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A B S T R A C T

The possibility of changing the pH in deep eutectic solvents when they are used as solvent media is fundamental 
in chemistry, since acid-base equilibria are of critical importance for almost all areas of chemistry, such as 
synthetic reactions, isolation of specific analytes, chromatographic separations, protein stability and enzyme 
catalysis. Such a possibility of modulating the pH of DESs is particularly interesting for enhancing the electro
catalytic properties of some electrode surfaces or promoting the stability and in some cases improving the ac
tivity of biorecognition systems such as antibodies, enzymes and aptamers that are particularly useful for 
biosensor applications. The aim of this investigation was the evaluation of the possibility of easily modulating the 
acid-base properties of the DES ethaline, adopted in our tests as the prototype of DESs because it displays a 
moderate viscosity at room temperature, by simply adding typical pH buffers such as weak acids or bases or salts 
consisting of weak acids and strong bases. This approach results to be particularly advantageous compared to 
that often used of modifying the proton activity of DESs by changing one or both of its precursors (HBA or HBD), 
since it allows their chemical-physical properties, such as density, viscosity, conductivity and surface tension, to 
be kept unchanged. With this purpose, acid-base equilibria in the DES ethaline were studied using cyclic vol
tammetry, pH measurements at glass electrodes, acid-base titrations and spectrophotometric measurements by 
exploiting suitable electrochemical probes, such as hydroquinone and alizarin: this last being an acid-base in
dicator. The results obtained with these measurements are all consistent with each other and provide an effective 
strategy to achieve pH modulation in DES, since the approach taken here in ethaline can be easily transferred to 
any other DES, provided it is capable of solubilizing the desired buffer species.

1. Introduction

Nowadays, the green trends driving modern society towards 
economically and environmentally sustainable changes are directing the 
analytical chemistry research towards alternative and innovative solu
tions in the development of new analytical approaches [1]. This has led 
to an ever-increasing demand for inexpensive miniaturized analytical 
devices that can also be used outside laboratories and capable of per
forming analyses in short times, thus significantly reducing waste pro
duction and consumption of energy and reagents [2,3].

This demand is accompanied by the growing need for the utilization 
of green solvents with properties and characteristics functional to these 
emerging changes in terms of eco-compatibility, low cost, safety and 
easy transportability [4–7]. In this context, deep eutectic solvents (DESs) 
represent a valid solution since they can be prepared with precursors 

that can be derived from biodegradable and/or renewable sources and, 
moreover, they display low volatility and flammability. DESs have found 
application in several fields ranging from metallurgy and electrodepo
sition, gas capture, battery technologies, biocatalysis, organic chemis
try, nanomaterials synthesis, cosmetics or pharmaceuticals (THEDES) 
[8,9].

In the analytical field they are particularly suitable for the use as 
modifiers of stationary phases in chromatographic separations, as media 
for electrophoretic separations, as extraction solvents and as electrolytes 
for electroanalytical applications [10–14]. In particular, DESs have 
proven to be a viable alternative to aqueous and non-aqueous media as 
they have several advantages, including a low vapor pressure and a high 
extractive power against a wide range of substances. Their use can be 
particularly suitable when small volumes are employed, such as in the 
case of miniaturized cells and paper-based devices where the 
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evaporation of the solvent can greatly affect the measurement repeat
ability [15], or when electroanalytical sensors are adopted for moni
toring gas-phases by three-electrode cells with planar configuration 
where the presence of the electrolytic medium between the electrodes is 
required for the entire monitoring duration [16].

The most frequently used DESs consist of the hydrogen bond 
acceptor (HBA) choline chloride (ChCl), mixed with hydrogen bond 
donors (HBDs) such as alcohols, amides, carboxylic acids or sugars 
[17–19]. Choline is non-toxic, inexpensive and can be classified as a 
provitamin in Europe [20]. Among these choline-based DESs, ethaline 
(choline chloride/ethylene glycol in the molar ratio 1:2) is used in many 
applications also because it is characterized by low cost, high biode
gradability and low toxicity [21]. In addition, it has several advantages 
as a solvent as it is stable at room temperature and exhibits high elec
trical conductivity and low viscosity (about 36 mPa s at 25 ◦C), in 
comparison with other choline-based DESs such as maline, oxaline, 
reline and glyceline [20,22–28].

The physicochemical properties of choline-based DESs, such as 
conductivity, density, surface tension, acidity, and basicity, can be easily 
modified to meet specific requirements by changing the nature of the 
HBD, as well as the HBD/choline ratio. Therefore, a series of choline- 
based DESs have been synthesized using p-toluenesulfonic acid 
(PTSA), trichloroacetic acid (TCA), monochloroacetic acid (MCA), tri
fluoromethansulfonic acid, urea and guanidine as HBDs to control their 
acidity or basicity [29–32]. Unfortunately, the modification of the acid- 
base properties of choline-based DESs by using these HBDs with strong 
acid character leads to a notable increase of their viscosity and this 
entails a negative effect on several aspects related to their use (e.g. ChCl- 
PTSA 1:1, 2:1 and 1:2 at 45 ◦C have viscosity of 170, 284 and 160 mPa s, 
respectively) [33]. Thus, for instance, their sampling with micropipettes 
becomes difficult, the sensitivity for electroanalytical measurements 
lowered, due to the decrease of the diffusion coefficient and the diffusion 
of chemical species in extractions processes becomes heavily limited, as 
well as becomes limited the diffusion of analytes in DESs soaked in 
porous media, as happens in paper-based devices [34–36].

The possibility of changing the pH of solvent media without drasti
cally altering their original composition is fundamental in chemistry, 
since acid-base equilibria are of critical importance to almost all areas of 
chemistry, such as synthetic reactions, isolation of specific analytes, 
chromatographic separations, protein stability and enzyme catalysis 
[37–40].

The pH of water can be easily controlled by dissolving suitable 
species displaying specific acid-base properties, while in non-aqueous 
media, such as organic solvents and ionic liquids (ILs), the pH control 
is more difficult. Consequently, the reactions occurring in these media 
are frequently investigated without a pH control, even though the use of 
buffers composed of highly hydrophobic acids and their sodium salts or 
highly hydrophobic bases and their hydrochlorides has been suggested 
[41–43]. More recently, ILs with buffer characteristics, defined as ionic 
liquid buffers (IL-buffers), miscible with either non-aqueous polar sol
vents such as methanol, dimethylformamide and dichloromethane or ILs 
like [BMIM][PF6] and [BMIM][BF4] have been proposed [44,45].

The aim of this investigation was to evaluate the possibility of easily 
modulating the acid-base properties of DESs by simply adding weak 
acids or bases or salts consisting of weak acids and strong bases. For this 
purpose, the use of both organic and inorganic salts was tested, 
including those used to make Good’s buffers (CAPS and CAPSO, together 
with their sodium salts) [46,47], in order to also create media poten
tially suitable for bioanalytical applications. Acid-base equilibria in 
proton-electron transfer reactions were studied using both spectropho
tometric and voltammetric approaches, by exploiting suitable electro
chemical probes, such as hydroquinone and alizarin: this last being an 
acid-base indicator.

All our investigations were conducted in ethaline (choline chloride/ 
ethylene glycol in the molar ratio 1:2), although strictly speaking it is 
not really a DES but rather an electrolyte, i.e. choline chloride (ChCl) 

dissolved in ethylene glycol (EG). In fact, the true eutectic point was 
found to be in the ChCl:EG molar ratio of 1:4.85 [48,49]. Despite this, 
we have used ethaline because it behaves like an ideal binary mixture 
which still has characteristics very similar to those of a DES.

2. Experimental section

2.1. Chemicals and instrumentation

Choline chloride, ethylene glycol, potassium hexacyanoferrate(II), 
ferrocene, hydroquinone, alizarin Red S, potassium chloride, sulfuric 
acid, sodium hydroxide, sodium acetate, acetic acid, sodium hydrogen 
phosphate, sodium dihydrogen phosphate, sodium phosphate, phos
phoric acid, 3-cyclohexylamino-1-propanesulfonic acid (CAPS) and 
CAPS sodium salt, 3-cyclohexylamino-2-hydroxy-1-propanesulfonic 
acid (CAPSO) and CAPSO sodium salt, sodium citrate, disodium cit
rate, trisodium citrate, citric acid, tris(hydroxymethyl)aminomethane 
(Tris base), tris(hydroxymethyl)aminomethane hydrochloride (Tris 
HCl) were purchased from Sigma-Aldrich (Sigma-Aldrich, Milan, IT). 
They were of analytical reagent grade and were employed without 
further purification. Ultrapure water was obtained from an Elgastat 
UHQ-PS system (Elga, High Wycombe, UK).

pH buffers in ethaline or in ultrapure water were prepared by dis
solving a proper amount of acid and its conjugated base in the solvent. In 
this regard, it is worth underlining that while the dissolution of 
CH3COOH and CH3COONa in ethaline occurred almost immediately, the 
dissolution of the phosphate species took a long time owing to the high 
viscosity of the medium. Therefore, their dissolution in ethaline was 
carried out under stirring for a whole night inside a desiccator.

Potassium hexacyanoferrate(II), ferrocene, hydroquinone, alizarin 
Red S (10 mM) solutions were prepared by adding weighed amounts of 
these species to known volumes of ultrapure water or ethaline con
taining or not appropriately chosen pH buffers. A conventional cell 
equipped with a glassy carbon electrode (CHI Instruments, Texas, USA), 
a platinum counter electrode and a Ag/AgCl, 3 M KCl reference elec
trode (CHI Instruments, Texas, USA) was used. In order to equip stan
dard CHI aqueous reference electrodes with additional salt bridges, 
Teflon heat-shrink tubes closed at their terminal end with a porous 
septum (Princeton Applied Research, Ametek, Photo Analytical SRL, 
Settala, Milan, Italy) were inserted at their lower end.

Spectrophotometric measurements were performed with a benchtop 
spectrophotometer (Varian Cary 50 bio, Victoria, AUS).

3. Results and discussion

3.1. Identification of the most suitable reference electrode for 
measurements in ethaline

While the development of stable reference electrodes in ionic liquids 
was the subject of several investigations [50–52], this issue was rather 
neglected in DES. In order to acquire reliable voltammograms during the 
electroanalytical measurements described below, particular attention 
was paid to the identification of a reference electrode capable of 
assuming in ethaline a stable and necessarily reproducible potential over 
time. The DES ethaline was in fact adopted in all our tests as the pro
totype of DESs because it displays a moderate viscosity at room tem
perature [53–55], thus making easier all the electroanalytical 
measurements reported below. As previously reported, this can be 
considered in contrast to the fact that ethaline is not in principle a true 
DES, but it still behaves as an ideal binary mixture which nevertheless 
displays characteristics coinciding with those of a DES.

All our tests conducted with this purpose were performed in solu
tions of potassium hexacyanoferrate(II) dissolved in chloride containing 
media, used as a typical model compound undergoing a reversible 
oxidation process.

We first tried to use as the reference electrode a simple silver wire 

M. Abate et al.                                                                                                                                                                                                                                  Journal of Molecular Liquids 436 (2025) 128264 

2 



covered with a AgCl layer directly dipped in ethaline, exploiting the 
spontaneous presence of chloride ions in ethaline. Unfortunately, this 
reference electrode was not stable over time due to the progressive 
solubilization of the AgCl layer in ethaline, which was already noted 
previously by other authors [56]. Consequently, this electrode displayed 
a constant potential only for short times (about 20 min), while for longer 
times the potential varied to a large extent.

Therefore, we opted for the use of a standard CHI aqueous reference 
electrode consisting of Ag/AgCl, 3 M KCl equipped with a porous 
septum. At the base of this electrode, a small Teflon tube was inserted, in 
turn equipped with a porous septum, inside which a salt bridge was 
originated by alternately introducing a 3 M KCl solution in water or 
ethaline, so as to prevent the diffusion of the solutions from one cell 
(analyzed sample) to another (reference electrode). When this reference 
electrode, equipped with an ethaline salt bridge, was dipped in ethaline 
solutions containing 10 mM potassium hexacyanoferrate(II), an anodic- 
cathodic reversible system located at E½ of about − 5 mV was recorded at 
the glassy carbon working electrode. It is shown in Fig. 1 (blue line), 
where it is compared with the anodic-cathodic reversible system 
recorded with the same reference electrode for an aqueous 1 mM hex
acyanoferrate(II) solution at the same glassy carbon working electrode 
(black line). The different concentration of the hexacyanoferrate(II) ion 
in the two media was necessary because peak currents are proportional 
to the square root of the diffusion coefficient which is in turn inversely 
proportional to the solvent viscosity. Consequently, an increase of the 
solvent viscosity caused a marked decrease of peak currents. The po
tential difference of about 189 mV found for the same reversible system 
in the two media (see Fig. 1) must obviously be attributed to the change 
in free energy for the transfer of one mol of hexacyanoferrate(II) from its 
standard state in water to that in ethaline [57].

When voltammograms were recorded on 10 mM hexacyanoferrate 
(II) solutions in ethaline by using the same reference electrode, but 
equipped with an aqueous 3 M KCl salt bridge, its anodic-cathodic 
reversible response shifted to more anodic potentials by about 18 mV 
(red line in Fig. 1). This small shift conceivably occurred as a conse
quence of the different value of the liquid junction potential taking place 
when two solutions of different composition and concentrations are in 
contact with each other and it is generated by the different mobility of 
the ions in the two solutions.

Peak currents recorded in all these voltammetric measurements 

conducted in ethaline showed optimal repeatability (RSD ≤ 1.8 %) and 
no electrode passivation (fouling) was observed even when voltam
metric scans were performed repeatedly. Given the excellent perfor
mance provided by the reference electrode consisting of Ag/AgCl, 3 M 
KCl equipped with an ethaline salt bridge, it was used in all the vol
tammetric measurements reported below.

3.2. Voltammograms recorded in ethaline added with pH buffers

Preliminary tests were performed to verify whether the addition of 
buffer species to ethaline was able to cause any unexpected effect on 
voltammograms recorded at a glassy carbon electrode for 10 mM solu
tion of potassium hexacyanoferrate(II), which does not participate to 
any acid-base equilibrium. With this purpose, the following buffers were 
assayed: 50 mM acetic acid+50 mM sodium acetate; 50 mM phosphoric 
acid+50 mM sodium dihydrogen phosphate; 50 mM sodium dihydrogen 
phosphate+50 mM sodium monohydrogen phosphate.

The results obtained in these tests indicated that the presence of 
buffer species in ethaline did not cause the modification of both peak 
potentials and peak currents of the anodic-cathodic system exhibited by 
the hexacyanoferrate(II) ion, which remained that shown in Fig. 1. The 
same absence of effects due to the presence of the aforementioned buffer 
species was also found when the probe consisting of hexacyanoferrate 
(II) was replaced by ferrocene, which is also a typical model compound 
capable of undergoing a reversible oxidation process totally indepen
dent of pH, benefiting from its excellent solubility in ethaline.

After these preliminary checks, voltammograms were recorded at a 
glassy carbon electrode in solutions of hydroquinone and alizarin Red S 
in ethaline. These two compounds are two model species whose elec
trochemical behavior is instead influenced by acid-base equilibria. 
When these two compounds were simply dissolved in ethaline without 
the addition of buffer species, they exhibited the anodic-cathodic sys
tems shown in Fig. 2, which correspond to the oxidation and associated 
backward reduction of the bisphenol unit present in them. As for alizarin 
Red S, at more negative cathodic potentials (< − 0.2 V) it showed a 
further cathodic peak, not shown in Fig. 2, which corresponded to the 
reduction of the quinone unit present in its molecule.

Subsequently, voltammograms were repeated for each of these two 
species when they were dissolved in ethaline containing the pH buffers 
that could be prepared with the species listed in the Experimental Sec
tion. For each of these buffers, equal concentrations (50 mM) of acid and 
conjugated base were used in order to exploit their maximum buffering 
capacity. The buffers used are listed in Table 1, together with the values 
of their proper acid-base constants in aqueous medium (first two 
columns).

Assuming that the pKa for these acid-base couples in ethaline were 
coincident with those known in water, the pH range thus explored was 
approximately between 3 and 10. As expected, the anodic-cathodic 
system exhibited by both hydroquinone and alizarin shifted towards 
more negative cathodic potentials as the pH decreased, as shown in 
Fig. 3A and B where square-wave voltammograms recorded in the 
presence of some of the employed buffers are reported for each of the 
two analytes.

However, when the anodic peak potentials recorded by square wave 
voltammetry for both hydroquinone and alizarin Red S were plotted 
against the pH values inferred for these buffers on the basis of their pKa 
values in water, they did not show a linear trend with a slope of 
approximately 60 mV per pH unit. This result leaves no doubt that the 
pH values reported are incorrect as they are deduced on the basis of the 
pKa values displayed in water by the buffers employed, which instead 
turn out to be significantly different when these acid-base couples are 
dissolved in ethaline.

3.3. pH measurements in ethaline with a glass electrode

The ability of a glass electrode to detect pH is due to the fact that on 

Fig. 1. Cyclic voltammetric profiles recorded at a glassy carbon working 
electrode for a 10 mM hexacyanoferrate(II) dissolved in pure ethaline vs a Ag/ 
AgCl 3 M KCl reference electrode equipped with an ethaline salt bridge (blue 
line) compared with that recorded at the same working electrode for a 10 mM 
hexacyanoferrate(II) dissolved in pure ethaline vs a Ag/AgCl 3 M KCl reference 
electrode equipped with an aqueous 3 M KCl salt bridge (red line). The black 
line is the cyclic voltammetric profile recorded at the same glassy carbon 
working electrode for a 1 mM hexacyanoferrate(II) dissolved in a 0.1 M KCl 
aqueous solution vs a Ag/AgCl 3 M KCl reference electrode not equipped with 
any salt bridge. Scan rate 50 mVs− 1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.)
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both the glass surface contacted by the internal aqueous solution (usu
ally containing NaCl or KCl) and the surface contacted by the analyzed 
sample a very thin gel layer is formed due to the dipolar interactions 
created between the polar sites of the glass silicates and the internal and 
external polar medium. In both of these two layers, an adsorption/ 
desorption equilibrium is therefore established between the protons and 

alkaline ions that occupy the lattice positions of the silicate skeleton that 
constitutes the membrane, thus determining a potential difference be
tween each face of the membrane and the contacted solutions. The po
tential difference between the face of the membrane and the internal 
solution is always constant, while the potential difference between the 
other side of the membrane and the solution under test depends on its 
proton activity. Consequently, it has to be expected that glass electrodes 
are able to detect the pH even in polar media other than water, provided 
that sufficient amounts of alkaline ions are dissolved in them, even 
deriving from the addition of saline components of the buffers. On the 
other hand, pH measurements in DESs by glass electrodes were 
frequently reported in recent years [58–61].

Of course, this ability to detect the pH in polar solvents other than 
water will be possible only after the electrode has been conditioned in 
the analyzed sample for a sufficient time to allow both the formation of 
the aforementioned gel layers and the establishment within such layers 
of the equilibrium between protons and alkaline ions. In this regard, it 
should be underlined that the establishment of this equilibrium within 
the gel layers is expected to require longer times in the case of the use of 
samples involving relatively high viscosity polar solvents such as 
ethaline.

On the basis of these considerations, we performed a series of pH 
measurements in ethaline added with the buffers listed in Table 1 (50 
mM of acid and conjugated base) using a glass electrode which was 
preliminarily stored for at least 1 h in the tested solution. Under these 
conditions, stable and repeatable over time pH values could be achieved. 
These measurements were carried out on five different samples of each 
buffered ethaline solution, thus achieving values that did not differ from 
each other by more than one tenth of pH unit. The values thus acquired 
are reported in Table 1, third column.

Since these pH values refer to ethaline solutions in which equal 
concentrations of weak acids and conjugated bases have been intro
duced, they turned out to be coincident with the pKa value in ethaline of 
the corresponding weak acids used, as expected on the basis of the 
Henderson-Hasselbach equation (pH = pKa + log[B]/[A], where [B] 
and [A] are the concentrations of the conjugated base and acid, 
respectively). These results represent a significant confirmation of the 
fact that the pKa value of the acid-base couples considered is signifi
cantly different in ethaline from the pKa values that characterize these 
couples in water, as mentioned at the end of the previous section.

These pKa in ethaline appear to be, except for the values detected for 
CAPSO and CAPS, significantly higher than those in water, thus sug
gesting that ethaline has a lower basicity than that of water, it being less 
inclined to bind the protons released in the dissociation of the tested 
acids.

Note, however, that CAPSO and CAPS exceptions are not uncommon. 
In fact, in studies aimed at comparing the strength of weak acids in 
different organic solvents with that in water it was found that the 
variation in the pKa value observed when passing from one solvent to 
another is not always the same for all the acids considered. In fact, for 
some of them of a particular nature, minimal differences are found. 
Thus, for example, for the acidity of protonated nitrogen bases 
belonging to the aniline compounds (they being just the bases conju
gated with CAPSO and CAPS which are in fact substituted anilines), 
relatively modest differences have been reported [62] between the pKa 
values in water and those in DMSO, THF and CH3CN.

It has been suggested that this apparent anomaly is attributable to 
the solvation energy of the base formed as a consequence of the acid 
deprotonation [63,64]. This effect is due to the fact that bulky bases with 
delocalized charge are poorly solvated in water because it disturbs its 
hydrogen bonded network, causing in such a way a loss of energy to 
produce the “holes” in the solvent to fit the solute. At the same time, 
such bases do not act as hydrogen bond acceptors to any appreciable 
extent. Consequently, these bases are probably better solvated in etha
line, thus contributing to making the strength of the conjugated acids 
more accentuated.

Fig. 2. Cyclic voltammetric profiles recorded at a glassy carbon working 
electrode for 10 mM unbuffered ethaline solutions of hydroquinone (A) and 
alizarin Red S (B) vs a Ag/AgCl 3 M KCl reference electrode equipped with an 
ethaline salt bridge. Scan rate 50 mVs− 1. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.)

Table 1 
. Acid-base buffers added to ethaline (50 mM of acid and conjugated base), 
together with the pKa in water of the acids present in these buffers and the pHs 
recorded in ethaline by a glass electrode. *

Acid-base buffer pKa in 
water

pH measured in ethaline by a glass 
electrode(*)

H3PO4 + NaH2PO4 2.1 3.0
Citric acid + sodium citrate 3.1 4.1
Sodium citrate + disodium 

citrate 4.7 5.5

Acetic acid + sodium 
acetate

4.8 6.2

Tris HCl + Tris base 7.7 8.2
NaH2PO4 + Na2HPO4 7.2 8.4
CAPSO + CAPSO sodium 

salt 9.6 8.9

CAPS + CAPS sodium salt 10.3 9.8

* Since these detected pH values refer to ethaline solutions in which conju
gated acid and base were added in equal concentrations, they are coincident 
with the pKa of the corresponding weak acids used.
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The most relevant result provided by these pH measurements per
formed by a glass electrode is represented by the fact that they allow us 
to unequivocally confirm the correctness of the pKa values deduced in 
ethaline and reported in Table 1 (third column). In fact, when the anodic 
peak potentials recorded by square wave voltammetry for both hydro
quinone and alizarin (see previous section) were plotted against the pH 
values consistent with these pKa a very satisfactory linear trend could be 
achieved for each of these species, as shown in Fig. 4A and inset for 
hydroquinone and alizarin Red S, respectively. A slope of approximately 
80 mV per pH unit was found, in agreement with their quasi-reversible 
behavior displayed in voltammetric experiments (see Fig. 2). The pH 
values reported in Fig. 4 were obtained by mixing in ethaline the acids 
and conjugated bases reported in Table 1 in different ratios, however in 
any case between 3:1 and 1:3 in order to achieve in all cases a satis
factory buffering capacity.

3.4. Acid-base titrations in ethaline

In order to acquire further confirmation of the pKa values in ethaline 
determined by using glass electrode measurements, we carried out the 
acid-base titration of some of the weak acids involved in the afore
mentioned buffers. With this purpose, both acetic and phosphoric acid 
were dissolved in ethaline at a concentration of 5 mM and they were 
then titrated in triplicate with 100 mM NaOH, in turn dissolved in 
ethaline, by using a glass electrode as indicator. The concentration of 

titrant much higher than that of the titrated acids was intentionally 
adopted to minimize the dilution effects.

The corresponding titration curves thus obtained are shown in Fig. 5. 
As expected, a single equivalent point was found for the titration of 
acetic acid (Fig. 5A), while two equivalent points were identified for the 
titration of phosphoric acid (Fig. 5B). In fact, the third dissociation 
constant for this acid is conceivably so low (as occurs also in water) to 
make detectable the vertical region near the corresponding equivalence 
point.

These titration curves were used to identify the pH when each weak 
acid is exactly half neutralized, in view of the fact that the pH at 50 % 
neutralization becomes coincident with its pKa. In this way, pKa values 
in ethaline were identified which are strictly coincident with those re
ported in the third column of Table 1, thus supporting our previous 
findings.

3.5. Spectrophotometric measurements in ethaline

Alizarin Red S (sodium salt of 1,2-dihydroxy-anthraquinone-3-sul
foacid) bears two hydroxyl groups in position 1 and 2 and a sulfonic 
group in position 3 which ensures its high solubility in polar solvents. In 
water the color of this compound changes with pH, thus making it an 
acid-base indicator. As long as the acidity of the solution is such that it 
does not allow the dissociation of the two hydroxyl groups (pH ≤ of 
about 3.5) alizarin Red S exhibits a yellow color (ʎmax = about 420 nm). 

Fig. 3. Square wave voltammograms recorded at a glassy carbon working electrode for 10 mM buffered ethaline solutions of hydroquinone (A) and alizarin Red S (B) 
vs a Ag/AgCl 3 M KCl reference electrode equipped with an ethaline salt bridge. The concentration of all buffering introduced species (reported in the Figure) is 50 
mM. Scan rate 50 mVs− 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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As the pH of the aqueous solution is increased, its color changes from 
yellow to red, due to the dissociation of one of the two protons of the 
hydroxyl groups (pH about 6.0, ʎmax about 520 nm). Finally, at pH > of 

about 10 this indicator takes on a purple color (ʎmax about 600 nm), as a 
consequence of the dissociation of the second hydroxyl group as well.

The first and second dissociation constants of the hydroxyl groups in 
water reported in the literature were found to be pK1 = about 5.4 and 
pK2 = about 10.7, even if these values vary slightly with the ionic 
strength of the solutions [65,66].

We verified that this behavior as an acid-base indicator was dis
played by alizarin Red S also when it was dissolved in ethaline. With the 
aim of evaluating the pKa values that constrain the color change of this 
indicator in ethaline, we recorded a series of spectra in the 350–700 nm 
range on solutions of alizarin Red S in ethaline (200 μM) to which the pH 
buffers prepared with the species reported in the Experimental Section 
and listed in Table 1 were added. Also in this case, for each of these 
buffers the acids and conjugated bases reported in Table 1 were mixed in 
different ratios included in the range from 3:1 to 1:3 (total concentration 
100 mM) in order to exploit a good buffering capacity. The pH range 
explored was between 1.5 and 12.0, also in view of the fact that this 
indicator is known to be unstable in highly alkaline media in which it 
decomposes slowly [67].

The most significant aspects of these spectra are shown in Fig. 6 that 
summarizes the transition of the indicator color from yellow to purple, 
on passing through a red color, which occurred when the pH is pro
gressively increased.

The color changes of this indicator from yellow to red and from red to 
purple do not occur also in this case at the same pH values found in 
water and this once again indicates unequivocally that the dissociation 
constants of alizarin Red S in ethaline are different, even if not by much, 
from those in water.

This is better highlighted in Fig. 7 where the absorbance dependence 
on the pH of each of the three forms of alizarin Red S is reported. This 
Figure is constructed by reporting the absorbance at each pH recorded at 
the absorption maxima displayed by the singly (420 nm), doubly (520 
nm) and triply (600 nm) charged forms of alizarin Red S, respectively.

From the examination of this Figure, a value of approximately 6.2 
can be roughly estimated for pK1 of alizarin Red S in ethaline, while no 
concrete deduction concerning pK2 can be made. This is because the 
wavelengths at which the mono-deprotonated form of alizarin (ʎ = 520 
nm) and its bi-deprotonated form (ʎ = 600 nm) displayed their 
maximum absorption are too close to each other and that the absorp
tivity ε of the mono-protonated form is much higher than that of the bi- 
deprotonated form (see spectra in Fig. 6).

4. Conclusions

This article proposes a strategy to modulate the pH of choline-based 
DES by adopting a simple procedure which is in effect the same as that 

Fig. 4. Dependence on pH of peak potentials for anodic peaks recorded by 
square wave voltammetry for hydroquinone (blue line; Ep(V) = − 0.0784pH +
0.7966; R2 = 0.9915) and alizarin Red S (red line; Ep(V) = − 0.0824pH +
0.9378; R2 

= 0.9845) in buffered ethaline and in buffered water (hydroquinone, 
blue line; Ep(V) = − 0.056pH + 0.4211; R2 = 0.998 and alizarin Red, red line; 
Ep(V) = − 0.0532pH + 0.7211; R2 = 0.9975) (inset). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 5. Titration curves of 5 mM acetic acid (A) and of 5 mM phosphoric acid 
(B) dissolved in ethaline with 100 mM NaOH, in turn dissolved in ethaline, 
recorded by using a glass electrode as indicator.

Fig. 6. Absorption spectra of 200 μM alizarin Red S dissolved in ethaline to 
which the reported buffers were added. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.)
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adopted to regulate the acidity or basicity of aqueous solutions. It con
sists in fact in the simple addition of weak acids or bases or salts con
sisting of weak acids and strong bases to the aforementioned DES, thus 
creating real pH buffers. This strategy avoids the need to modify the 
acidity of DES by resorting to replacement of the hydrogen bond donor 
(HBD) or modification of the HBD/choline ratio. In fact, all these pro
cesses involve notable variations of their density, conductivity, surface 
tension and, in particular, of their viscosity.

Obviously, the added buffer species must be soluble in the DES and 
the pH values determined by their presence must be known, remem
bering that the proton donor and proton acceptor activity of any species 
always depends on the nature of the medium into which it is introduced. 
This article also suggests the most effective procedures for evaluating 
the pH in DES determined by the main species adopted as pH buffers. 
These methods are based on a combination of simple electrochemical 
and spectrophotometric measurements which also allow to verify the 
correctness of the determined value.

The adopted procedure was tested in ethaline, an eutectic mixture 
composed of choline chloride and ethylene glycol in a 1:2 M ratio, in 
consideration of its easy preparation and its chemical and physical 
properties, in particular its low viscosity compared to that of other DESs, 
which is a critical property influencing fluid flow, mass transfer and heat 
transfer. These properties are particularly important for various appli
cations, including the dissolution of biopolymers, metal electrodeposi
tion, extraction and separation, as well as for electrochemical studies.

The developed approach can be of considerable use in numerous 
contexts where chemicals subject to acid-base equilibria are employed. 
Thus, for example, to optimize the activity and stability of biological 
macromolecules heavily influenced by pH or when reactions signifi
cantly sensitive to proton activity are carried out.

Finally, it must be underlined that this approach taken here in 
ethaline can be easily transferred to any other DES, provided it is 
capable of solubilizing the desired buffer species.
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chemistry in analytical sciences: from green solvents to applications in complex 
matrices. Current challenges and future perspectives: a critical review, Analyst 148 
(2023) 3130–3152, https://doi.org/10.1039/D3AN00498H.

[5] F.A. Esteve-Turrillas, S. Garrigues, M. de la Guardia, Green extraction techniques in 
green analytical chemistry: a 2019–2023 up-date, Trac-Trends Anal. Chem. 170 
(2024) 117464, https://doi.org/10.1016/j.trac.2023.117464.

[6] I. Pacheco-Fernández, V. Pino, Green solvents in analytical chemistry, Curr. Opin. 
Green Sustain. Chem. 18 (2019) 42–50, https://doi.org/10.1016/j. 
cogsc.2018.12.010.

[7] A. Prabhune, R. Dey, Green and sustainable solvents of the future: deep eutectic 
solvents, J. Mol. Liq. 379 (2023) 121676, https://doi.org/10.1016/j. 
molliq.2023.121676.

[8] Y. Hariyanto, Y.K. Ng, Z.Z. Siew, C.Y. Soon, A.C. Fisher, L. Kloyer, C.W. Wong, E.V. 
C. Chan, Deep eutectic solvents for batteries and fuel cells: biosubstitution, 
advantages, challenges, and future directions, Energy Fuel 37 (2023) 
18395–18407, https://doi.org/10.1021/acs.energyfuels.3c02870.

[9] M.M. Abdelquader, S. Li, G.P. Andrews, D.S. Jones, Therapeutic deep eutectic 
solvents: a comprehensive review of their thermodynamics, microstructure and 
drug delivery applications, Eur. J. Pharm. Biopharm. 186 (2023) 85–104, https:// 
doi.org/10.1016/j.ejpb.2023.03.002.

[10] W.A. Khan, P. Varanusupakul, H. Ul Haq, M. Balal Arain, M. Marchel, G. Boczkaj, 
Diverse roles, advantages and importance of deep eutectic solvents application in 
solid and liquid-phase microextraction techniques. A review, Sep. Purif. Technol. 
358 (2025) 130362, https://doi.org/10.1016/j.seppur.2024.130362.

[11] J. Płotka-Wasylka, M. Rutkowska, M. de la Guardia, Are deep eutectic solvents 
useful in chromatography? A short review, J. Chromatogr. A 1639 (2021) 461918, 
https://doi.org/10.1016/j.chroma.2021.461918.

[12] S. Ding, Y. Xu, S. Xue, A. Li, Q. Zhang, Capillary electrophoresis separations with 
deep eutectic solvents as greener separation media: a proof-of-concept study, 
J. Chromatogr. A 1716 (2024) 464644, https://doi.org/10.1016/j. 
chroma.2024.464644.

[13] H. Meng, S. Ding, S. Xue, S. Liu, Q. Wu, Q. Zhang, Capillary electrophoresis 
separations with betaine:urea, a deep eutectic solvent as the separation medium, 
Anal. Chim. Acta 1336 (2025) 343467, https://doi.org/10.1016/j. 
aca.2024.343467.

[14] A.P. Abbott, Deep eutectic solvents and their application in electrochemistry, Curr. 
Opin. Green Sustainable Chem. 36 (2022) 100649, https://doi.org/10.1016/j. 
cogsc.2022.100649.

[15] C. Grazioli, G. Faura, N. Dossi, R. Toniolo, F. Tubaro, F. Terzi, G. Bontempelli, 
A colorimetric paper-based smart label soaked with a deep-eutectic solvent for the 
detection of malondialdehyde, Sensors Actuators B Chem. 329 (2021) 129174, 
https://doi.org/10.1016/j.snb.2020.129174.

[16] R. Toniolo, N. Dossi, R. Svigelj, L. Pigani, F. Terzi, O. Abollino, G. Bontempelli, 
A deep eutectic solvent-based amperometric sensor for the detection of low oxygen 
contents in gaseous atmospheres, Electroanalysis 28 (2016) 757–763, https://doi. 
org/10.1002/elan.201500515.

[17] T. El Achkar, H. Greige-Gerges, S. Fourmentin, Basics and properties of deep 
eutectic solvents: a review, Environ. Chem. Lett. 19 (2021) 3397–3408, https:// 
doi.org/10.1007/s10311-021-01225-8.

[18] Y. Gao, M. Fan, X. Cheng, X. Liu, H. Yang, W. Ma, M. Guo, L. Li, Deep eutectic 
solvent: synthesis, classification, properties and application in macromolecular 
substances, Int. J. Biol. Macromol. 278 (2024) 134593, https://doi.org/10.1016/j. 
ijbiomac.2024.134593.

[19] K. Zhou, X. Dai, P. Li, L. Zhang, X. Zhang, C. Wang, J. Wen, G. Huang, S. Xu, Recent 
advances in deep eutectic solvents for next-generation lithium batteries: safer and 
greener, Prog. Mater. Sci. 146 (2024) 1338, https://doi.org/10.1016/j. 
pmatsci.2024.101338.

[20] E.L. Smith, A.P. Abbott, K.S. Ryder, Deep eutectic solvents (DESs) and their 
applications, Chem. Rev. 114 (2014) 11060–11082, https://doi.org/10.1021/ 
cr300162p.

[21] D. Lapeña, L. Lomba, M. Artal, C. Lafuente, B. Giner, Thermophysical 
characterization of the deep eutectic solvent choline chloride:ethylene glycol and 
one of its mixtures with water, Fluid Phase Equilib. 492 (2019) 1–9, https://doi. 
org/10.1016/j.fluid.2019.03.018.

Fig. 7. pH dependence of the absorbance displayed at their absorption maxima 
by the singly (420 nm), doubly (520 nm) and triply (600 nm) charged forms of 
alizarin Red S. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

M. Abate et al.                                                                                                                                                                                                                                  Journal of Molecular Liquids 436 (2025) 128264 

7 

https://doi.org/10.1016/j.trac.2023.117330
https://doi.org/10.1016/j.trac.2023.117330
https://doi.org/10.1002/sscp.202400004
https://doi.org/10.1002/sscp.202400004
https://doi.org/10.1016/j.trac.2021.116383
https://doi.org/10.1039/D3AN00498H
https://doi.org/10.1016/j.trac.2023.117464
https://doi.org/10.1016/j.cogsc.2018.12.010
https://doi.org/10.1016/j.cogsc.2018.12.010
https://doi.org/10.1016/j.molliq.2023.121676
https://doi.org/10.1016/j.molliq.2023.121676
https://doi.org/10.1021/acs.energyfuels.3c02870
https://doi.org/10.1016/j.ejpb.2023.03.002
https://doi.org/10.1016/j.ejpb.2023.03.002
https://doi.org/10.1016/j.seppur.2024.130362
https://doi.org/10.1016/j.chroma.2021.461918
https://doi.org/10.1016/j.chroma.2024.464644
https://doi.org/10.1016/j.chroma.2024.464644
https://doi.org/10.1016/j.aca.2024.343467
https://doi.org/10.1016/j.aca.2024.343467
https://doi.org/10.1016/j.cogsc.2022.100649
https://doi.org/10.1016/j.cogsc.2022.100649
https://doi.org/10.1016/j.snb.2020.129174
https://doi.org/10.1002/elan.201500515
https://doi.org/10.1002/elan.201500515
https://doi.org/10.1007/s10311-021-01225-8
https://doi.org/10.1007/s10311-021-01225-8
https://doi.org/10.1016/j.ijbiomac.2024.134593
https://doi.org/10.1016/j.ijbiomac.2024.134593
https://doi.org/10.1016/j.pmatsci.2024.101338
https://doi.org/10.1016/j.pmatsci.2024.101338
https://doi.org/10.1021/cr300162p
https://doi.org/10.1021/cr300162p
https://doi.org/10.1016/j.fluid.2019.03.018
https://doi.org/10.1016/j.fluid.2019.03.018


[22] A.P. Abbott, D. Booth, G. Capper, D.L. Davies, R.K. Rasheed, Deep eutectic solvents 
formed between choline chloride and carboxylic acids: versatile alternatives to 
ionic liquids, J. Am. Chem. Soc. 126 (29) (2004) 9142–9147, https://doi.org/ 
10.1021/ja048266.

[23] A. Yadav, S. Trivedi, R. Rai, S. Pandey, Densities and dynamic viscosities of 
(choline chloride + glycerol) deep eutectic solvent and its aqueous mixtures in the 
temperature range (283.15-363.15)K, Fluid Phase Equilib. 367 (2014) 135–142, 
https://doi.org/10.1016/j.fluid.2014.01.028.

[24] A.Y.M. Al-Murshedi, H.F. Alesary, R. Al-Hadrawi, Thermophysical properties in 
deep eutectic solvents with/without water, J. Phys. Conf. Ser. 1294 (2019) 
052041, https://doi.org/10.1088/1742-6596/1294/5/052041.

[25] H.K. Ismail, H.F. Alesary, J.A. Juma, A.R. Hillman, K.S. Ryder, A comparative study 
of the formation, and ion and solvent transport of polyaniline in protic liquid-based 
deep eutectic solvents and aqueous solutions using EQCM, Electrochim. Acta 418 
(2022) 140348, https://doi.org/10.1016/j.electacta.2022.140348.

[26] P. Han, W. Nie, G. Zhao, P. Gao, Theoretical investigation on the structure and 
physicochemical properties of choline chloride-based deep eutectic solvents, 
J. Mol. Liq. 366 (2022) 120243, https://doi.org/10.1016/j.molliq.2022.120243.

[27] K. Biernacki, H.K.S. Souza, C.M.R. Almeida, A.L. Magalhães, M.P. Gonçalves, 
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