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ABSTRACT

The expanding application of deep eutectic solvents (DESs) in both upstream and downstream processes has brought increasing
attention to the role of pH in these systems. Despite its importance, accurate pH determination in DESs remains a significant
challenge, mainly due to the lack of standardized measurement protocols. This has resulted in limited and sometimes contradictory
data in literature. In this study, we investigate the acid-base properties of representative DESs using two complementary
techniques: pH electrode measurements and UV-vis spectrophotometry with pH-sensitive indicators. The DESs examined include
hydrophilic systems based on choline chloride, betaine, and tetrabutylammonium chloride combined with glycerol or ethylene
glycol, as well as a hydrophobic lidocaine-oleic acid system. Indicator solutions were titrated with hydrochloric acid, while
absorbance and electrode pH values were recorded across each dye’s transition range. The resulting absorbance-pH curves
were fitted using an inverse Boltzmann model, showing excellent correlation (R* > 0.99) and enabling reliable interpolation.
Additionally, Gaussian process (GP)-based machine learning (ML) confirmed strong agreement between methods within a 95%
confidence interval. This integrated approach provides a robust framework for accurate pH assessment in DESs.

1 | Introduction with the potential to replace conventional organic solvents and
ionic liquids in various (bio)chemical applications [1-7]. DESs
Deep eutectic solvents (DESs) have garnered considerable atten- are liquid systems typically formed by mixing hydrogen bond

tion as a new generation of environmentally friendly solvents  acceptors (HBAs), such as methylamines, choline chloride, or
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betaine, with hydrogen bond donors (HBDs), such as polyols,
organic acids, sugars, or amides. The resulting two-, three-, or
multicomponent mixtures often include water as a component
added primarily to reduce viscosity. DESs exhibit enthalpy-driven
negative deviations from thermodynamic ideality, leading to
pronounced melting point depressions compared to their pure
components. This phenomenon arises from strong intermolecu-
lar (non-covalent) interactions within the mixture, which enable
the system to remain liquid even when one or more individual
components are solid under the same conditions. Therefore, the
identification of a DES requires evaluation of the complete solid-
liquid equilibrium (SLE) phase diagram rather than a single
mixture ratio, and its composition should not be restricted to
whole-number proportions between components [6, 8-10], form-
ing deep eutectic mixtures with a melting point far below than
their individual constituents. Although DESs has traditionally
been defined by pronounced melting-point depression relative
to their individual constituents, recent phase-equilibrium studies
have highlighted that kinetic crystallization phenomena and ther-
modynamic melting behavior are not equivalent. These findings
further emphasize that DES formation and classification should
be interpreted within a rigorous thermodynamic SLE framework
rather than solely through empirical freezing-point depression
[11]. DESs are appealing due to their straightforward preparation,
low cost, biodegradability, and broad compositional flexibility.
These properties enable the rational tuning of characteristics
such as viscosity, polarity, thermal stability, and acidity/basicity
to meet specific application requirements [1, 8, 12]. This extraor-
dinary tunability, coupled with their generally low volatility
and favorable safety profiles, positions DESs as versatile and
“designer” solvent platforms capable of supporting applications
in (bio)catalysis, electrochemistry, extraction processes, biomass
valorization, biosensing, and analytical chemistry while simul-
taneously aligning with some of the green chemistry principles
[13]. Among the wide range of applications, their potential in
enzymatic synthesis emerged starting with the pioneering work
of Gorke and coworkers [14].

The inherent properties of DESs, such as high viscosity and mass
transfer limitations, can be improved by the addition of water
as a cosolvent, which facilitates the practical implementation
of biocatalytic processes. The addition of water, even at low
concentrations, induces structural changes in DESs [15] in terms
of (i) viscosity, (ii) conductivity, (iii) density, and (iv) acid/base
behavior. Moreover, water can be considered part of the DES,
forming a ternary eutectic system [16, 17]. The influence of
water on the physicochemical and functional properties of DESs
has been extensively investigated employing rheological, spec-
troscopic, calorimetric, and computational approaches [18-21] to
probe how hydration affects these systems. Taken together, results
suggest that the addition of water to DESs profoundly influences
their nanostructure and macroscopic behavior in a gradient-
wise manner, modifying ion pairing [22-28]. At higher water
concentrations, a transition is triggered from a DES-dominated
structure, often described as a “water-in-DES” regime, where
water is confined within the eutectic network, to a “DES-in-
water” regime in which the DES components are fully solvated
[28-30]. This gradual structural modification underpins the
observed changes in transport, solvation, and enzymatic compat-
ibility reported across different DES systems and compositions
[22-24, 27, 30].

The transition from a system in which water is segregated within
the DES to one in which the components are fully solvated may
differ as a function of both the nature of HBA and HBD, and
their molar ratio [29]. It is generally accepted that DESs can retain
their characteristic supramolecular structure upon the addition
of water up to approximately 40-50 wt% (and in some cases up
to 57 wt%). Within this range, the strong interactions between
components are gradually weakened but remain sufficient to
preserve the DES network. At higher water contents, however,
the hydrogen-bond network becomes disrupted, and the system
progressively behaves like an aqueous solution of the individual
components [31]. Therefore, we can conclude that the water con-
tent at which this transition occurs depends on the composition of
the eutectic mixture [27]. Beyond structural transitions, changes
in water content can also influence the acid-base properties of
DESs. Strictly speaking, pH is defined as the negative logarithm
of the activity of hydrogen [H;O] ions, not just its concentration.
Also, pH itself is not equivalent to acidity or alkalinity, which
instead describe the buffering capacity of a medium, that is, the
resistance to pH changes upon addition of acid or base [32]. The
analysis of pH provides insights into the proton activity and the
donor/acceptor abilities of DES mixtures, which in turn define
the interactions with other compounds. Moreover, the concept
of pH in DESs is not directly comparable to the familiar pH
scale used in aqueous solutions [33]. While these parameters are
relatively straightforward to measure and interpret in aqueous
systems, DESs or DES-water mixtures exhibit higher complexity
due to factors such as ionic strength, viscosity, and proton activity
[34].

Since many catalytic processes are sensitive to pH, understanding
how the eutectic composition and hydration level affect the
pH of a DES is crucial for designing suitable media. Notable
examples of the role of the pH of DESs in various processes can be
found in the literature. Zhu et al. systematically compared acidic
and alkaline DESs for the pretreatment of grapevine, assessing
component removal, lignin structural changes, and antioxidant
properties [35]. Strong acidic DES (choline chloride-lactic acid,
ChCI-LA) performed comparably to an alkaline DES (potassium
carbonate-ethylene glycol, K,CO5-LA), removing up to ~60%—
81% of hemicellulose and lignin while retaining cellulose. The
alkaline DES produced lignin with higher phenolic content,
enriched guaiacyl and para-hydroxyphenyl units, and greater
thermal stability, resulting in enhanced antioxidant activity. This
comparative study highlights how DES chemistry can be tailored
for both effective biomass fractionation and the generation of
lignin streams with added functional value.

Rodriguez Rodriguez et al. showed that sulfonic acid-based DESs,
particularly those combined with quaternary salts, ammonium,
or phosphonium, represent versatile platforms for metal oxides
solubilization [36]. The solubility of a broad set of metal oxides
can be enhanced by tuning the HBA:HBD ratio. This tunability
highlights the potential of sulfonic acid-based DESs for targeted
metal recovery, valorization of low-grade ores, and the use of
cheaper alternative HBDs such as methanesulfonic acid. Acidic
DESs have also proven effective in fuel purification, particularly
in deep desulfurization. Li et al. demonstrated that the accurate
selection of the HBA increased the extraction efficiencies, reach-
ing 82.8% in a single cycle and 99.5% after five cycles, thereby
lowering the sulfur content in fuels to below 8.5 ppm [37]. Yin
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et al. reported a positive correlation between DES acidity and
desulfurization performance, achieving efficiencies of 97.2% and
95.9% using choline chloride- or tetrabutylammonium chloride-
based p-toluenesulfonic acid DESs, respectively, highlighting
acidity tuning as a powerful strategy for fuel purification [38].

Monitoring the pH of a DES-based system in biocatalysis is
also critical, as many enzymes are susceptible to changes in
their acid-base environment. Liu and Shi [39] examined lipase-
catalyzed esterifications in several hydrophilic non-acidic, acidic,
and hydrophobic DESs, observing that a pH shift of ~3 units
could alter enzyme activity by more than 30%, with significant
inhibition at acidic conditions.

Baby et al. systematically investigated NADH-dependent formate
dehydrogenase activity in DES/buffer/water mixtures, demon-
strating that both pH and water activity significantly influence
enzyme performance and stability, with optimal activity achieved
through appropriate buffer addition [40]. Xu et al. reported that
the optimal pH for alcohol dehydrogenase-catalyzed bioreduction
in a choline chloride:ethylene glycol DES shifted to pH 5.0,
emphasizing that the preferred pH range depends strongly on the
enzyme, substrate, and solvent composition [41]. Similarly, Zhang
et al. examined horse liver alcohol dehydrogenase in different
DESs and found that maintaining a favorable pH environment,
together with suitable water content, is essential for preserving
enzyme activity and stability [42].

Despite the above-discussed examples, and although the high
relevance of pH in DESs is evident, studies reporting experimental
values of pHs of DESs are scarce compared to the systematic
studies reporting other physicochemical parameters of DESs,
such as viscosity or conductivity. Furthermore, the influence of
DES components, their molar ratio, and the presence of water on
their pH remains to be understood.

Hayyan et al. studied sugar-based DESs, measuring the pH at
different HBA-HBD molar ratios and temperature [43, 44]. The
results showed that the pH decreased with increasing tempera-
ture (from 25°C to 85°C), also depending on the ChCl:fructose
molar ratio. The 1:1 and 1:2 ratios showed substantial pH
decreases, whereas the 1:1.5 and 1:2.5 ratios exhibited only slight
reductions. Similar results were obtained for ChCl:glucose at
different molar ratios, where the pH value of the neat DES was
almost neutral. Conversely, the system displayed low sensitivity to
temperature variations. Additionally, Skulcova et al. reported that
the pH values of ChCl-based systems decreased with increasing
temperatures (a drop of 0.69 units from 20°C to 60°C) [45].
Mitar et al. showed that organic acid-based DESs exerted higher
acidity compared to those mixtures using polyalcohols [46]. The
water content affected the pH of DESs, and thus, for systems
with extremely low pH, increasing the water content resulted in
higher pH values. In contrast, within the higher pH range, the pH
decreased with increasing water content.

In the literature, several strategies have been employed to
measure pH in DESs, including potentiometric [12], as well
as methods aimed at determining apparent acid dissociation
constants through potentiometric titration, UV-vis spectroscopy
[12, 34], and NMR [47]. Additionally, computational approaches
(mainly based on COSMO-RS) [1, 8] have been reported to

predict pH values. Each approach provides valuable insights but
also presents some limitations when applied to these complex
mixtures. Among these strategies, it is worth highlighting the
work of Abbot and coworkers in 2017 [34], where the pH behavior
and proton activity in DESs were investigated using standard
pH indicator solutes, such as bromophenol blue. The DESs were
titrated with triflic acid, allowing for a deeper understanding of
the pH dynamics. Remarkably, the technique yielded valuable
insights into the behavior of the glass electrode in DESs. Although
the water content decrease led to a deviation from ideal Nernstian
behavior, suggesting that the potential did not vary proportionally
with the logarithm of ion concentration, the response was linear
and correlated with the pH indicator method.

While reported studies provide useful benchmarks, the vari-
ability and, in some cases, discrepancy among published pH
values underscore the need for a standardized and readily
implementable method. In this work, we present a synergistic,
comparative approach that combines direct pH electrode mea-
surements with UV-vis spectroscopy using pH-sensitive indicator
molecules to determine the pH of a representative set of DESs.
Briefly, the inverse Boltzmann equation was employed to fit
experimentally obtained pH values from the calibration curve
of each dye with the corresponding absorbance measured by
a UV-vis spectrophotometer. By training and fitting on both
data sources simultaneously, a stochastic machine learning (ML)
framework based on Gaussian process (GP) models was employed
to reconcile discrepancies between the datasets and to quantify
uncertainty by assigning confidence intervals to the pH measure-
ments reported in this work. Systems studied include hydrophilic
systems based on choline chloride (ChCl), betaine (Bet), and
tetrabutylammonium chloride (TBAC) combined with glycerol
(Gly) or ethylene glycol (EG) as HBDs, and one hydrophobic
system, lidocaine-oleic acid (Lid-OA), which has been reported
in the literature to display distinct behavior [48, 49]. These
DESs have been chosen due to their wide application in both
biocatalysis and chemical processes. Using the dual experimen-
tal method, together with the ML modeling, we investigated
how water addition affects the acid-base environment of DESs
and examined the impact of added buffers on the apparent
pH.

2 | Results and Discussion

2.1 | Experimental Analysis of the pH of
DESs—Buffer Mixture

The pH values of DESs were determined experimentally using
two methods: (i) an electrochemical sensor and (ii) molecular
dyes. In the first method, a conventional glass pH electrode was
used to measure the proton activity in the DESs. The electrode
detects the potential difference generated by the selective interac-
tion of hydrogen ions with the glass membrane, which correlates
with the pH of the medium. In the second method, pH-sensitive
indicator dyes were used to assess proton activity in the DESs. The
protonation or deprotonation of the indicators was monitored
by UV-vis spectroscopy. For the selected dyes, any changes in
absorption within the 350-700 nm range reflect shifts in the
local proton environment (for further details, see the Supporting
Information).

ChemCatChem, 2026

30f13

85UB01 7 SUOLUWIOD @A 181D 3ol dde ayy Aq peuenob ae sejoiie VO ‘8sn JO SNl 1o} Aleid8UIIUQ AB]IAA UO (SO IPUO-PUR-SLUIBILID A8 | 1M ARe.d||BU1 [UO//StIY) SUORIPUOD pue SWe 1 8} 88S *[9202/90/2T] o Akeiqiauliuo A8|IM ‘01BAY 2d 8pepsiAIUN AQ 980/ 9109/200T 0T/I0p/W00" A3 1M Atelq 1 jpuljuoado.ne-Aus IusLo//Sdny WoJj pepeo|umod ‘TT ‘9202 '668E298T



TABLE 1 | Structure of DES components.

HBA HBD DES
DES Molar
Name Structure Name Structure abbreviation ratio T, (°C) References
ChC Gly ChCl-Gly 12  -3615 50
hCl I 1 OH hCl-Gl [50]
+
Ho NN Ho._J_oH
cr
EG HO \/\OH ChCI-EG 12 —28.00 [11]
Bet 0O | Gly OH Bet-Gly 1:2 n/a —
)K/N-F/ HO\)\/OH
-O h EG Bet-EG 1:3 /
HO \/\ et- : n/a —
OH
TBAC —\_\ Gly OH TBAC-Gly 1:3 —41.64 [51]
PN Ho._k__oH
S 2N, CF
\_L EG HO\/\OH TBAC-EG 1:3  —30.88 [51]
Lid OA [e) Lid-OA 111 n/a —

N PR
2N —
\gﬂNK CeHi7”~ (CHp),~” “OH

Note: n/a: not available in literature.

Abbreviations: ChCl—choline chloride, Gly—glycerol, EG—ethylene glycol, Bet—betaine, TBAC—tetrabutylammonium chloride, Lid—lidocaine, OA—oleic

acid.

In total, four case studies were considered, using different HBAs,
choline chloride (ChCl), betaine (Bet), and tetrabutylammonium
chloride (TBAC) in combination with two HBDs, namely, glycerol
(Gly) and ethylene glycol (EG). In addition to these hydrophilic
DESs, an exemplary hydrophobic lidocaine-based DES was also
applied (Table 1). For each HBA-HBD (mol:mol) combination,
the pH of the pure DES, with increasing mass fractions of
ultrapure water (pH of 6.31), was measured. Additionally, the
pH of DESs with 20 wt% buffer (sodium acetate (NaOAc),
pH 4.68; potassium phosphate (KPi), pH 5.92; and 2-amino-2-
(hydroxymethyl) propane-1,3-diol (tris), pH 9.00, each of them
having two different final concentrations: 10 and 100 mM) were
assessed to determine whether the pH of the DESs is influenced
by the buffer type and/or ionic strength. The choice of dye for each
DES was guided by the pH values previously measured using a pH
electrode (all the measurements were performed at 25°C), as well
as by the pKa range of the selected dye.

2.2 | Case Study 1—Choline Chloride-Based DES

The ChCl-based DESs were studied in combination with Gly and
EG as HBDs. The analyses were conducted on the two neat DESs
(ChCl-Gly and ChCI-EG; both at 1:2 mol/mol) with the addition
of ultrapure water (0-80 wt%), using either (i) the pH electrode or

(i) the bromothymol blue pH indicator (adapted to the pH range
of those DESs).

As shown in Figure 1a, the addition of water to ChCI-Gly (1:2)
results in a slight increase in the system’s acidity, in agreement
with the literature, which reports that the pH of the DES system
decreases with increasing water content. For neat ChCl-Gly, a
pH of 6.54 and 6.70 was measured with the pH indicator and
electrode, respectively; this value was found to be in agreement
with Yee Tong Tan et al. (2018) [52]. When prepared with 30—
80 wt% water, the pH values varied within a range from 6.03
to 5.32 and 6.49 to 5.83 using the pH indicator and electrode
(Figure 1a). Conversely, a more acidic pH, ranging between 3.71
and 3.06, with the same water content, was reported by Pani¢
and coworkers [8]. For ChCI-EG in the same conditions, pH
values of 6.81 to 6.38 and 6.81 to 6.34 with pH indicators and
electrode, respectively, were obtained (Figure 1b). Nevertheless, a
rather large discrepancy was observed when compared with data
reported by Panic et al. [8] at high-water-content conditions (50
and 80 wt% water), as these authors observed pH values of 4.58
and 4.41 (Table 2). Both methods for pH measurements yielded
similar results, with a slight acidification of the ChCl-based DESs
as the water content increased, possibly due to the dissociation
of water, which generates more detected protons and changes the
system from binary to ternary [18]. Finally, GP modeling yields a
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a. ChCI-Gly (1:2)

b. ChCI-EG (1:2)

8.0 8.0
=@~ Indicator ~@- Indicator
~@- Electrode ~@- Electrode

7.5 - == =GP Prediction 7.5 == =GP Prediction
== = 95% Confidence - == = 95% Confidence

7.0

-
i — ]

pH

6.5

e04 T T mme

5.5

DES Water Content (wt%)

5.0 T T T T T T T T
0 10 20 30 40 50 60 70 80

DES Water Content (wt%)

FIGURE 1 | Measured values for ChCI-Gly (1:2) (a) and ChCI-EG (1:2) (b) with different water fractions, using an electrochemical pH detector
(green line) or UV-vis spectrophotometry with the addition of bromothymol blue (absorbance at 615 nm, blue line). All measurements were conducted

in triplicate. Predictions (black dashed line) with 95% confidence (blue dashed lines) intervals from GP models simultaneously fit to both data sources

are also included.

narrow 95% confidence interval in regions where all experimental
data are incorporated, thereby validating and corroborating both
pH measurement approaches. Note that GP models do not predict
scalar values, as described in Supporting Information. Instead,
they predict Gaussian probability distributions for the output,
with the mean of that distribution being considered the GP-
predicted scalar value for the output, and the standard deviation
of that distribution being considered a measure of the inherent
uncertainty of the GP about that prediction. Importantly, the
width of this 95% confidence interval is, for all cases, narrower
than 1 pH unit.

No difference was observed in the role of protonation provided by
the water, regardless of the change in the HBD in the system, and
no studies to date have been found in the literature. Encouraged
by these initial results, the effect of adding a buffer was studied,
also comparing the two pH measurement methods mentioned
above. The buffer solutions were added to the initial samples to
reach a 20 wt% aqueous content. In total, three different buffers
(NaOAc, KPi, and tris base) at two ionic strength levels (10 and
100 mM) were screened to evaluate the pH effect of their addition
to the final DES formulations (Figure 2).

For the ChCI-Gly (Figure 2a), the addition of NaOAc buffer (10
or 100 mM) led to a 2-unit pH decrease for the dye-based mea-
surement, from 6.23 to 4.24, while just 1 unit pH decrease, from
6.41to 5.46, was observed when the measurement was carried out
with the pH electrode. In the case of ChCI-EG (Figure 2b), the
observed decrease in pH values upon addition of the NaOAc (10
or 100 mM) buffer was similar in both measurement methods.
Here, a decrease of 1 pH unit, from 6.71 to 5.55 with the dye
and 6.90 to 5.92 with the pH electrode, was detected. Overall,
similar results were obtained when using two different ionic
strengths across the tested buffers, regardless of the experimental
method employed. The discrepancy in pH measured with the
two methods when NaOAC is used in ChCI-Gly suggests some
particular interactions among the DES components and the
buffer with the pH method. These interactions have never been

assessed and would require further in-depth work to understand
the rationale behind.

2.3 | Case Study 2—Betaine-Based DES

Taking betaine as HBA, Gly, and EG were evaluated as HBDs.
However, unlike the previous analysis, for betaine-based DES,
Gly was used at a 1:2 ratio, and EG was used at a 1:3 ratio. The
reason for this choice is due to the low stability of the Bet-EG
1:2 ratio, which undergoes crystallization after preparation during
the cooling step. Moreover, the 1:3 molar ratio has already been
reported and thoroughly characterized in the literature [9, 53,
54]. Once again, bromothymol blue was used as a pH indicator
molecule for this case study.

The analysis of betaine-based DESs revealed an alkaline pH,
albeit upon addition of water (up to 80 wt%), a significant change
in pH, for example, from 8.71 to 6.90, was observed (Figure 3a),
indicating a more substantial influence of betaine on the final
pH for the DESs formulation compared to ChCl. The progressive
addition of water exhibits a neutralizing effect, as also observed by
Panic et al. [8] (Table 2). Results from the pH-meter analysis and
the UV-vis for the pure DES and DES-water mixtures are shown
in Figure 3.

As reported in Figure 3a, neat Bet-Gly (1:2) revealed a pH of
8.71 and 8.07 from the electrochemical detection and spectropho-
tometric, respectively. In this case, in contrast to the systems
presented in Figure 2, the GP-predicted confidence interval
exceeds 1 pH unit, most likely because of the systematic offset
observed between the indicator and electrode datasets. Neat Bet-
EG (1:3) exhibited pH values of 8.84 and 7.76, as determined
by the two methods (Figure 3b). Despite the different values,
both data points are contained within the narrow 95% confidence
interval assigned by the GP modeling. Finally, the two systems did
not display significant differences related to the different HBDs,
possibly due to the presence of a total of six hydroxyl groups
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TABLE 2 | Experimentally measured pH values and comparison with literature.
DES HBA-HBD,
(HBA-HBD) mol:mol H,0 (wt%) pH (indicator) + std pH (electrode) + std pH (literature) References
ChCl-Gly 1:2 0 6.54 + 0.03 6.70 + 0.10 6.69 [52]
3.54 [55]
4.43 [56]
6.97 [57]
5.00 [58]
2.46 [59]
6.95 [60]
7.54 [61]
4.72 [62]
10 6.38 + 0.02 6.45 + 0.23 4.47 [45]
6.95 [63]
3.85 [55]
30 6.03 +£0.02 6.49 +0.14 3.71 [8]
6.03 [63]
3.75 [56]
3.30 [64]
50 5.75+0.03 6.14 + 0.15 2.67+0.1 [8]
5.68 [63]
3.75 [56]
3.50 [64]
80 5.32+0.09 5.83+0.13 3.06 [8]
4.89 [63]
3.90 [64]
ChCI-EG 1:2 0 6.95 + 0.00 7.28 £0.06 4.51 [55]
4.49 [56]
5.93 [57]
7.02 [60]
3.42 [65]
10 6.73 +£ 0.01 7.07 + 0.12 6.19 [8]
30 6.81 + 0.01 6.81 +0.01 6.60 [8]
4.04 [56]
7.10 [64]
50 6.28 + 0.01 6.43 +0.02 4.58 [8]
3.89 [56]
6.00 [64]
80 6.38 + 0.00 6.34 + 0.01 4.41 [8]
5.20 [64]
(Continues)

(two times (HOCH,),CHOH and three times HOCH,CH,OH)

equivalents in both DES formulations.

The weak alkaline nature of betaine-based DESs has already been
reported in the literature [9]. This behavior (Figure 3) can be

attributed to the zwitterionic form of betaine, which exhibits a
quaternary ammonium group and a carboxylate group (pK, =1.8).
While the former is not viable for proton transfer, the latter can
act as a proton acceptor, acting as a weak base. The neutralizing
effect of water addition was determined by Pani¢ et al. [8], where
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TABLE 2 | (Continued)
DES HBA-HBD,
(HBA-HBD) mol:mol H,0 (wt%) pH (indicator) + std pH (electrode) + std pH (literature) References
Bet-Gly 1:2 0 8.07 + 0.24 8.71+0.18 7.56 [9]
5.38 [66]
5.50 [67]
10 7.74 + 0.10 8.54 +0.03 4.73 [63]
30 7.08 + 0.04 8.06 + 0.06 6.77 [8]
4.26 [63]
50 6.72 + 0.01 7.52 +0.03 6.37 [8]
3.87 [63]
80 6.22 + 0.01 6.89 + 0.13 3.75 [63]
Bet-EG 1:3 30 7.17 + 0.00 7.44 + 0.03 6. 86 (molar [8]
ratio 1:2)
TBAC-Gly 1:3 0 2.58 + 0.15 1.88 + 0.24 6.51-6.11 [51]
TBAC-EG 1:3 3.44 +0.01 4.43 +0.05 9.20-7.72 [51]
10.0 - 10.0
3-C"S|V5:Z(s1 :eizro hotomet 9.12 .21 }th\llffsg :eilro hotomet J F 9.14
m Electroc:t?mic:I pH dele:;ylion 22 = [ | Electrocﬁemic:l pH deterc‘;io 8.59 o
8.0 - 8.0 1
741749 ;33746
i 68%s52 6868 el
6.23.0
6.0 4 - > 6.0 - . 555,91 56358
3 3
4.24) 4.27]
4.0 4.0
204 2.0
Concentration [MA]] 0 10 100 10 100 10 100 | Concentration [mMj| 0 10 100 10 100 10 100
Co-solvents| Water NaOAc KPi Tris Co-solvents| Water NaOAc KPi Tris
pH indicators| BCG BPB BTB B pH indicators| BCG BPB BTB TB
FIGURE 2 | Measured pH values for ChCI-Gly (1:2) (a) and ChCI-EG (1:2) (b) with 20 wt% water or buffer solutions, using a pH electrode (green

bars) or UV-vis spectrophotometry with the addition of bromocresol green and bromophenol blue (absorbance at 591 and 615 nm, blue bars), NaOAC
(pH 4.86) for ChCI-Gly and ChCI-EG, respectively, bromothymol blue (absorbance at 615 nm) KPi (pH 5.92) for ChCI-Gly and ChCI-EG, and tris buffer
(pH 9.00) samples were measured using thymol blue (absorbance at 615 nm). All the experiments were conducted in triplicate. BCG: bromocresol green,
BPB: bromophenol blue, BTB: bromothymol blue, and TB: thymol blue sodium salt.

pH values of Bet-Gly were reported to be 6.77 and 6.37, with
water content of 30% and 50%, respectively. The increase in pH
toward neutrality upon the addition of water (up to 80 wt%), on
the other hand, can be caused by the gradual protonation of the
eutectic medium until the establishment of an equilibrium. Both
systems progressively reached the pH of pure water, indicating
the transition from the DES-based medium to the DES-water
medium, and finally to an aqueous solution.

Overall, the two pH measurement methods yielded comparable
results. Just like for Case Study 1, we studied the effect of adding
buffer (up to 20 wt% aqueous content), comparing the two pH
analysis methods reported here. As noted in the experimental
section (Supporting Information), three different buffers were
evaluated to assess the effectiveness of pH, buffer type, and ionic

strengths (10 and 100 mM) in controlling the final resulting DES
formulations (Figure 4).

As in Case Study 1, the increase in buffer strength (from 10 to
100 mM) did not result in a significant pH shift. Here, the addition
of KPi buffer, pH 5.92, did not result in a drastic pH change when
compared to the addition of water, suggesting a possible dominant
effect of the latter on the DES neutralization. On the other hand,
more acidic and basic buffers, represented by NaOAc and tris,
resulted in a more pronounced pH shift. As an example, NaOAc
samples exhibited a pH of 6.01 and 6.43 for the electrochemical
and photometric methods, in the case of Bet-Gly (1:2), and 6.11
and 6.60 for Bet-EG (1:3). Nevertheless, the proximity of the pH
value of the added tris buffer to the DES medium resulted in a pH
higher than 9.0 in all the analyzed samples. The highest measured
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a. Bet-Gly (1:2)
0

=@~ Indicator =@~ Indicator
I =@~ Electrode =@~ Electrode
S~o == = GP Prediction = = GP Prediction
9 =~ ~ = = 95% Confidence 9 = = 95% Confidence

b. Bet-EG (1:3)
0

5 T
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FIGURE 3 |
the addition of bromothymol blue (absorbance at 615 nm, blue line), and using an electrochemical pH detector (green line). All measurements were
conducted in triplicate. Predictions (black dashed line) with 95% confidence (blue dashed lines) intervals from GP models simultaneously fit to both
data sources are also included.

Measured pH values for Bet-Gly (1:2) (a) and Bet-EG (1:3) (b) with different water fractions, using UV-vis spectrophotometry with
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FIGURE 4 |

10.0

8.0 1
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pH
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2.04
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b. Bet-EG (1: 3)

UV-vis spectrophotometry

[ Electrochemical pH detection

8.168.28

80382

9.20 9.189.44

8.18]

Co-solvents

Water

NaOAc

Tris

pH indicators.

BCG

BPB

BTB

TB

Measured pH values for Bet-Gly (1:2) (a) and Bet-EG (1:3) (b) with 20 wt% water or aqueous buffer solutions, using a pH electrode

(green bars) or UV-vis spectrophotometric measurements (blue bars). The NaOAc (pH 4.68) and KPi (pH 5.92) buffer samples were measured using
bromophenol blue (591 nm) and bromothymol blue (615 nm), and tris buffer (pH 9.00) samples were measured using thymol blue (430 nm). All the
experiments were conducted in triplicate. BCG: bromocresol green, BPB: bromophenol blue, BTB: bromothymol blue, and TB: thymol blue sodium salt.

value was 9.44 using the photometric method for both Gly and
EG, using them as HBDs.

This additional set of experiments confirms the similar behavior
of the two Bet-based systems, likely related to the same number
of hydroxyl groups in both mixtures. Furthermore, it can be
hypothesized that the buffer does not interfere with the two
experimental methods used, as evidenced by the similar and
comparable pH values.

2.4 | Case Study 3—Tetrabutylammonium
Chloride-Based DES

Herein, the TBAC was used as an HBA, exhibiting the strongest
acidic behavior among the three case studies introduced so far
(Figure 5).

As shown in Figure 5a, the neat TBAC-Gly (1:3) exhibited an
acidic pH (2.58 and 1.88 from the spectrophotometric and the
electrochemical detection, respectively). Despite the different
values, both fall within the GP-predicted 95% confidence interval,
which, for that water content, is roughly 1 pH unit. Neat TBAC-
EG (1:3) showed a pH of 3.44 and 4.43, as determined by the
two methods (Figure 5b), with the indicator result (pH of 3.44)
lying slightly outside the GP-predicted confidence interval. Quite
contradictory was the comparison with literature [51] (Table 2),
where values of 6.51-6.11 and 9.20-7.72 for TBAC-Gly (1:3) and
TBAC-EG (1:3), respectively, across the temperature range of
293.15-353 K, were reported. Interestingly, the addition of 5 wt%
of water leads to a significant pH increase, reaching 2.86 by
electrochemical detection and 2.65 by the spectrophotometric
method, for the glycerol one. Further addition of water results
in a less pronounced neutralizing effect, with only a 1.1-unit pH
increase between 5 and 80 wt% water content. The ethylene glycol
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a. TBAC-Gly (1:3) b. TBAC-EG (1:3)
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FIGURE 5 | Measured pH values for TBAC-Gly (1:3) (a) and TBAC-EG (1:3) (b) with different water fractions, using UV-vis spectrophotometry with
the addition of bromothymol blue for (a) and bromocresol green for (b) (absorbance at 615 nm, blue line), and using an electrochemical pH detector
(green line). All measurements were conducted in triplicate. Predictions (black dashed line) with 95% confidence (blue dashed lines) intervals from GP
models simultaneously fit to both data sources are also included.

10.0 10.0
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4.0 4.0
3.48
3.11
2.0+ 2.0
0.0 0.0 4
Concentration [mM] 0 10 100 Concentration [mM] 0 10 100
Co-solvents| Water Tris Co-solvents| Water NaOAc
pH indicators| BCG TB pH indicators| BCG BPB

FIGURE 6 | The measured pH values for TBAC-Gly (1:3) (a) and TBAC-EG (1:3) (b) with 20 wt% water or aqueous buffer solutions using a pH
electrode (green bars) or UV-vis spectrophotometric measurements (blue bars). Sodium acetate (NaOAc pH 4.68) was measured with bromophenol
blue (absorbance at 591 nm) for TBAC-Gly and TBAC-EG. Potassium phosphate (KPi, pH 5.92) buffer was measured with bromothymol blue for both
samples (absorbance at 615 nm), and tris buffer (pH 9.00) samples were measured using thymol blue (absorbance at 430 nm). All the experiments were

conducted in triplicate. BCG: bromocresol green, BPB: bromophenol blue, BTB: bromothymol blue, and TB: thymol blue sodium salt.

mixture showed a similar behavior with an increasing pH until
4.99 and 4.62 with 80 wt% water. Interestingly, here, the addition
of water resulted in an increase in pH rather than a decrease
as had been observed in the ChCl- and Bet-based DESs. On the
other hand, the addition of 20 wt% of buffer resulted in a more
substantial shift toward the pH of the aqueous solution (Figure 6).

In the case of TBAC-based DESs, in contrast to the two case
studies described above, the addition of different buffer strengths
(10 and 100 mM) resulted in a more pronounced pH change
across all the examined mixtures. For instance, increasing the
KPi buffer concentration tenfold resulted in an increase of
the pH by approximately 1 unit. Interestingly, both methods
recorded the pH values higher than the inherent pH of the
buffer systems studied (NaOAc, KPi). This behavior could be
attributed to the propensity of TBAC to undergo ion exchange
with the buffer components (salt metathesis) or to the formation

of new ionic interactions with the phosphate or acetate groups,
which are responsible for the acidic nature of the respective
buffers.

2.5 | Case Study 4—Lidocaine-Based DES

The Lid-OA (1:1) DES was selected as a representative system
for the class of hydrophobic DESs. Interestingly, the dynamic
viscosity of the Lid-OA (1:1) DES increased with rising water con-
tent, a phenomenon known as the “thickening effect”, eventually
leading to the formation of a gel-like system. This behavior was
evaluated by Zhang et al. [49], who assessed the phase behavior
of DESs and DES-water mixtures containing 5-90 wt% water
at a 0.5°C gradient. In particular, the Lid-based DESs exhibited
thermo-switchable hydrophobicity with lower critical solution
temperatures (LCST) ranging from 25°C to 33°C, the lowest value
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FIGURE 7 | Effect of increasing mass fraction of water on the pH of Lid-OA (1:1) (a). The green line represents the results from electrochemical

detection, and the blue line represents the results from spectrophotometric detection with the addition of bromocresol green. All measurements were
conducted in triplicate. Predictions (black dashed line) with 95% confidence (blue dashed lines) intervals from GP models simultaneously fit to both
data sources are also included. Comparison of the pH values of Lid-OA (1:1) (b) measured with the electrochemical method (green bar) and UV-vis
spectrophotometric method (blue bars) after the addition of 20 wt% water, 10 or 100 mM NaOAc (pH 4.68), KPi (pH 5.92), or tris buffer (pH 9.00)
measured with bromocresol green (absorbance at 615 nm) bromophenol blue (absorbance at 591 nm), bromothymol blue (absorbance at 615 nm), and
Thymol blue (absorbance at 430 nm), respectively. All measurements were conducted in triplicate.

(25°C) being observed at 30-50 wt% water. It seems that this
switchable hydrophobicity is driven by water’s effect on ionic
equilibria. Longeras et al. [48] observed the DES de-mixing using
infrared spectroscopy (IR) and attributed the phase separation
between water and DES to the decrease of the ionic forms of Lid
and OA, more soluble in water than the Lid and OA molecules.
For this reason, measurements using both methodologies were
not as straightforward as with the hydrophilic DESs (Case Studies
1-3). In the case of UV-vis spectrophotometric analysis, solubiliz-
ing the dye in the DES before measurement proved challenging,
while the high viscosity of the system limited the performance
of the electrode-based measurements. This resulted in a discrep-
ancy between all the measured pH values using the two pH
analysis methods (Figure 7), which GP modeling was unable to
reconcile.

As shown in Figure 7a, no significant differences in the pH
values were detected upon water addition. The pH detected
using the spectrophotometer analysis (blue line) revealed a
moderately acidic pH ranging from 4.80 (0 wt%) to 5.41 (80
wt%). On the other hand, pH electrode measurements (green
line) displayed more neutral values ranging from 6.93 (0 wt%
water) to 7.40 (80 wt% water). A pH value of 7.2 for the aqueous
solution of DES 1:1 (50 wt%) was also reported by Longeras
et al. (2020) [48]. Furthermore, no response was observed in
the DES-buffer mixture regardless of the added buffer species
(Figure 7b).

The peculiar properties and behavior of this DES could explain
the lack of water and buffer tuning effects related to different
proton activities. Nevertheless, further experiments are needed
to elucidate the pH response in hydrophobic DESs, where the
thickening effect of increasing the water content may lead to
a different proton mass transfer, influencing the measurements
with both methods.

3 | Conclusion

A synergistic approach has been conducted combining the exper-
imental pH detection methods with stochastic ML modeling.
The pH of the DESs was determined using two methods: (i)
electrochemical sensing with a glass pH electrode, and (ii)
molecular dye indicators, where protonation or deprotonation
of pH-sensitive dyes was analyzed by UV-vis spectroscopy for a
selected set of DES representatives. The two wet-lab methods,
jointly fitted with a single GP model, were proven to be solid
for hydrophilic DESs, with a discrepancy of up to 1 unit of pH
maximum, where water can be blended and the dyes can be
solubilized. Conversely, large discrepancies were observed when
hydrophobic DES (Case 4 DES; Lid:OA) were used, and more
research will be needed to understand the factors that govern the
way of how pH can be measured in this type of DESs.

For ChCl- and Bet-based DESs (Case 1 and Case 2 DES), where
the measured pH values ranged around neutrality and alkalinity,
respectively, the addition of water led to a decrease in the
pH. This behavior was found to be in line with the literature
data. For TBAC-based DESs (Case 3 DES), which displayed an
acidic pH, the increase in water content was correlated with a
higher pH value. The buffer addition played a role in the pH
modulation. Interestingly, relatively low buffer concentration,
such as 10 mM, was found to be sufficient to withdraw some
protons and equilibrate the DES-buffer to the buffer’s pH in the
ChCl- and Bet-based DESs. Remarkably, the result with TBAC-
based DESs showed that even acidic DES can be basified with
buffer contents, and that increasing the buffer strength, the shift
is more pronounced. The addition of buffer, aimed to modulate
the pH of DESs using a straightforward strategy, as in an aqueous
system, then turns out to create a new DES-medium where the
properties of the starting one might be changed (and interestingly,
gradient-wise). However, further studies in this regard must
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be carried out to see how the physical-chemical properties of
these solvents are affected upon the addition of a buffer chosen
specifically for every case.

Furthermore, the implementation of DESs in biocatalytic appli-
cations and bioprocesses urges continuous monitoring of the pH
systems while the desired reaction takes place. This is especially
important in cases where DESs are used as reaction media, with
either water or buffers as co-solvents, given that the overall pH
value of the reaction is the result of the contributions of each
component in said system. Future experiments with continuous
pH measurement would enlighten whether the acidity of the
medium changes as substrates are converted into products (e.g.,
in esterification reactions). Therefore, we recommend measuring
the pH before and after the substrate addition, as some substrates
may trigger proton changes and alter the pH.

Several studies have reported pH values for well-established DES
systems, providing useful benchmarks for comparing their acidity
and guiding their selection for specific applications. Nevertheless,
considerable uncertainty remains, not only as mentioned above,
because the reported values often vary depending on factors such
as the water content, the HBA-HBD molar ratio, and temperature,
but also for the measurement defined by the protocol itself. As a
result, the same DES can display noticeably different pH values
across studies, and the nature of the HBD and HBA seems to have
a substantial effect on the acidity of DESs.

The development of methods capable of continuously monitoring
pH changes in real-time during reactions is essential. Such tools
could allow direct observation of how the conversion of reactants
to products (R — P) alters the proton environment, providing
a deeper understanding of biocatalytic processes in DES-based
systems.

As demonstrated in this paper, the use of pH indicators in DESs
enables continuous monitoring of the chemical environment in
specific biocatalytic applications, in particular for hydrophilic
DESs. From all this, we can establish that pH indicator molecules
can be employed to develop preliminary protocols for pH assess-
ment in DES-based media, particularly when organic reactions
are involved.
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