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Abstract

Diisopropylamine (DIPA), aminomethyl propanol (AMP), amino ethoxy ethanol (AEE), diethanolamine (DEA), ethanola-
mine (EA), pyridine (PYR) and methyl diethanolamine (MDEA) are used for carbon capture and to sweeten sour gas, and
are found in groundwater. They are also used in cosmetic products. Taurine is abundant in the body, with key biological
functions linked to its charged SO groups. Interactions between SO and amines have not been studied, but can strongly
affect the biological function of taurine. Fourier transform infrared spectroscopy indicates SO...HN hydrogen bonding
between taurine and DIPA, AMP, AEE, DEA, EA and MDEA. These interactions induce the formation of hydrophobic amine-
taurine clusters, thus decreasing amine miscibility in water, as revealed by light scattering. This effect is most marked for
DIPA, leading to turbid mixtures indicative of micron-sized droplets. PYR and taurine likely interact via S...N bonding.
This study offers insights regarding potential mechanisms of amine toxicity to humans.
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1 Introduction

Taurine is a $-amino acid biosynthesized from cysteine [1]. The structure of taurine is shown in Scheme 1. Taurine com-
prises both an -NH, and a sulfate group, dissimilar to most other amino acids. This difference affects the physical prop-
erties of taurine, and hence its diffusion, solubility, ionization, and isoelectric points [2]. It also renders taurine strongly
zwitterionic, with high water solubility and low lipophility. Also, sulfonation is important because it imparts a permanent
negative charge to taurine at physiologically relevant pH values, thus inhibiting passive diffusion of taurine across bio-
logical membranes [2]. Mammals use a transporter (TauT) to move taurine across membranes.

Taurine is a non essential amino acid, because it is not used to build proteins in the body. Nonetheless, it is a functional
amino acid, serving important biological functions. It is present in significant amounts freely floating in the intracellular
water of the cells. For instance, the concentration of taurine in cardiac tissue is =20 mM [3]. Lack of taurine has been
associated with cardiac dysfunction, as well as with atrophy of other muscles [4]. For example, taurine regulates proper
function of skeletal muscles [5], and knockout of the taurine transporter gene in mice decreases exercise capacity and
impairs skeletal muscle [2]. Lack of taurine has also been associated with premature aging and reproductive impairments
[1]. Moreover, taurine plays an important role in lung function [4]. A study proposes that taurine is an osmoregulator
of cell volume, for instance in fish, as well as in the brain under high osmotic states (e.g., hypernatremia, dehydration
and uremia) [3]. Another study also reports that taurine aids in cell volume restoration following osmotic perturbation
[4]. Furthermore, taurine controls proper function of adrenal glands [2]. Taurine action on the adrenal gland is linked
to its sulfonate group, rather than on its amino group [2]. It has been proposed that the biological activity of analogs
and homologs of taurine requires the simultaneous presence of an unsubstituted amine and a sulfonate group, or of
an unsubstituted amine and a sulfinate group [2]. Taurine is particularly abundant in the retina and plays a key role in
maintaining both the function of the retina [6] and the tapetum (i.e., the membrane located behind the retina, which
reflects back the light that has gone through the retinal cell layers and thus enhances light detection by photoreceptor
cells) [1]. Visual dysfunction in humans and animals is linked to taurine deficiency and can be reversed with nutritional
supplements [6]. Although taurine can be produced in the body starting from cysteine [2], human children are dependent
on dietary taurine more than adults [6]. This may explain taurine abundance in human breast milk [3]. Taurine abundance
in human milk is also justified by the fact that it is particularly essential to development of the fetus and newborn, and
specifically for human fetal brain neuron proliferation and differentiation [2]. Another study reports that in mitochon-
dria, the pH gradient across the inner-membrane is stabilised by buffering of the matrix [7]. The authors found that the
pKa value of taurine is 9.0 at 25 °C and 8.6 at 37 °C, and that taurine can act as a buffer in the mitochondrial matrix, thus
rendering it a biochemical reaction chamber suitable for enzymes [7]. For example, the authors found that acyl-CoA
dehydrogenase enzymes have optimal activity in a taurine buffer. These enzymes have a key role in the beta-oxidation
of fatty acids [7]. The authors propose that taurine depletion is linked to mitochondrial dysfunction and diabetes [7].
Taurine has also been found to decrease cholesterol levels and fat [2]. Taurine plays a key role in the nervous system and
on cognitive functions [8]. Taurine supplements have been found to markedly improve and even restore cognition loss
[9]. Nonetheless, excessively high elevated taurine level in cerebrospinal fluid by exogenous administration causes cogni-
tion retardation between the perinatal to early postnatal period, although not outside this life period [9]. Another study
also reports that when neutrophils are activated during inflammation, taurine reacts with hypochloric acid and forms
taurine chloramine, thus triggering anti-inflammatory responses in the body [5]. Finally, taurine was found to enhance
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the function of leucocytes after chemotherapy of cyclophosphamide of individuals affected by malignant tumors [10].
While this summary is not exhaustive, it offers a glimpse into the numerous functions of taurine in the body.

Given the different important functions of taurine, and its peculiar structure (which comprises a sulfate group), we are
interested in probing its interactions with alkanolamines and diisoproylamine, an aliphatic amine. Such interactions could
affect the functionality of taurine in the body, thus harming human and animal health. Alkanolamines and DIPA are used
to sweeten sour gas and crude oil (i.e., to remove acidic components that would hamper their use), and for carbon capture
[11-14]. They are found in groundwater close to industrial sites [15-17], and in plants growing in impacted areas [18]. For
example, a study reports that DIPA (as well as sulfolane) were found in a wetland close to a sour-gas processing facility, as
well as in plants growing in this area [18]. DIPA concentrations were 16 mg/kg in sedge flower heads, and 15-17 mg/kg
and 0.2-1.0 mg/L in soil and groundwater, respectively [18]. Plants could be eaten by wildlife, with potential risks. Beyond
their presence in groundwater due to accidental spills orimproper management, alkanolamines are used as in different
cosmetic products, such as hair dyes, shampoos, and lotions [17, 19], as well as in laundry products [20]. For example,
alkanolamines are used in hair dyes as pH adjusters [21]. A patent describing hair color composition indicates that sug-
gested ranges of pH adjusters such as EA and AMP are from about 0.00001-8% by weight of the total composition [22].
Moreover, EA is used as a pearlizing agent (to create a pearlescent effect in products, for visual appeal) in oxidizing hair
dyes, and a patent recommends amounts ranging from about 0.01% to about 10% by weight of the formulation [23]. EA
is also used to combat skin aging, and suggested concentrations range from 0.01% to about 10% [24]. Concentrations up
to 10wt% are also proposed for AMP in skin formulations [25]. This will lead to dermal exposure. Also, when septic tanks
rather than water treatment facilities are used, chemicals present in household products will be released in groundwater.
Similarly, DIPA is commercialized for various applications, including as an intravenous antihypertensive agent [26] and
in contact lens cleaner applications [27]. Also, its has been used for adjusting pH in cosmetic formulations, in colognes,
and toilet cleaners [28]. Dow Chemicals commercializes DIPA for products serving as emulsifiers, stabilizers, chemical
intermediates and neutralizers, both for industrial applications and in household cleaning product. The toxicity of the
many constituents in household cleaning products, cosmetics and colognes should be more strictly regulated. While
this study focuses on amines, other constituents in common products also have adverse environmental impacts, such as
fragrances [29]. A study conducted on rats and rabbits reports that the peroral LD50 of alkanolamines is 1.07-5.66 mL/
kg, while the percutaneous LD50 0.57-10.2 mL/kg [30]. LD50 (lethal dose 50) represents the amount of a substance that
kills 50% of a test sample upon exposure, in this case through ingestion (peroral) or through the skin (percutaneous). In
other words, this experiment corresponds to the ingestion of =60-300 mL of alkanolamines by a group of individuals
weighing 60 kg, to observe the death of 50% of the individuals studied. Gagnaire et al. conduced a study on mice, without
anaesthesia, to identify the amounts of aliphatic amines resulting in a 50% decrease in the respiratory rate (RD50) [31].
The RD50 values associated with exposure to saturated amines ranged from 50 to 200 ppm.

In the case of DIPA, the National Institute for Occupational Safety and Health (NIOSH) sets the REL (recommended
exposure limit) TWA (time weighted average) through dermal exposure to 5 ppm. NIOSH reports that exposure routes
for DIPA are inhalation, skin absorption, ingestion, skin and/or eye contact, and symptoms include irritation of the
eyes, skin, respiratory system, nausea, vomiting, headache and visual disturbance. Target organs include the eyes,
the skin, and the respiratory system.

A non-cancer inhalation chronic toxicity assessment was conducted on rats and mice using diethanolamine (DEA), and
found that DEA mainly acts as a respiratory irritant with effects occurring in the upper respiratory tract [32]. Values were
extrapolated from mice and rats to humans, and the chronic Reference Value for DEA was estimated to be 11 ppb (33 pg/
m3). Another study reports that DEA adversely affects the crustacean Calanus finmarchicus, altering the transcription
of genes involved in lipid metabolism, antioxidant systems, metal binding, and amino acid and protein catabolism [33].
Interestingly, the authors also report altered expression of fatty acid derivates, of the amino acids threonine, methionine,
glutamine, arginine, alanine and leucine, as well as of cholines (choline, phosphocholine and glycerophosphocholine)
[33]. The authors did not discuss the effects of DEA on taurine [33]. A study was conducted on rat dams (pregnant
females), exposing the mothers to MDEA during pregnancy [34]. The study showed dose-dependent skin irritation at
250 mg/kg/day, as well as decreased erythrocyte, hemoglobin, and hematocrit count upon exposure to 1000 mg/kg/
day. A study found that, after exposure, MDEA is sequestered in the skin, resulting in delayed and steady release into
the bloodstream, from which it migrates to the liver and kidneys [35]. Ballantyne et al. report that the dermal LD50s for
MDEA were 10.2 g/kg bw (9.85 ml/kg bw) and 11.34 g/kg bw (10.90 ml/kg bw) in a 24 h study in male and female rabbits,
respectively [36]. Exposure led to adverse dermal effects, lung, liver and kidney damage. When dams (pregnant female
mice) were exposed to 750 and 1000 mg/kg bw/day, they became anemic. Leung and Ballantyne, 1998 report that the
NOAELs for maternal toxicity and embryofetal toxicity is 250 mg/kg bw/day and teratogenicity occurs at 1000 mg/kg
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bw/day, respectively [37]. The LD50 of EA in rats is 1.1-2.7 g/kg body weight [38]. Repeated exposure caused adverse
behavioural effects and degenerative changes in different organs, mostly in the liver and kidneys [39], as well as skin and
respiratory irritation. EA is mainly metabolized through the liver, followed by the heart and brain [40]. Exposure to EA also
adversely affects spermatogenesis, and causes malformations and intrauterine deaths [41]. Another study analyzed the
oxidative and CO,-mediated degradation for 75 days, during CO, capture by amines. This study reports that exposure
to oxidatively degraded EA caused inflammatory cytokine expression [42]. AMP affects the formation of free fatty acids
from lipids. When rats fed a choline deficient diet were dosed with AMP, they suffered from inhibited fat catabolism and
increased amount of hepatic lipid, as well as an increased fat content of the liver [43]. The LD50 of AMP reported is 2.9 g/
kg for rats and 2.15 g/kg for mice [43]. A study reports that AMP in the blood decreased by roughly 80% AMP in a 4-h
period, followed by slower elimination of AMP incorporated into phospholipids and other cellular fractions. AMP secreted
from the body was unchanged [44].

In summary, DIPA and alkanolamines can be released in the environment due to accidental spills. They are also found
in varying cosmetic products, which come in direct contact with the skin and could be accidentally ingested. Also,
such products will be released in groundwater in all cases where household wastewater is treated with basic treatment
units, such as septic tanks, rather than in suitable wastewater treatment facilities. Many animal studies have attempted
to assess the toxicity of alkanolamines and diisopropylamine on the body. In these studies, animals were exposed to
high or even lethal doses. This approach can provide an indication of toxicity. Nonetheless, it does not give information
about the mechanisms involved in the toxic effects observed, beyond uncertainties in correlating responses of humans
to that of other animal species, and animal welfare considerations. The notable editorial‘Spare the animals and explore
the alternatives’ published in Nature in 2024 speaks to this point [45]. Understanding the ramifications of exposure to
chemicals on health would benefit from assessing their interactions with relevant biological molecules, of which taurine
is an example. The complexity of organisms doubtlessly renders this analysis only one of the many steps required to
understand the mechanisms of toxicity. Nonetheless, our current study aims to probe the effect of alkanolamines and
DIPA in a way different from typical animal studies, thereby offering a complementary perspective. Specifically, in this
study we highlight how alkanolamines and DIPA interact with the sulfate group of taurine. As mentioned earlier, this
group is key for the biological function of taurine.

2 Materials and methods
2.1 Materials

AMP (for synthesis), diethanolamine (DEA, = 99%), MDEA (= 99%), AEE (for synthesis), pyridine (PYR, = 99% purity) etha-
nolamine (EA, = 99%), diisopropylamine (DIPA, for synthesis), and Nile red were purchased from Sigma Aldrich (Canada).
Cavity slides (EISCO) were also purchased from Sigma Aldrich (Canada). Taurine (99% purity) and toluene (certified ACS)
were purchased for Fisher Scientific (Canada). Milli-Q was used in all experiments conducted, except part of attenuated
total reflectance-Fourier transform infrared spectroscopy experiments, as described in Sect. 2.2.

2.2 Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR)

ATR-FTIR measurements were conducted to analyze mixtures containing taurine and water, as well as taurine, amines
and water. The following samples were analyzed: 1) binary mixtures with water (with 50wt% amine in water), using
AMP, DEA, MDEA, AEE, PYR, EA and DIPA; 2) ternary mixtures with taurine, amines and water (at a 1:1:1 wt. ratio of
taurine:tamine:water), using AMP, DEA, MDEA, AEE, PYR, EA and DIPA; 3) binary mixtures of DIPA and D,0O (with 50wt%
amine in D,0) and ternary mixtures with taurine, DIPA and water (at a 1:1:1 wt. ratio of taurine:amine: D,0). Experi-
ments were conducted using D,0 to avoid overlap between the §(HOH) band of water and bands contributed by the
NH groups of DIPA. Absorbance spectra were collected using an ATR-FTIR spectrometer (Thermoscientific Nicolet
Summit FTIR spectrometer with an Everest ATR), with an accompanying IR solution software. Each spectrum is the
average of 32 scans for all amines except DIPA, with a resolution of 2 cm™, in the wavenumber range of 400 cm~ ' to
4000 cm™". Due to the high volatility of DIPA, 10 scans were taken. In all cases, ATR-FTIR spectra were processed using
Quasar Orange, which is a freely available software [46, 47], normalizing relevant absorbance bands, after applying
a rubber band baseline correction. Furthermore, the DO stretch band of D,0 was deconvolved using five Gaussian
peaks, by minimizing the difference between the simulated and the experimental spectra using Excel Solver and the

@ Discover



Discover Water (2024) 4:86 | https://doi.org/10.1007/543832-024-00146-1 Research

GRG non-linear solving method. A sample fit is provided in the supporting information file (Fig. S1). The Gaussian
peaks associated with each of the five ranges of wavenumbers analyzed represent D,O molecules coordinated differ-
ently through hydrogen (H) bonds with other molecules in solution, either taurine, DIPA or other D,0 molecules, as
further described in the results and discussion section. We call ‘species’ D,O molecules with a different coordination.
The relative area of each peak is thus representative of the abundance of each D,0 ‘species’ The area under each
Gaussian peak is estimated using the amplitude (AMPL) and the standard deviation (SD), as Area=AMPL-SD/0.3989.
The relative areas are obtained by dividing the area of each Gaussian by the sum of the areas under all five peaks
convolved under the DO stretch band. These were lumped into three groups, at low, mid and high wavenumbers,
2570-2690 cm™', 2400-2500 cm ™' and 2220-2240 cm™', indicative of hydrogen bonding in D,0. The deconvolution of
the DO stretch band of D,0 was conducted for two to five independent replicates for each type of sample analyzed,
and these replicates were used to estimate the averages and the error bars provided in the results and discussion
section. The supporting information file reports the peak positions of the peaks convolved under the v(DO) stretch
band of D,0, for each replicate experiments. All experiments were conducted in duplicate at least.

2.3 Turbidity measurements

Turbidity measurements were conducted to determine the effect of taurine on toluene emulsification by alkanola-
mines and DIPA. Measurements were conducted using a spectrophotometer (SPECTRONIC™ 200 Spectrophotometer,
Fisher Scientific, Canada) at a 505 nm wavelength, using quartz cuvettes. Samples were prepared with either 1Twt%
taurine (relative to water) or without taurine, with Twt% toluene (relative to the aqueous phase) and with 10wt%
amines (relative to water). Samples were agitated by hand for 10 s, after which they were allowed to settle for 2 min.
Measurements were taken at 2 min and 3 min, and the average of at least two independent replicates was used.
Milli-Q water was used as the background.

2.4 Bottle tests

Bottle tests were conducted without taurine and with 1wt% taurine (relative to water), with 10wt% and 18wt%
amines, with and without toluene (1:4 toluene:aq. solution, wt. based). Samples were agitated by hand for 60 s and
allowed to settle for up to 24 h, after which they were analyzed using light scattering, as described in Sect. 2.6.

2.5 COSMO-RS (conductor-like screening model for realistic solvation)

COSMO-RS was used to estimate the solubility of toluene in the different amines used. COSMO-RS (http://www.scm.
com) was developed by Vrije Universiteit, Amsterdam.

2.6 Light scattering

Light scattering was conducted using a Malvern Zetasizer Nano ZSP at 20°C, using quartz cuvettes. Measurements were
conducted at least in triplicate. Light scattering experiments were conducted to estimate the size of amine droplets in
water, in samples containing 20wt% amines and 1wt% taurine, relative to water. The refractive indexes used were as
follows: 1.392 for DIPA, 1.449 for AMP, 1.454 for AEE, 1.454 for AE, 1.477 for DEA, 1.469 for MDEA, and the refractive index
of water was 1.33 [48].

2.7 Optical microscopy

An optical VHX-5000 digital microscope (Keyence) was used to image DIPA-water mixtures, prepared with 70wt% DIPA
and 2wt% taurine, relative to the water phase. Images were taken using samples stained with Nile red. Nile red stains
DIPA, but not water. It was added to qualitatively differentiate between the composition of droplets and the continuous
phase. Images were also taken for stained samples containing 10wt% DIPA, Twt% toluene, 2 wt% taurine, for comparison.
Samples were imaged using cavity slides, immediately after mixing the samples.
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3 Results and discussion

Section 3.1 analyzes interactions between taurine and amines in aqueous solutions using ATR-FTIR. Specifically, we probe
interactions between amines and the SO group of taurine, which serves important biological functions. We also analyze
taurine-amine interactions to explain the effect of taurine on the miscibility of amines in water, discussed in Sect. 3.2.In
Sect. 3.2, we also highlight the potential implications of this effect on amine toxicity.

3.1 ATR-FTIR analysis of taurine-amine interactions

We use ATR-FTIR to understand taurine-amine interactions in water, focusing on the S=0 band (Fig. 1). As discussed in the
introduction, the sulfate group plays a key role in the biological function of taurine. In Fig. 1, the band at 1000-1100 cm™"
is attributed to v (SO) [49]. In neat taurine, the SO band is split into a peak at 1034 cm™' and a shoulder at 1042 cm™',
both of which are ascribed to the stretching vibration of the sulfate groups, » (SO) [50, 51]. We propose that the two
bands correspond to bonds having different strength, with the highest wavenumbers corresponding to stronger S=0
bonds. Upon mixing with water (without amines), the band at 1034 cm™' disappears, while the intensity of the peak at
1042 cm™' increases. Intermolecular hydrogen (H) bonding between the oxygen of S=0 groups and other molecules
would elongate and weaken S=0 bonds, shifting the v (SO) band to lower wavenumbers. Here, the opposite effect is
observed, thus indicating weakening of H bonding between SO and other molecules upon mixing in water, consistent
with previous studies [49, 52-54]. These studies report that taurine interacts with water both through the SO groups (H
bond acceptors) and through the NH groups (H bond donors) [52-54], but H bonds with SO groups are weak [49]. Note
that a shift of » (SO) to higher wavenumbers would also be observed if interactions occurred through the sulfur atom
[55]. However, while H bonding between the oxygen of S=0 groups and the hydrogen of water was previously reported
[56-59], H bonding between water and the sulfur atom of taurine is unlikely.

Taurine is immiscible in pure amines, but interacts with them in ternary aqueous mixtures. Amines become electri-
cally charged in water [60], thereby facilitating their interactions with taurine. With most amines analyzed, the amines
contribute bands which are overlapped with the SO stretch bands of taurine, rendering the analysis of the SO band
challenging (Fig. 1 and Fig. S4, supporting information file). This is however not the case with AEE, which has an effect
opposite to that of water on the SO band of taurine (i.e., with AEE and water, the SO stretch band of taurine shifts to
lower numbers, Fig. 1). This result suggests that, in aqueous solutions, the SO groups of taurine interact with AEE more
strongly than they would interact with other taurine molecules in dry taurine. Despite the band overlap, a similar effect
is qualitatively seen with DIPA (Fig. 1). With the other amines, the band overlap does not enable observing possible shifts
of the SO band of taurine (Fig. S4, supporting information file).

e——Taurine = Taurine
= 50%taurine, water e 50%taurine, water
AEE \ Mt DIIPA et
=== 33% AEE, 33% taurine, water/ '\, === 33% DIPA, 33% taurine, water
50% AEE, water / \ 50% DIPA, water
t 0.8 ° . W [ 0.8
=) | =)
< [ | <
F 06 3 | | r06 g
e 1 2
®© | ’, ®
£ IR 2
g I\ g
0.4 ] /\ !,’ 0.4 2
|
\
[\
r 0.2 / \ 0.2
f \
/ N \:\ '} . VY oL / ‘_\ - C ) A
— 2 o ; — - —SleS\
1100 1050 1000 950 1100 1050 1000 950
Wavenumber (cm™t) Wavenumber (cm)

Fig. 1 ATR-FTIR spectra of amines and their mixtures in the 950-1100"" region, for binary mixtures with water (50wt% amine in water), and
in ternary mixtures with taurine (at a 1:1:1 wt. ratio of taurine:amine:water). The spectra of taurine and 50% taurine in water are also shown
in each panel. The SO band of taurine is seen in this region, and used to interpret taurine interactions with water and amines in aqueous
solutions. The SO band of neat taurine is split into a peak at 1034 cm™' and a shoulder at 1042 cm™, both of which are ascribed to the

stretching vibration of the sulfate groups, v (SO). The spectra for amines not shown in this figure are in the supporting information file (Fig.
S3)
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The SO bond also displays signatures between 1100-1300 cm™', with peaks at 1210 and 1175 cm™', as seen in Fig. 2.
Previous studies ascribed the peaks at 1210 cm~'and 1175 cm™' to the stretching S=0 vibration, v (SO) [49, 61, 62]. The
peak at 1175 cm™' shifts to higher wavenumbers upon mixing with water, without amines. This result supports the
hypothesis that SO-water interactions are weaker than SO-taurine interactions in the dry state, as discussed above. In
aqueous mixtures of taurine with PYR, the peak at 1175 cm™ shifts to even higher wavenumbers compared to binary
mixtures of taurine in water, without PYR. In contrast, the peak at 1175 cm™" shifts to lower wavenumbers in aqueous
mixtures of taurine with all other amines. This result is indicative of interactions between amines and the oxygen of the
sulfate groups of taurine, in all cases except PYR. Note that PYR has a nitrogen on its ring, but no NH groups. We cannot
discount that sulfolane-PYR interactions occur through the sulfur of the SO groups of taurine and the nitrogen of PYR.
A study showed the formation of PYR-SO, dimers, with bonds between the N of PYR and the S atom, as well as CH...OS
bonds between the hydrogens of PYR and the oxygen of SO, [63]. Such interactions would induce a blue shift of the v
(SO) band to higher wavenumbers.

In addition to the SO band of taurine, the OH stretch band of water can, in principle, be used to obtain indirect evi-
dence of amine-taurine interactions, in binary taurine-water mixtures. We investigate this band with DIPA and the other
alkanolamines. In the absence of amines, despite the fact that water interacts with taurine, the effect on the v (OH) stretch
bands is negligible (Fig. 3). Similar observations apply to the » (OD) band of D,0, upon mixing with taurine (Fig. 3). This
result may seem surprising, since the OH stretch band of water is very sensitive to H bonding [64]. Recall, however, that
interactions between taurine and water occur through both the SO and the NH groups of taurine, which act as H bond
acceptors and donors, respectively. As a result, the proportion of different water species (i.e., water molecules coordinated
in different ways to other molecules in solution [64]) would remain unaltered.

We use D,0 instead of water to gain insights regarding molecular interactions in ternary aqueous mixtures of tau-
rine and amines. The NH and OH stretch bands of the amines and are overlapped with OH stretch band of water at
2500-3700 cm™". In contrast, the DO stretch band of D,0 has no overlap with the NH stretch band of DIPA or the OH
stretch band of the other amines. Therefore, we analyze the effect of amines and taurine on this band, comparing it to
the effect of taurine alone and the amines alone (Fig. 3, and Figs. S1-52 and Tables S1-S5, supporting information file).
While taurine does not distort the DO stretch band of D,0O, DIPA distorts this band, increasing the relative area underneath
the peaks at the lowest wavenumbers, while decreasing the relative area of peaks at the high and mid wavenumbers
(Fig. 3). With taurine and DIPA, this effect is more marked compared to DIPA only. Previous research conducted using
D,0 reports that peaks at the lowest wavenumbers correspond to more structured (ice-like) D,O, those at intermediate
wavenumbers to liquid D,0 and finally those at the highest wavenumbers to weakly hydrogen bonded D,0 [65]. These
results suggest that in ternary mixtures of D,O, DIPA and taurine, DIPA forms clusters with taurine (via NH...OS hydrogen
bonds). We propose that DIPA-taurine clusters interact differently with water compared to either taurine alone or DIPA
alone. DIPA-taurine clusters are likely more hydrophobic than DIPA alone, because the NH groups of DIPA would not be
available for interactions with water, leaving only the CH groups exposed. A previous study reports that hydrophobic
surfaces are more effective in orienting (i.e., structuring) water molecules close to aqueous-hydrophobic interfaces [66],
consistent with our hypothesis and results. We will further discuss the hydrophobicity of taurine-DIPA clusters later, in
light of the effect of taurine on the solubility of DIPA in water (cf. Figures 5, 6).

Dissimilar to observations with DIPA, with other amines we not observe marked differences between the DO stretch
band of D,0O in binary amine-water mixtures compared to ternary mixtures containing amines, taurine and D,O (Fig. 54,
supporting information file). We propose that this result is due to the greater hydrophobicity of DIPA-taurine clusters,
compared to clusters formed by taurine with the other amines, which are alkanolamines. DIPA can interact with water
or D,0 through the NH group, but this interaction would be hampered by preferential interactions between the sulfate
group of taurine and the NH group of DIPA. While DIPA does not have OH groups, the OH groups of the alkanolamines
can also interact with water. This can decrease the effect of taurine-amine interactions on the interactions between
alkanolamines and water.

Finally, in Fig. 4, we can observe the § (HNH) scissor of AMP and AEE close to the 6§ (HOH) band of water. In both cases,
the 6 (HNH) vibration shifts to higher wavenumbers in the presence of taurine (compared to aqueous solutions without
taurine). This confirms that interactions occur due to H bonding of the NH groups of the amines and the sulfate groups
of taurine (NH...0S). Note that the § (HNH) band is not observed with the other amines, which have NH (as opposed to
NH,) groups or no NH groups (in the case of PYR).

In summary, the NH groups of amines can interact with the sulfate group of taurine. To our knowledge, previous
studies have not analyzed amine interactions with taurine. However, NH...OS interactions have been reported for other
molecules. For example, previous research ascribed to NH...OS interactions the encapsulation of sulfate anions by
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Fig.2 ATR-FTIR spectra of amines and their mixtures in the 1100-1300 cm™" region, for binary mixtures with water (50wt% amine in water),
and in ternary mixtures with taurine (at a 1:1:1 wt. ratio of taurine:amine:water). The spectra of taurine and 50% taurine in water are also
shown in each panel. The amines analyzed are MDEA, DIPA, EA and AMP, as well as PYR. The SO bond displays signatures between 1100 and
1300 cm™', with peaks at 1210 and 1175 cm™', which are therefore used to analyze interactions of taurine with water and amines in aqueous

solution
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thiophene-based macrocycle containing four secondary and two tertiary amines [67]. Also, a theoretical study proposed
that guanidine-bisulfate complexes form due to S—0--H—N interactions (as well as O—H--N interactions) [68]. NH...0S
interactions are also proposed in a study analyzing the sulfate anion recognition by peptides [69].

Recall the importance of the sulfate group of taurine on its biological function, as highlighted in the introduction. As
mentioned earlier, sulfonation is important because it prevents the passive transport of taurine across membranes, due
to its negative charge [2]. Taurine action on the adrenal gland is linked to its sulfonate group, rather than on its amino
group [2]. Moreover, previous research indicates that taurine interacts mostly with cations rather than with anions, due to
its sulfonate group [2]. It specifically interacts with divalent calcium, partaking in membrane stabilization [2]. For example,
Ca** binding by taurine affects retinal membranes [70]. Interactions between amines and the sulfate group of taurine
would adversely affect its transport across membranes, its ability to bind calcium ions and stabilize biological membranes,
and its beneficial action on organs such as adrenal glands. Amine-taurine interaction can therefore contribute to adverse
effects on the body of amines used in carbon capture and storage and to sweeten sour gas, as well as in cosmetics. IR
data indicate that DIPA-taurine interactions yield clusters (aggregates) which are less soluble in water compared to free
DIPA. This may also impact the toxicity of DIPA in the body, by enhancing its partitioning and bioaccumulation into fatty
tissues, as further discussed in the next section.

@ Discover



Research Discover Water (2024) 4:86 | https://doi.org/10.1007/543832-024-00146-1

r 0.8

Absorbance (AU)
Absorbance (AU)

AT\ —
~ — 1 T T r T T = o
1800 1750 1700 1650 1600 1550 1500 1800 1750 1700 1650 1600 1550 1500
Wavenumber (cm?) Wavenumber (cm?)
=——Taurine ==—50%taurine AMP === 33% AMP, taurine 50% AMP e—Taurine 50%taurine AEE === 33% AEE, taurine 50% AEE

Fig.4 ATR-FTIR spectra of amines and their mixtures in the 1500-1800 cm™" region, for binary mixtures with water (50wt% amine in water),
and in ternary mixtures with taurine (at a 1:1:1 wt. ratio of taurine:amine:water). The spectra of dry taurine and 50% taurine in water are also
shown in each panel. We can observe the § (HNH) scissor of AMP and AEE at =1600 cm™', close to the § (HOH) band of water at =1650 cm™

3.2 Amine interactions with taurine: impact on mixing behaviour in binary and ternary mixtures

Bottle tests were conducted using EA, DEA, AMP, AEE, MDEA, PYR, and DIPA, to assess the effect of taurine on the mixing
behaviour of amines in water.

Without taurine, all amines analyzed are freely miscible in water, with the exception of DIPA, and they yield clear aque-
ous solutions. In contrast, DIPA forms dispersions in water above its solubility limit; these dispersions are also optically
clear [60]. Taurine (1wt%, relative to water) and amines (10 or 18 wt%) yield aqueous solutions that are clear to the naked
eye in all cases (data not shown), except with DIPA. With DIPA, mixtures are initially turbid, although they become clear
within 10 min (Fig. 5). This result confirms that taurine hampers mixing between DIPA and water, thereby forming larger
droplets which result in the observed turbidity at short time intervals. This result is consistent with the hydrophobicity
of DIPA-taurine clusters we previously discussed, based on IR data. Figure 5 shows the proposed mechanism of hydro-
phobic DIPA-taurine cluster formation, based on ATR-FTIR data, and compares the turbidity of 10wt% DIPA mixtures in
water, with and without taurine.

The separation between DIPA and water by taurine is also highlight by optical microscopy images, taken using samples
dyed with Nile red. Nile red is a hydrophobic dye, which is soluble in DIPA but not water (Fig. 6). Therefore, it partitions
in DIPA-rich regions, which appear red, while water-rich regions of the sample appear dark. In Fig. 6A, with 70wt% DIPA,
droplets are water-rick (dark), while the continuous phase is DIPA-rich (red). Figure 6 also shows that with 10wt% DIPA,
1wt% toluene and water, the continuous phase is instead water (dark).

Although DIPA-taurine complexes are more hydrophobic compared to complexes of taurine with the other amines
(alkanolamines), light scattering reveals that taurine emulsifies all amines in water, yielding sub-micron droplets (Fig. 7).
Note that the instrument used only enables observations of sub-micron droplets. Therefore, larger droplets potentially
present in mixtures of DIPA, taurine and water would not be observable in these measurements.

Furthermore, we indirectly probed the hydrophobicity of amine-taurine complexes by including toluene in the
mixtures. Table 1 summarizes the solubility of toluene in different amines and in water, as estimated using COSMO-
RS. The solubility of toluene in DIPA, PYR and AMP is high, while being lower with all other amines. As a result, DIPA,
PYR and AMP effectively emulsify toluene in water, dissimilar to the other amines analyzed. Consistent with these
data, the turbidity detected with a spectrophotometer is above detection (= 2.5 NTU) upon mixing 1wt% toluene in
aqueous mixtures containing 10wt% DIPA, PYR or AMP. Similar results are obtained in the presence of 1wt% taurine
(relative to water), with either PYR or AMP. Bottle tests also showed no visible differences in toluene emulsification
with and without taurine (Fig. 5).

In contrast, taurine affected toluene emulsification by DIPA. DIPA effectively emulsified toluene in water without
taurine, but with 1% toluene, 1% taurine and 10% DIPA, a free layer separated from the water phase. Nonetheless,
droplets could be observed immediately after agitation (Fig. 6B). The volume of the free layer observed in bottle
tests exceeded that of the toluene added. This indicates that taurine favored DIPA separation from water, causing it
to partition into the toluene phase. This is also evident in longer term observations, conducted with 10wt% DIPA and
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Fig. 6 Optical microscopy images of samples containing 70wt% DIPA and 2wt% taurine, relative to the water phase (A) and of samples con-
taining 10wt% DIPA, Twt% toluene and 2wt% taurine (relative to water. The scale bar is 100 4 m. Samples were stained with Nile red, to
highlight hydrophobic regions (red), rich in DIPA and toluene, differentiating them from water-rich regions (black). Panel A: Bottle tests con-
ducted with 10wt% DIPA and Twt% taurine (relative to water), and proposed formation mechanism of hydrophobic DIPA-taurine clusters,
based on ATR-FTIR data previously discussed. Pictures were taken 2 min after agitation; Panel B: bottle tests conducted with toluene (1:4
toluene:aq. solution, wt. based), PYR and DIPA (10wt%), and taurine (1wt%). Similar to PYR, with other amines we could not observe differ-
ences between the emulsification of toluene with and without taurine with the naked eye. Toluene emulsification was also analyzed with a
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Table 1 Solubility of toluene

in different amines and in olubility (mole fraction) (S;gjsts)i:rigc_
water, as estimated using tion)
COSMO-RS at 298.13 K
DIPA High High
DEA 0.18340026 0.16441731
MEA 0.24459753 0.32807462
PYR High High
AMP High High
AEE 0.54190097 0.50893766
MDEA 0.37245634 0.31450462
Water 0.00012381 0.00063253

toluene (1:4 toluene:aq. solution, wt. based), as seen in Fig. 5. ATR-FTIR analysis of the top phase confirms that both
toluene and DIPA are present in this layer (Fig. 8). These results support the proposed hypothesis that DIPA-taurine
clusters are more hydrophobic compared to clusters of taurine and the other amines. The decreased miscibility of
DIPA in the presence of taurine may affect its toxicity in the body, potentially enhancing its partitioning and bioac-
cumulation into fatty tissues. This risk would have to be further assessed in future research.

4 Conclusions and recommendations

The SO groups of taurine play a key role in its biological function. DIPA, AMP, AEE, DEA, EA and MDEA are used for carbon
capture and to sweeten sour gas, and are found as groundwater pollutants. Amines are also used in cosmetic products.

DIPA, AMP, AEE, DEA, EA and MDEA interact with the SO groups of taurine through their NH group, with potential
adverse effects on taurine function in the body. This is indicated by ATR-FTIR, which reveals a shift of the SO stretching
band of taurine to lower wavenumbers upon mixing with amines and water. This is due to SO...HN hydrogen bonding.
We also observe a shift of the NH, scissoring vibration of AMP and AEE, confirming such interactions. PYR and taurine
could interact via S...N bonding.

DIPA is more hydrophobic than the other amines tested, and taurine further decreases its miscibility in water. This is
seen in bottle tests, where taurine hampers DIPA dispersion in water. Optical microscopy images of samples dyed with
Nile red qualitatively confirm separation the separation between DIPA (which appears red) and water (which appears
dark). Also, while DIPA emulsifies toluene in water without taurine, taurine induces bulk separation between water and
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Fig. 8 ATR-FTIR analysis of the top phase of a samples containing water, with 1 wt% taurine relative to water, with 10wt% DIPA and toluene
(1:4 toluene:aq. solution, wt. based). Relevant regions showing that DIPA and toluene are co-present, as indicated by the fact that both DIPA
and toluene peaks appear in the spectrum of the top phase. The spectra of pure toluene and DIPA are shown as a reference
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a phase containing DIPA and toluene. ATR-FTIR data indicate that hydrophobic DIPA-taurine clusters are more effective
at structuring water compared to free DIPA. AMP, EA, DEA, AEE and MDEA also interact with taurine, but form less hydro-
phobic complexes with it compared to DIPA, likely because their OH groups can also interact with water. DIPA does not
have such groups. Nonetheless, light scattering reveals sub-micron sized droplets with all amines in the presence of
taurine, indicating their decreased solubility in water. Additional research is required to assess the implications of this
effect on the toxicity of amines in the body. Such studies are much needed to improve on existing regulations, which
allow the presence of alkanolamines and DIPA in household and cosmetic products, such as hair dyes, at concentrations
well above trace percentages. These products come in direct contact with the skin for quite extended time periods (for
example, typically 25-30 min in the case of hair dyes), with potential health risks to the consumers. Our future research
will focus on interactions between amines and proteins, correlating it to the potential toxicity of amines on the body.

4.1 Study limitations

This study probed interactions between taurine, alkanolamines and diisopropylamine in model systems, which do not
encompass the complexity of living organisms. Additional research is required to understand the toxicity of amines at
the molecular and cellular level in such complex systems. Moreover, amines are often found as co-contaminants with
other groundwater pollutants, which may affect amine toxicity. Future research should focus on analyzing more realis-
tic mixtures, and observing impacts in vitro, in more complex biological systems. Animal studies will not be part of our
future research.
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