D) 70 °C. Triangle, square, rectangle, diamond, and pentagon symbols denote uracil, caffeine, sulfamethazine, acetaminophen, and
chloramphenicol, respectively. Note that both axes are on logarithmic scales and that the vertical axis scales are dissimilar. The 100 mg/L analyte
aqueous feed solutions were equilibrated with equal weights of solvent tert-octylamine (TOA). Bisphenol A was not detectable in the aqueous
phase of the mixtures at both temperatures and hence is not represented in plots (C and D); “BDL” denotes “below detection limit”. Data and error
bars are means and standard errors of triplicate experiments.
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these stock solutions were gently evaporated in glass media
bottles, and the remaining precipitates redissolved in DI water
to produce the aqueous analyte feeds. The low volatilities and
high boiling points (>150 °C) of the selected analytes ensured
compatibility with this experimental procedure and the HPLC
analysis. Dilute analyte feed concentrations between 10 and
1000 mg/L were prepared to simulate concentrations in real
hypersaline brines and avoid formation of dimers and other
associated species.34 For experiments with saline feeds, i.e.,
background of inorganic salts, sodium chloride (NaCl, ACS
reagent grade, Alfa Aesar, Haverhill, MA) was introduced into
the analyte feed solutions. The chemical structures and
properties of the organic analyte compounds are summarized
in Table 1.
Characterization of Analyte Concentrations. Equal

weights of aqueous analyte feed solutions and solvent were
equilibrated in glass media bottles. The mixtures were
continuously stirred at room temperature (≈20 °C) for 30
min, followed by a minimum of 45 min of settling in a
temperature bath at 25 or 70 °C. The phases were carefully
sampled using glass pipettes, and a known sample weight was
gently evaporated to remove all water and solvent before
redissolving the residual solid analyte in either pure water
(uracil and acetaminophen) or a 40% w/w methanol aqueous
solution (caffeine, sulfamethazine, chloramphenicol, and bi-
sphenol A). For all analytes except caffeine, a 75 mM HCl
solution was added dropwise to reduce the sample pH below
the analyte pKa,1, i.e., such that the predominant speciation of
the analyte would be neutral (Table 1). Analyte concentrations
of the resulting samples were characterized using reverse-phase
high-performance liquid chromatography (HPLC, UltiMate
3000 with a diode array detector and an Acclaim Polar
Advantage II HPLC column, Thermo Fisher Scientific;
method details are given in the Supporting Information.)
The HPLC methods (Table S2) utilized enable detection of
aqueous analyte concentrations between 20 and 1000 mg/L
with a high degree of accuracy (Table S3). Detailed
descriptions of the methods used to characterize water,
solvent, and sodium chloride concentrations in the biphasic
mixtures are provided in the Supporting Information.
Partitioning of the analytes between the organic and aqueous
phases is quantified using parameters defined by the Interna-
tional Union of Pure and Applied Chemistry (IUPAC).
Distribution coefficient, D, is the ratio of mole fractions, x, of
the total analyte, i.e., all speciations, in the organic to aqueous
phases:

D x x/i i
org

,total
aq

,total
(1)

Partition ratio, K, is defined as the ratio of mole fractions of
the neutral species of the analyte in the organic to aqueous
phases:

K x x/i i
org

,neutral
aq

,neutral
(2)

In both eqs 1 and 2, the superscripts denote the total or neutral
concentration of analyte i, while subscripts org and aq indicate
organic and aqueous phases, respectively.

■ RESULTS AND DISCUSSION
Distribution of Organic Analytes in Basic Systems

Deviates from Conventional Behavior in Octanol−
Water Mixtures. Six model analytes were thoughtfully chosen
to span ≈4.5 orders of magnitude of octanol−water partition

coefficients, KOW, the most common quantitative measure of
hydrophobicity for organic compounds.28 The analytes, in
order of increasing hydrophobicity (i.e., increasing KOW), are
uracil, caffeine, sulfamethazine, acetaminophen, chlorampheni-
col, and bisphenol A (abbreviated as Ura., Caff., Sulfa., Aceta.,
Chlor., and BPA, respectively, Table 1). These model analytes
are also common environmental contaminants in waste-
waters.40−44 Equilibrium distributions of the analytes between
100 mg/L aqueous feed solutions and tert-octylamine (TOA)
solvent are shown in Figure 1, with darker shades of blue (25
°C) and orange (70 °C) representing more hydrophilic
analytes (log KOW’s are labeled in the color bar legends). TOA
was chosen as the solvent because it has demonstrated good
performance for TSSE, particularly in minimizing solvent
loss.47 The investigated temperatures of 25 and 70 °C are
representative of the extraction and disengagement steps of the
TSSE, respectively. All analytes were present in measurable
concentrations in both the organic solvent and aqueous phases
of the mixtures except BPA, which was below detection limits
(BDLs) in the aqueous phases at both temperatures (Figure
1A,B).

At both temperatures, uracil has the lowest mole fractions
(x) and BPA has the highest x values in the organic solvent
phases (filled columns, Figure 1A,B; Tables S4 and S5 of the
Supporting Information). The trend is reversed in the aqueous
phases, with uracil having the largest mole fractions and BPA
having the smallest x values (open columns, Figure 1A,B). BPA
almost entirely distributes into the solvent phase, likely due to
the analyte being more hydrophobic (log KOW = 3.32, Table
S1) than TOA itself (log KOW = 2.58).48 Within these bookend
KOW values for uracil and BPA, however, the relationship
between analyte hydrophobicity and mole concentrations in
each phase is nonmonotonic. For example, at 25 °C, the mole
fraction of caffeine in the organic solvent phase is greater than
that in the aqueous phase, whereas the more hydrophobic
acetaminophen (which is expected to distribute even more into
the organic phase) has roughly equivalent concentrations in
both phases.
KOW is the most commonly used parameter to predict

analyte distribution in environmentally relevant systems, e.g.,
sediments, soils, and wastewater sludges.28 Hydrophobicity has
been shown to be fairly indicative of the fate of analytes with
log KOW > 3 in biphasic mixtures of switchable solvent N,N-
dimethylcyclohexylamine and water.49 However, for the
thermomorphic hydrophilicity of amines and the wide range
of KOW’s considered here, hydrophobicity alone is not able to
fully account for the equilibrium trends. This can be readily
visualized from the distribution coefficient, D (a ratio of total
analyte mole fraction in the organic solvent to that in the
aqueous phases, eq 1): although D generally increases with
KOW, the relationship is nonmonotonic, indicating that other
physicochemical phenomena beyond hydrophilic−hydropho-
bic interactions are impacting distribution (Figure 1C,D).
Note that D could not be determined for BPA as the aqueous
phase analyte concentrations are below the detection limits.
From the analysis in the next subsection, we put forth a
cohesive explanation of the primary factors influencing
distribution behavior in amine−water systems.

At 25 °C, the values of D span a range (0.383−13.4) similar
to that of analyte KOW’s (0.0851−13.8, excluding BPA), i.e.,
substituting the n-octanol organic solvent with tert-octylamine
did not drastically alter the general trends in analyte
distribution compared to the benchmark octanol−water
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system. As the temperature increases to 70 °C, on the other
hand, the range of D’s expands by three orders of magnitude to
0.0245−2730 while KOW’s are considered to stay relatively
constant.28 Critically, the relationship between temperature
and distribution is not uniform; D either increases, decreases,
or remains constant with the temperature change. Mutual
solubilities between TOA and water are highly temperature-
sensitive. An increase from 25 to 70 °C, for example, results in
a ≈50% w/w decrease in TOA solubility in the aqueous phase
(the change in the water content of the organic solvent phase is
less dramatic).50 Therefore, the solvation environments
experienced by the analytes, e.g., polarity, change significantly
within the organic and aqueous phases, yielding the observed
dramatic changes in D. The specific mechanism by which
temperature affects the analyte distribution behavior is further
elucidated in a subsequent subsection. In addition, the analysis
is further refined in another subsection for broader
applicability across a range of solvents with different
solubilities.
Distribution of Organic Analytes Is Principally

Determined by Hydrophobicity and Acid−Base Inter-
actions. As established in the preceding discussion, analyte
distribution coefficients in the TOA−water system generally
increase with the hydrophobicity of the organic compound,
KOW, with more hydrophobic solutes, by and large,
preferentially distributing into the organic solvent phases of
the biphasic TSSE mixtures. However, KOW can only
quantitatively explain approximately half of the variation in D
(Table S6 of the Supporting Information). Thus, additional
factors beyond hydrophobicity play an influential role in
governing the distribution of organic compounds in the
amine−water systems. TOA is a basic solvent with a pKa,1
value of 10.7 (Table S1). In addition, significant amounts of
TOA partition into the aqueous phases of the biphasic
mixtures to yield considerably greater concentrations (≈9100
mg/L at 25 °C, Table S1) than the 100 mg/L analyte
concentration of the initial feed solutions. As a result of the
basicity and high relative solubility of TOA, the pH levels of
the aqueous phases are driven by the partitioned amine and
consistently >11.5, above the pKa’s of all investigated analytes
except caffeine (Table 1). The organic analytes present in the
aqueous phases will, hence, be predominantly deprotonated,
i.e., conjugate bases, aside from caffeine, which will remain in
its neutral form. More acidic organic compounds not
specifically investigated in this study, e.g., containing carboxylic
acid functional groups, will also deprotonate in these highly
basic environments at the analyte concentrations considered.
These acid−base interactions necessarily change analyte
distribution behavior, as the activities (or chemical potentials)
of each speciation of the compound, i.e., neutral or ionized,
must be equivalent in both the organic solvent and aqueous
phases at equilibrium.28

The significant role of the analyte pKa is validated by the t-
statistics and p-value of a regression analysis, which reveals
quantitative and qualitative relationships between D and the
analyte properties of hydrophobicity, KOW, and acid dissoci-
ation constants, Ka,1 and Ka,2 (Table 2, with coefficients and
variables transformed into logarithmic space). The multiple
linear regression yields log D̂ = 0.771 log KOW − 0.108 pKa,1 +
0.039 pKa,2 + 0.883 (hat notation, ∧, signifies a modeled
value). The coefficient (or, equivalently, the slope) of the KOW
variable is positive, indicating that D increases with hydro-
phobicity. This is consistent with the general understanding

that more hydrophobic compounds will prefer the lower-
polarity organic solvent phase. Coefficients Ka,1 and Ka,2, on the
other hand, serve to adjust D by reflecting the relative
favorability of ionizable compounds to distribute into the
aqueous phase, i.e., lowering D (Table S7). Deprotonated
compounds are charged and, hence, will favor the higher
relative permittivity of the aqueous phase over the low-
dielectric constant environment of the organic solvent
phase.36,51 Critically, even with simplistic linear fittings,
hydrophobicity and acid−base interactions are sufficient to
model D with a high degree of accuracy (adjusted R2 = 0.917),
providing convincing evidence that these analyte properties
principally determine distribution in the investigated solvent−
water system. The generalizability of this finding to other
amine solvents with thermoresponsive hydrophilicity is
examined in a later subsection.

The goodness of the regression fit is illustrated by the parity
plot in Figure 2. Modeled distribution coefficients, D̂, are
plotted against the experimental values, with the dashed 45°
line indicating perfect agreement between the model and
experimental observation. In subsequent discussions, regres-
sion fits are primarily analyzed using parity plots, and
regression tables are included in the Supporting Information.
Despite differences in chemical structures and elemental
compositions of the compounds (Table 1) and the relative
simplicity of the multiple linear regression, D̂ values are well-
predicted by the model for all of the organic analytes explored.
Although D could not be calculated for BPA (concentration in
the aqueous phase is below detection limits), the distribution
coefficient should be greater than that of chloramphenicol,
given that BPA concentrations are lower than chloramphenicol
in the aqueous phases and higher than chloramphenicol in the
organic phases. Indeed, the modeled D̂ values for BPA and
chloramphenicol are 575 and 13.2, respectively, consistent with
expectations. The regression model captures distribution
behavior across a wide range of hydrophobicities and for
both predominantly neutral (caffeine) and ionizable species.
This versatility suggests that none of the evaluated organic
analytes had any appreciable specific reactions with the solvent.
Furthermore, the regression model is based solely on analyte
physicochemical properties, thus offering a powerful tool for
predicting the distribution behavior of a broad spectrum of
organic contaminants in a TOA−water system. This analysis is
expanded in the following subsections to provide a platform for
a priori determination of D’s at different temperatures and for a
range of solvents.

Table 2. Coefficients of Multiple Linear Regression Analysis
between Analyte Distribution Coefficient, D, in Biphasic
tert-Octylamine−Water Mixtures at 25 °C and Analyte
Properties of Octanol−Water Partition Coefficient, KOW,
and Acid Dissociation Constants, Ka,1 and Ka,2: log D̂ =
0.771 log KOW − 0.108 pKa,1 + 0.039 pKa,2 + 0.883

parameter slope standard error t-statistics p-valuea

log KOW 0.771 0.065 11.929 ***
pKa,1 −0.108 0.012 −8.955 ***
pKa,2 0.039 0.008 4.778 ***
(intercept)b 0.883 0.067 13.250 ***

multiple R2 = 0.932; adjusted R2 = 0.917
a***, **, and * indicate p-values <0.001, 0.01, and 0.05, respectively.
bVertical axis intercept of the regression equation.
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Shifts in Acid−Base Interactions due to Temperature
Can Produce Drastic Changes in Distribution. Distribu-

tion of organic analytes in an octanol−water system is reported
to be relatively insensitive to temperature over the environ-
mentally relevant range (ΔKOW < ≈14% between 5 and 45
°C).28,52−54 In the TOA−water system, however, D’s change
for most of the compounds as the temperature increases from
25 to 70 °C, by as much as ≈2 orders of magnitude (Figure 3A
and Table S8 of the Supporting Information). The large swings
in D cannot be explained by the temperature dependence of
KOW alone. Further, while raising the temperature lowers pKa
consistently for the organic analytes (Table 1), the direction of
the temperature effect on D is not uniform: the distribution
coefficients of uracil and sulfamethazine decrease with
increasing temperature, indicating that the analytes preferen-
tially distribute into the aqueous phase, whereas the D’s of
acetaminophen and chloramphenicol increase with temper-
ature, i.e., elevated concentrations in the organic solvent phase.
Caffeine is the sole organic analyte for which the D’s are
statistically the same at both temperatures (p > 0.05).
Critically, caffeine is also the only compound evaluated in
this study that remains in its neutral form, i.e., does not ionize,
in the TOA−water system.

Mutual solubilities of TOA and water are very sensitive to
changes in temperature. TOA solubility in the aqueous phases
decreases by ≈50% w/w as the temperature increases from 25
to 70 °C.50 Because less of the basic TOA solvent is mixed
with water, the pH levels of the aqueous phases decline from
≈11.7 to ≈10.9. As mentioned above, the pKa’s of the organic
analytes are lower at the elevated temperature (Table 1), which
affects the ratio of ionized to neutral species for most analytes,
thereby impacting distribution behavior. Because caffeine
remains predominantly neutral at both temperatures, the
compound is not impacted by the pH and pKa changes. This is
corroborated by the statistically indistinguishable distribution

Figure 2. Parity plot comparing distribution coefficients, D, from
experimental characterization and the regression model for organic
analytes at 25 °C. The dashed 45° line signifies perfect agreement.
Note that both horizontal and vertical axes are on logarithmic scales.
Solvent tert-octylamine (TOA) was equilibrated with equal weights of
aqueous feed solutions of 100 mg/L uracil, caffeine, sulfamethazine,
acetaminophen, or chloramphenicol (triangle, square, rectangle,
diamond, and pentagon, respectively). Darker shades of blue indicate
analytes with lower octanol−water partition coefficients, KOW, as
denoted by the color bar legend (with log KOW labeled). Bisphenol A
was not detectable in the aqueous phase of the mixtures and is hence
not represented in the plot. Data and error bars are means and
standard errors, respectively, of triplicate experiments.

Figure 3. (A) Experimental distribution coefficients, D, at 25 and 70 °C (filled and open columns, respectively) in the TOA−water system for
uracil, caffeine, sulfamethazine, acetaminophen, chloramphenicol, and bisphenol A. Lighter shades of violet represent analytes with greater changes
in pKa,1 between the low and high temperatures, as indicated by the color bar legend (with ΔpKa,1 labeled). Changes in pKa,2 between the
temperatures, where applicable, are indicated underneath the horizontal axis analyte labels. ***, **, and * designate p-values <0.001, 0.01, and 0.05,
respectively. (B) Parity plot comparing the ratios of distribution coefficients at 25−70 °C, D25 °C/D70 °C from experimental characterization and the
regression model (the dashed 45° line signifies perfect agreement). Note that the axes for distribution coefficients and distribution coefficient ratios
are on logarithmic scales. Aqueous feed solutions of 100 mg/L uracil, caffeine, sulfamethazine, acetaminophen, or chloramphenicol (triangle,
square, rectangle, diamond, and pentagon, respectively) were equilibrated with equal weights of the solvent tert-octylamine (TOA). Bisphenol A
was not detectable in the aqueous phase of the mixtures at either temperature, and hence, distribution coefficients could not be calculated (denoted
“NA” for “not applicable”). For all plots in this figure, data and error bars are means and standard errors, respectively, of triplicate experiments.
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coefficients at 25 and 70 °C; i.e., partitioning behavior of the
analyte aligns with the widely established notion that
distribution in an octanol−water system is insensitive to
temperature. However, for the other investigated analytes, the
temperature-driven changes in pKa and aqueous phase pH have
a substantial impact on distribution. Regression analysis reveals
a significant relationship between the ratios of distribution
coefficients at 25−70 °C, D25 °C/D70 °C, and the associated
changes in aqueous phase pH levels, ΔpHaq, and in organic
analyte Ka’s, ΔpKa,1 and ΔpKa,2 (coefficients of the regression
analysis are summarized in Table S9 of the Supporting
Information). Importantly, parameters ΔpHaq, ΔpKa,1, and
ΔpKa,2 are sufficient to accurately model D25 °C/D70 °C with
the rudimentary multiple linear regression (Figure 3B),
suggesting that the influence of temperature on acid−base
interactions in the aqueous phases primarily determines
changes in distribution behavior.
An alternative explanation for the temperature dependence

of D may be that the trends are driven by changes in water
contents of the organic solvent phase. However, on deeper
analysis, we ruled out this possibility. As the temperature
increases from 25 to 70 °C, the weight fraction of water in the
TOA-rich phases, yorg

H2O, decreases from 25.5 to 10.2% w/w; i.e.,
the organic solvent phase becomes more water-lean. The D’s of
the more hydrophilic uracil and sulfamethazine decrease. On
the other hand, the distribution coefficients of the more
hydrophobic acetaminophen and chloramphenicol increase. If
the change in water contents of the organic solvent phases,
Δyorg

H2O, is the principal factor underlying partitioning behavior
on the basis of hydrophobicity, the value of D should also be
expected to change for caffeine, which has a lower KOW than
sulfamethazine (i.e., less hydrophobic). Yet, caffeine distribu-
tion does not change between the low and high temperatures.
Furthermore, the additional inclusion of parameters to capture
the interaction between Δyorg

H2O and KOW within the regression
model did not yield statistically meaningful coefficients (results
not shown). Thus, acid−base interactions in the organic
phases and the sensitivity of the interactions to temperature are
the principal factors governing the fate of organic contami-
nants.
Distribution Coefficient of Ionizable Compounds

Increases with Concentration Because of Greater
Deprotonation. Concentrations of organic contaminants in
real hypersaline brines vary over several orders of magni-
tude.8,22−24 In octanol−water systems, the D’s (i.e., the KOW’s)
are relatively insensitive to changes in concentration so long as
the solute remains present in dilute amounts; distribution
behavior is concentration-dependent only when the solute
content becomes sufficiently high that solute−solute inter-
actions are no longer negligible (typically >0.1 mol/L).28 To
evaluate the potential influence of solute concentration on the
partitioning behavior, distribution coefficients for aqueous feed
solutions of 20, 100, 500, and 1000 mg/L analyte, i.e., dilute
range (equivalent to 0.10−6.62 × 10−3 mol/L), were evaluated
for acetaminophen and caffeine (Figure 4A,B, respectively).
Despite acetaminophen concentrations being well in the dilute
region, D monotonically increases with increasing feed
concentrations (Figure 4A, with statistical significance
indicated by asterisks, and Table S10 of the Supporting
Information). In contrast, the D’s of caffeine remain statisti-
cally indistinguishable (p > 0.05, Table S10) across analyte
feed concentrations of 100, 500, and 1000 mg/L (Figure 4B,
left axis; p-value <0.05 between 20 and 100 mg/L is discussed

below). This discrepancy in analyte behavior and the dilute
analyte concentrations indicates that acetaminophen distribu-

Figure 4. Logarithms of distribution coefficients, D (eq 1), i.e., all
speciations, for (A) acetaminophen and (B) caffeine (left vertical axis)
as a function of analyte feed concentration. Logarithms of partition
ratios, K (eq 2), i.e., only neutral species, of (B) caffeine (right vertical
axis) and (C) acetaminophen as a function of analyte feed
concentrations. Note that because caffeine molecules remain neutral,
i.e., do not protonate or deprotonate, in the investigated systems, the
D and K are, therefore, equivalent. Solvent tert-octylamine (TOA) was
equilibrated with equal weights of aqueous feed solutions of 20, 100,
500, and 1000 mg/L analyte. For all plots in this figure, data and error
bars are means and standard errors, respectively, of triplicate
experiments. ***, **, and * indicate p-values <0.001, 0.01, and
0.05, respectively.
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tion does not change with feed concentration as a result of
solute−solute interactions. Instead, further analysis reveals that
varying the analyte concentration alters the acid−base
interactions in the aqueous phases of the amine−water
mixtures and, in turn, shifts the D’s of ionizable compounds.
To separate out the effect of acid−base interactions on

equilibrium, partition ratios, K, were evaluated (eq 2) for
caffeine and acetaminophen (Figure 4B, right axis, and C). The
partition ratio is determined using only the neutral form of the
analyte. Because caffeine always remains predominantly neutral
in this amine−water system, the D and K are equivalent.
Hence, neither distribution nor partitioning behavior changes
as the feed caffeine concentration is raised from 100 to 1000
mg/L (p > 0.05), matching the expected behavior of octanol−
water systems. The ratios do increase as the initial caffeine is
increased from 20 to 100 mg/L, but this rise might be due to
measurements at low concentrations being more sensitive to
experimental variations and uncertainties in sampling and
HPLC methodology (as evidenced by a larger error bar for 20
mg/L).
The concentration of uncharged acetaminophen in the

aqueous phase can be calculated by using pH in the
Henderson−Hasselbalch equation. Analytes in the organic
phase are approximated to be predominantly neutral,28 as the
low-dielectric constant environment of the amine solvent is
highly unfavorable for ionized compounds.36,51 The partition
ratios of acetaminophen do increase with analyte feed
concentration but are practically indistinguishable (Figure
4C), again matching the behavior in octanol−water systems.
The pKa of acetaminophen is lower than that of the organic
solvent TOA. As the analyte feed concentration increases, the
aqueous phase pH slightly decreases, and the relative
proportion of neutral acetaminophen concomitantly increases.
For feed analyte concentrations of 20, 100, 500, and 1000 mg/
L, the aqueous phase pH levels are calculated to be 11.73,

11.73, 11.71, and 11.69, respectively. Similarly, concentrations
of neutral acetaminophen in the aqueous phase are
theoretically determined to be 0.30, 0.30, 0.31, and 0.33
mol/L, respectively. The observed increase in D with
increasing analyte feed concentration in Figure 4A is caused
by the shift in acetaminophen speciation to the neutral form.
Thus, the underlying mechanism for the concentration-
dependence of the distribution coefficient for ionizable
compounds is, again, acid−base interactions.
Distribution Coefficient Trends Negatively with

Solvent Solubility in Water. To examine analyte distribu-
tion behavior across solvents with distinct chemical structures
and properties, the D values of caffeine, acetaminophen, and
bisphenol A (initial aqueous concentrations of 100, 20, and
100 mg/L, respectively) were assessed for five amine solvents
of tert-octylamine (TOA), N,N-dimethylcyclohexylamine
(DMCHA), N-ethylcyclohexylamine (ECHA), dipropylamine
(DPA), and triethylamine (TEA). These amines exhibit
thermoresponsive hydrophilicity and have been previously
evaluated for TSSE.18,20,36,38,47 Molecular structures and
thermophysical properties are summarized in Table S1 of the
Supporting Information. Initial experiments were conducted
using 20 mg/L acetaminophen aqueous feeds; however, the
concentrations were increased to 100 mg/L for caffeine and
BPA for improved measurement of these more hydrophobic
compounds in the aqueous phases. Figure 5A shows the
distribution coefficients, D (values available in Table S11 of the
Supporting Information). Note that because concentrations of
BPA in the aqueous phases were below detection limits for
solvents TOA and DMCHA but measurable for DPA and
TEA, the D’s could only be calculated for two of the solvents.
Additionally, solvent−analyte pairings of caffeine−ECHA,
bisphenol A−ECHA, and acetaminophen−DMCHA were
not characterized and, thus, not presented. The combinations
of solvent, analyte, and analyte concentrations were thought-

Figure 5. (A) Experimental distribution coefficients, D, for analytes caffeine, acetaminophen, and bisphenol A (solid, banded, and hatched columns,
respectively) across amine solvents of tert-octylamine (TOA), N,N-dimethylcyclohexylamine (DMCHA), N-ethylcyclohexylamine (ECHA),
dipropylamine (DPA), and triethylamine (TEA). Note that the vertical axis is on a logarithmic scale and has a break. (B) Parity plot comparing the
D’s from experimental characterization and the regression model, with both axes on logarithmic scales. Square, diamond, and circle symbols denote
caffeine, acetaminophen, and bisphenol A analytes, respectively. The dashed 45° line signifies perfect agreement. Aqueous feed solutions of 100
mg/L caffeine, 20 mg/L acetaminophen, or 100 mg/L bisphenol A were equilibrated with equal weights of solvents at 25 °C. Darker shades of
green represent solvents with lower solubility in water, yaqSolv, as indicated by the color bar legend (with yaqSolv labeled). Bisphenol A was not detectable
in the aqueous phase of the TOA and DMCHA mixtures; thus, distribution coefficients could not be calculated and are indicated by “NA” for “not
applicable”. Caffeine and bisphenol A were not measured for ECHA, and acetaminophen was not measured for DMCHA. These solvent−analyte
pairings are hence not represented in either plot. Data and error bars are means and standard errors, respectively, of triplicate experiments.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c09656
Environ. Sci. Technol. 2025, 59, 23484−23496

23491

https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c09656/suppl_file/es5c09656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c09656/suppl_file/es5c09656_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c09656?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c09656?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c09656?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c09656?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c09656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


fully chosen to balance the representation of different
parameters while probing the robustness of earlier findings in
this study. Distribution coefficients of caffeine and acetamino-
phen remain within an order of magnitude across the different
solvents, ranging 1.15−6.20 and 0.25−1.09, respectively. The
D’s of BPA are 5430 and 145 for the DPA and TEA systems,
respectively, and are much more sensitive to changes in the
relatively low concentrations of BPA in the aqueous phases
(i.e., the denominator of eq 1 is small, yielding relatively larger
error bars, e.g., BPA-DPA).
For all analytes, D generally trends negatively with amine

solubility in the aqueous phases, yaqSolv (labeled in the color bar
legends of Figure 5, with darker shades of green signifying
lower solubilities); i.e., the organic analytes preferentially
distribute into the aqueous phases as the solubility of solvent in
water increases. All of the solvents are basic, with pKa’s ranging
from 10.7 to 11.4 (at 25 °C, Table S1). However, the variation
between Ka’s of the amines is narrower (4.2-fold) compared to
solvent solubility in the aqueous phase, which spans from 0.91
to 7.5% w/w (8.2-fold). As such, yaqSolv has a stronger influence
on the aqueous phase pH than pKa. Solvents that are more
water miscible create a more basic aqueous phase and increase
the ratio of ionized to neutral forms of the analyte. Because
ionized species do not favor the low-dielectric constant
environments of the organic solvent phases, the increase in
yaqSolv ultimately lowers D.
The regression analysis presented in Figure 5B highlights the

significant influence of solvent characteristic yaqSolv on analyte
distribution, in addition to the importance of analyte
properties KOW and Ka identified earlier (Figure 2 and Table
2; pKa,2 is not used in this regression analysis as only BPA has a
second acid dissociation constant). The negative coefficient of
the yaqSolv variable is consistent with the analyte distribution
trending negatively with solvent solubility in water (Table S13
of the Supporting Information). While the analyte properties
can explain the majority of variation in distribution behavior
(Table S12), the solvent-specific parameter yaqSolv is helpful to
account for changes in distribution across different solvents,
with the coefficient of determination, R2, increasing from 0.866
to 0.930 after including yaqSolv in the multiple linear regression.

Further, even though solvent solubility can be readily
characterized, the parameter can alternatively be modeled
using the solvent physicochemical properties of KOW

Solv and pKa,1
Solv

with good accuracy (R2 = 0.975, Table S14), thus eliminating
the need for experimental measurements. Overall, the
goodness of fit in Figure 5B across all investigated
combinations (i.e., ≈5 orders of magnitude of D, three organic
compounds with KOW spanning >3 orders of magnitude and
markedly dissimilar ionizability, and five different solvents)
signifies that the principal factors governing partitioning are
KOW and Ka of the organic compound and yaqSolv of the solvent.
Specific Ion−Analyte Interactions Determine Salting-

In and Salting-Out Behavior. TSSE is applied to desalinate
saline, and frequently hypersaline, streams. Hence, the
distribution of any organic compounds present in the feed
will be against the background of high inorganic salts. The
introduction of salts to the biphasic system can cause salting-in
or -out of the organic compounds. Salting-in is the
phenomenon in which organic solutes become more soluble
in the saline aqueous phases compared to a salt-free system
and their D’s decrease. Salting-out describes the lowering of
organic compound solubility in the aqueous phases by the
salts, with D, thereby, increasing. To elucidate the role of
salinity on D, we characterized the distribution of three
analytes, caffeine, acetaminophen, and chloramphenicol, with
saline feeds simulated by sodium chloride (NaCl) solutions at
concentrations of 0.50, 1.0, and 4.0 mol/L to represent
seawater, seawater desalination retentate, and hypersaline
brine, respectively. A relatively high analyte feed concentration
of 1000 mg/L was necessary to ensure measurable HPLC
peaks with the large sample dilution ratios (≈15×) required to
avoid salt precipitation on the column.

Distribution coefficients as a function of feed salt
concentrations using tert-octylamine as the solvent are
presented in Figure 6. Chloramphenicol concentrations in
the aqueous phases are below detection limits for all feed salt
concentrations >0 mol NaCl/L, and thus, the D’s could not be
plotted. The D for acetaminophen decreases from 1.15 to 0.44
as the feed salt concentration increases from 0 to 0.5 mol of
NaCl/L (Figure 6A and Table S15 of the Supporting

Figure 6. Experimental distribution coefficients, D, for (A) acetaminophen and (B) caffeine as a function of sodium chloride concentration in the
feed solution. Note that the vertical axes are on different logarithmic scales. Aqueous feed solutions of 1000 mg/L analyte were equilibrated with
equal weights of tert-octylamine (TOA) solvent at 25 °C. For all plots in this figure, data and error bars are means and standard errors, respectively,
of triplicate experiments. ***, **, and * indicate p-values <0.001, 0.01, and 0.05, respectively.
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Information). Although there is a slight increase of D to 0.75 in
the 1.0 mol NaCl/L solution, the analyte is still salted-in
compared to the salt-free solution (p < 0.001). Only at
sufficiently high NaCl concentration of 4.0 mol/L is the
organic compound salted out of the aqueous phase (D = 1.5, p
< 0.001). On the other hand, caffeine (Figure 6B) and
chloramphenicol (not presented), only exhibit salting-out
behavior in response to the addition of salt, i.e., analytes
prefer the organic solvent phase upon the introduction of salt
(for the examined concentrations).
Although there is no universally accepted explanation for the

salting-in and salting-out mechanisms,55−58 molecular inter-
actions offer a useful framework for interpreting experimental
observations. In the aqueous phase, electrolyte ions are
preferentially hydrated over organic solutes by water
molecules. An increase in salt concentration would, thus,
decrease H2O solvation of nonelectrolytes. Favorability of the
nonelectrolytes to be in the aqueous phase is reduced and the
organic phase is comparatively preferred, thereby increasing
D.59 Indeed, the distribution coefficients of caffeine monotoni-
cally increase with saline feed concentration (Figure 6B). In
addition, more hydrophobic analytes are, on the whole, more
easily salted out of aqueous feed solutions.60,61 Chloramphe-
nicol, which has a KOW that is orders of magnitude greater than
caffeine and acetaminophen, is observed to be almost
completely salted out of the aqueous phases when equilibrated
with ≥0.5 mol NaCl/L aqueous feed solutions. However,
interactions between salt ions and organic solutes are analyte-
specific, and there are often outliers to these general
trends.58,60,61 In the TOA−water−NaCl system, acetamino-
phen exhibited both salting-in and salting-out behaviors,
depending on the ionic strength of the aqueous phase (Figure
6A). This suggests that such specific interactions between salt
ions, organic analyte, water, and potentially even amine solvent
molecules are significant in influencing the eventual distribu-
tion of the organic compound.
In this study, equal weights of solvent and aqueous feed

solution were equilibrated in single batch experiments. Real
TSSE operations will utilize higher solvent-to-feed ratios or
multiple extraction cycles to achieve practical water recovery
yields. Salt contents of the final raffinate, i.e., the aqueous
effluent stream produced by the extraction step, will be in the
hypersaline range or are likely near saturation; i.e., the D at 4.0
mol NaCl/L is more representative of the extraction step.
Therefore, it is expected that organic contaminants in the feed
will experience amplified salting-out, although only the more
hydrophobic components might be completely ejected into the
organic solvent phase. TSSE product waters are typically <0.5
mol NaCl/L in equivalent salinity. Hence, the extent to which
the organic solutes are recycled with the solvent rather than
distributed into the product water will likely be more analyte-
specific.

■ IMPLICATIONS
This study elucidates the key physicochemical phenomena that
govern the partitioning behavior of organic contaminants in
amine−aqueous systems. The hydrophobicity of the organic
compound is a major determinant of distribution between the
amine solvent and water, consistent with the established trends
in phase affinity between n-octanol and water (analogously,
lipophilicity/hydrophilicity). In general, more hydrophobic
compounds will be present in the organic amine phases in
higher proportions. Notably, organic contaminants with

octanol−water partition coefficients greater than that of the
amine overwhelmingly distribute into the organic solvent
phases. This feature can be strategically leveraged for the
targeted remediation of organic contaminants from hypersaline
brine through a rational solvent selection.

Amines are good candidates for TSSE due to the high and
sharply temperature-dependent water solubility in the
solvents.32,33 However, amines are also basic. In the aqueous
phases of biphasic TSSE mixtures, the basicity can deprotonate
organic contaminants that are ionizable at high pH levels.
Therefore, acid−base interactions play a critical role in the
distribution of organic compounds. Similar to electrolyte salts,
which are highly rejected by the amine solvents, ionized
organic compounds will be largely retained in the aqueous
phases of TSSE. Different compositions and concentrations of
organics in the brines and the specific amine solvent will alter
the aqueous phase basicity and, in turn, modify the distribution
behavior of the contaminants. The swing in temperature, a
feature of the working principles of TSSE, will similarly change
the partition equilibrium by shifting the aqueous phase pH.
These findings can be generalized to solvents with high pKa’s
and significant solubility in water. For the corollary solvents
with low pKa’s (e.g., carboxylic acids for TSSE), the converse
applies, with potential protonation of the organic compounds
affecting the phase preference. Solvents that lack ionizable
atoms, such as ethers and ketones, or those with negligible
solubility in water can be expected to behave more similarly to
octanol−water mixtures.

The regression analyses presented in this study accurately
captured distribution behavior for a wide range of organic
compounds across different amine solvents and at the
extraction and disengagement temperatures of TSSE. Notably,
the regression models are based solely on commonly reported
analyte properties of octanol−water partition coefficient and
acid dissociation constants, solvent physicochemical character-
istics of solubility in water (or, alternatively, solvent octanol−
water partition coefficient and acid dissociation constant), and
the influence of temperature on these parameters. The robust
predictive power using readily available thermophysical data
highlights the potential of the approach for the a priori
determination of the organic contaminant distribution broadly
in amine−water systems. The analyses here employed
relatively simple multiple linear regression. Applying more
sophisticated models can enhance or expand predictive
capabilities, for example, to model the ion- and analyte-specific
effects of background salt on distribution in solvent−water−
salt systems. Building off the foundation developed in this
work, future studies can further probe the quantitative
dependence of distribution coefficient on acid dissociation
constants, octanol−water partition coefficient, and solvent
solubility in water by investigating broader ranges of solvent−
analyte−concentration combinations as well as examine
distribution behaviors in systems with multiple organic
contaminants, highly volatile solvents (e.g., dimethyl
ether),62−64 volatile analytes, natural organic matter, and
surfactants. The findings here can guide the rational design of
the TSSE or other solvent-based processes for improved
separation performance. Insights on the influence of solute
properties (KOW and pKa) and solvent characteristics (yaqSolv,
KOW

Solv, and pKa,1Solv) on partitioning behavior from this study
advance our fundamental understanding of the fate of organic
contaminants. This framework can inform the development of
practical tools to more accurately predict the partitioning of
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organic compounds in environmental, biological, and chemical
settings, particularly in which acid−base interactions play a
significant role.
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