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characterization was carried out on a ternary DES based on
ChCL:Gly (1:2) incorporating hydrated metal salts. Systems )
containing AlCly-6H,0, MgCl,-6H,0, Mg(NO;),-6H,0, and
CaCl,-2H,0 are prepared at metal salt molar fractions ranging
from 0.10 to 0.3S. Density, viscosity, speed of sound, surface tension,
and contact angle are measured over the temperature range of
293.15—343.15 K at atmospheric pressure. Experimental density,
viscosity, and speed-of-sound data were correlated using empirical
regression models, providing accurate descriptions of their temperature dependence and enabling predictive capability. Surface
tension and contact angle measurements are used to assess interfacial behavior and wettability, revealing clear dependencies on DES
composition and substrate nature. Overall, this work provides a consistent data set of bulk and interfacial properties for these choline
chloride:glycerol:metal salt hydrated DES systems, contributing to improved structure—property understanding and supporting their
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rational design and application in process-oriented systems.

1. INTRODUCTION

Deep eutectic solvents (DES), including variants such as
natural deep eutectic solvents (NADES), low transition
temperature mixtures (LTTM), and mixtures of natural
compounds, have recently emerged as a promising class of
green designer solvents for diverse applications." DES are
formed by mixing a hydrogen-bond acceptor (HBA) and a
hydrogen-bond donor (HBD), resulting in a eutectic mixture
with a melting point significantly lower than that of the
individual components.” Originally conceived as more
sustainable analogues of ionic liquids (ILs), DES have attracted
widespread attention due to their negligible vapor pressure,
high thermal stability, and tunable physicochemical properties.
In addition to sharing key advantages with ILs, DES offer
further benefits such as simple preparation, low cost, and
enhanced biocompatibility, as they are often composed of
nontoxic, biodegradable, and readily available components.”
Accordingly, these novel solvents have attracted significant
interest due to their favorable and distinctive characteristics.
They have been widely explored as environmentally friendly
solvents for applications in electrochemistry,* biomass
processing,s’6 and related fields. In many cases, DES are
proposed as sustainable alternatives to conventional volatile
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organic solvents, or even to ILs, in industrially relevant
processes such as extraction, separation, CO, capture,7 metal
recovery,” chromatography,” biodiesel production,'’ and drug
delivery.'" Studies on deep eutectic solvents (DES) based
upon hydrated salts remain limited. Marcus'” provides a
comprehensive review of unconventional DES formed from
hydrated salts, reporting physical properties for 25 systems
primarily composed of water (or ice) and hydrated salts. A
limited number of binary DES systems have also been
described, including Zn(NO;),-6H,0 + urea, CaCl,-6H,0 +
choline chloride, and CrCl;-6H,0 + urea. To the best of our
knowledge, no data have been reported for the physical
properties of ternary DES containing hydrated salts.
Although research on deep eutectic solvents (DES) has
increased rapidly in recent years, a comprehensive under-
standing of their physicochemical properties and internal
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Table 1. Specifications of the Samples

chemical abbreviation CAS No. lot manufacturer purity (%)
choline chloride ChCl 67—48—1 A0438363 Thermo Scientific 99
glycerol Gly 56—81-5 G7893—1L Sigma-Aldrich 99.5
magnesium chloride hexahydrate MgCl,-6H,0 7791—-18—6 A0460941 Thermo Scientific 99
magnesium nitrate hexahydrate Mg(NO;),-6H,0 13446—18—9 A0460734 Thermo Scientific 98.9
aluminum chloride hexahydrate AlCl;-6H,0 7784—13-6 R12J001 Thermo Scientific 99.5
calcium chloride dihydrate CaCl,2H,0 10035—-04—-8 240755 Fisher Bioreagents 99

structure remains limited. As noted in the literature, the lack of
reliable thermophysical property data represents one of the
main challenges in replacing conventional solvents with DES.
Moreover, DES are often far from ideal mixtures, exhibiting
complex hydrogen-bonding networks. Therefore, rigorous and
systematic characterization of thermophysical and interfacial
properties is essential to properly describe DES behavior and
support their rational design and selection. To address this gap,
the present work focuses on the measurement and analysis of
several key properties of representative DES systems.
Specifically, viscosity, density, speed of sound, surface tension,
and contact angle were determined for DES based on choline
chloride and glycerol (ChClL:Gly) at a molar ratio of 1:2,
combined with AlCl;-6H,0, MgCl,-6H,0, Mg(NO,),-6H,0,
and CaCl,-2H,0. These properties are selected due to their
high relevance to both fundamental thermodynamics and
practical applications.

Viscosity, density, and surface tension are key physicochem-
ical parameters that strongly influence solvent performance in a
wide range of processes.” Viscosity governs fluid flow,
pumping requirements, mixing efficiency, heat, and mass
transfer; many DES exhibit relatively high viscosities, which
can hinder their practical use at scale and have been identified
as a bottleneck for the industrial implementation of DES-based
processes. * Density data are equally important for equipment
design and separation operations, as they determine fluid
buoyancy, hydrostatic pressure, phase behavior, and volumetric
flow characteristics; accurate knowledge of density is
frequently required in feasibility studies and detailed process
design because it directly influences material balances, phase
equilibrium calculations, and the sizing of reactors, pumps, and
separators for a given DES-based system.'> Moreover, the
density of DES can vary substantially with composition and
temperature, further underscoring the need for reliable
experimental data to support practical applications.

Surface tension governs interfacial phenomena such as
droplet formation, capillarity, and wetting, and reflects the
cohesive interactions at the liquid surface. It is defined as the
energy required to create a unit area of new surface or,
equivalently, as the force acting along a unit length of the liquid
interface.'® DES often exhibit higher surface tension than
conventional molecular solvents.'” This elevated surface
tension can significantly influence solvent—solid interactions
and interfacial processes relevant to applications such as
extraction, coating, and biomass pretreatment.

The speed of sound is an important thermodynamic
property that provides access to key derived quantities such
as compressibility, cohesive energy density, and equation of
state parameters, thereby offering indirect insight into
intermolecular interactions and liquid structure.'®'? In
complex, nonideal systems such as DES, variations in the
speed of sound reflect changes in molecular packing and
hydrogen-bonding strength, making this property particularly
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informative. Several thermophysical properties relevant to
process design and optimization, including isentropic and
isothermal compressibility, heat capacity, and thermal con-
ductivity, can be estimated from speed-of-sound data. This is
especially significant for DESs, which are designer solvents for
which comprehensive thermophysical property data sets are
often unavailable.””*'

Choline chloride-based DES are the most widely studied
systems due to their low cost, availability, and compositional
versatility. A commonly studied example is the ChCl:Gly molar
ratio 1:2 mixture (Glyceline), for which density and viscosity
have been extensively characterized over broad temperature
ranges, showing well-defined temperature dependencies
associated with changes in molecular packing and hydrogen-
bonding interactions.”*’ Building on this established binary
system, the incorporation of a third component, such as
hydrated metal salts, leads to ternary deep eutectic solvents
(TDES) with modified melting behavior and transport
properties compared to their binary counterparts.”* Despite
their increasing relevance, systematic studies reporting multiple
thermophysical and interfacial properties, such as density,
viscosity, surface tension, contact angle, and speed of sound,
under consistent experimental conditions remain scarce.
However, systematic comparisons between binary ChCl
systems and multicomponent DES remain limited, particularly
when both bulk and interfacial properties are evaluated under
consistent conditions. In this work, we present a compre-
hensive experimental investigation of the thermophysical and
interfacial properties of choline chloride/glycerol/metal salt
hydrated DES systems. Density, viscosity, surface tension,
contact angle, and speed of sound were measured over the
temperature range of 293.15 to 343.15 K at atmospheric
pressure for DES containing hydrated salts of AlCl;-6H,0,
MgCl,-6H,0, Mg(NO,),-6H,0, and CaCl,-2H,0 at varying
metal salt concentrations.

2. EXPERIMENTAL SECTION

2.1. Samples

Substances are obtained from Sigma-Aldrich. The purity of choline
chloride (ChCl), glycerol (Gly), aluminum chloride hexahydrate
(AIC1;-6H,0), magnesium chloride hexahydrate (MgCl,-6H,0),
calcium chloride dihydrate (CaCl,-2H,0), and magnesium nitrate
hexahydrate (Mg (NO,),-6H,0) is (99, 99.5, 99, 98.9, 99.5, and 99)
mass fraction, respectively. Table 1 shows the specifications of the
samples.

2.2. DES Preparation

Prior to DES preparation, Glycerol is kept over activated 4 A
molecular sieves for 7 days to remove excess water. DES are
synthesized as follows: First, ChCl is kept in an oven for 24 h at a
temperature of 90 °C to be free of moisture. After that, the ChCl is
kept under vacuum at an absolute pressure of approximately 33.6 kPa
for 12 h to eliminate the remaining water. The ChCI and the HBDs
are mixed in a specific molar ratio (shown in Table 2) at 80 °C and
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Table 2. DES Considered in This Work

DES HAD HBA HBA notation DES molar ratio MW
M1 choline chloride glycerol aluminum chloride hexahydrate ChCl:Gly:AICl;-6H,0 1:2:0.1 112.24
M2 choline chloride glycerol aluminum chloride hexahydrate ChCl:Gly:AlICl;-6H,0 1:2:0.13 113.48
M3 choline chloride glycerol aluminum chloride hexahydrate ChCl:Gly:AlCl;-6H,0 1:2:0.2 116.28
M4 choline chloride glycerol aluminum chloride hexahydrate ChCl:Gly:AlCl;-6H,0 1:2:0.25 118.20
MS choline chloride glycerol aluminum chloride hexahydrate ChCl:Gly:AICl;-6H,0 1:2:0.28 119.33
M6 choline chloride glycerol aluminum chloride hexahydrate ChCl:Gly:AICl;-6H,0 1:2:0.3 120.07
M7 choline chloride glycerol aluminum chloride hexahydrate ChCl:Gly:AICl;-6H,0 1:2:0.35 121.88
M8 choline chloride glycerol magnesium chloride hexahydrate ChCl:Gly:MgCl,-6H,0 1:2:0.1 111.01
M9 choline chloride glycerol magnesium chloride hexahydrate ChCl:Gly:MgCl,-6H,0 1:2:0.13 111.90
M10 choline chloride glycerol magnesium chloride hexahydrate ChCl:Gly:MgCl,-6H,0 1:2:0.2 113.90
M1l choline chloride glycerol magnesium chloride hexahydrate ChCl:Gly:MgCl,-6H,0 1:2:0.25 115.27
MI12 choline chloride glycerol magnesium chloride hexahydrate ChCl:Gly:MgCl,-6H,0 1:2:0.28 116.08
Mi13 choline chloride glycerol magnesium chloride hexahydrate ChCl:Gly:MgCl,-6H,0 1:2:0.3 116.61
M14 choline chloride glycerol magnesium chloride hexahydrate ChClL:Gly:MgCl,-6H,0 1:2:0.35 117.90
MI1s choline chloride glycerol calcium chloride dihydrate ChCl:Gly:CaCl,-2H,0 1:2:0.1 109.20
Ml16 choline chloride glycerol calcium chloride dihydrate ChCl:Gly:CaCl,-2H,0 1:2:0.13 109.56
M17 choline chloride glycerol calcium chloride dihydrate ChCl:Gly:CaCl,-2H,0 1:2:0.2 110.38
Mi18 choline chloride glycerol calcium chloride dihydrate ChCl:Gly:CaCl,-2H,0 1:2:0.25 110.94
MI19 choline chloride glycerol calcium chloride dihydrate ChCl:Gly:CaCl,-2H,0 1:2:0.3 111.49
M20 choline chloride glycerol calcium chloride dihydrate ChCl:Gly:CaCl,-2H,0 1:2:0.35 112.02
M21 choline chloride glycerol magnesium nitrate hexahydrate ChCl:Gly:Mg(NO,),-6H,0 1:2:0.1 112.73
M22 choline chloride glycerol magnesium nitrate hexahydrate ChCl:Gly:Mg(NO;),-6H,0 1:2:0.15 115.01
M23 choline chloride glycerol magnesium nitrate hexahydrate ChCl:Gly:Mg(NO,),-6H,0 1:2:0.2 117.22
M24 choline chloride glycerol magnesium nitrate hexahydrate ChClL:Gly:Mg(NO;),-6H,0 1:2:0.25 119.36
M25 choline chloride glycerol magnesium nitrate hexahydrate ChCl:Gly:Mg(NO3),-6H,0 1:2:0.30 121.43
M26 choline chloride glycerol magnesium nitrate hexahydrate ChCl:Gly:Mg(NO;),-6H,0 1:2:0.35 123.45

with continuous agitation at 300 rpm. This procedure is stopped
when a homogeneous, transparent mixture is formed; generally, this
occurs after three hours. The DES is placed in a vacuum desiccator at
20—-2S in of Hg. DES are prepared gravimetrically, measuring the
masses of each component with an analytical balance (Ohaus model
AS120S) of 0.1 mg accuracy. The estimated standard uncertainty™® of
the mole fraction is less than 0.001. Before measurements, mixtures
are kept in close airtight containers to avoid evaporation. Water
content is controlled through the use of hydrated salts and consistent
sample handling during preparation and measurements. All samples
are prepared under the same conditions to ensure reproducibility.
These DES are type II and III according to the classification of Smith
et al*®

The molar ratios selected for the DES systems are not arbitrary but
are guided by preliminary findings from ongoing delignification
studies. These compositions demonstrated an effective lignin removal
performance.

2.3. Apparatuses and Procedures

2.3.1. Density and Speed of Sound. Densities and speeds of
sound of the DES are measured using a vibrating tube densimeter
(Anton Paar DMS 5000) with two independent cells. This instrument
operates based on the vibrating U-tube principle to measure the
density. The sample is introduced into a U-shaped tube that oscillates
at its natural resonance frequency, which is directly related to the
mass of the fluid inside the tube and thus to its density. By comparing
the measured resonance frequency with calibration standards
(ultrapure water and air), the density of the sample is determined.
Density and temperature reproducibility from the manufacturer are 1
x 107 g.cm™ and 0.001 K, respectively. We have used the
consideration given by Chirico et al.”’ to estimate a standard relative
density uncertainty of 0.001. For the CaCl, system at n = 0.2, a
slightly higher relative uncertainty of 0.002S$ is assigned due to minor
variability during sample preparation. A Pt-100 thermometer with a
standard uncertainty of 0.01 K is built in the densimeter. In the speed-
of-sound cell, its determination is achieved through integrated
ultrasonic transducers that emit and detect acoustic pulses traveling
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through the fluid. The transit time of the sound wave over a known
path length is used to calculate the speed of sound. The standard
uncertainty of the speed-of-sound measurements is 2 m s~

2.3.2. Viscosity. Viscosity measurements are carried out using a
rotational rheometer (Anton Paar MCR 502). The rheometer
determines viscosity by measuring the torque required to impose a
controlled deformation on the sample. A cone—plate geometry with a
49.98 mm diameter, an 0.997°-angle, and a 0.101 mm gap is
employed to measure the viscosity. All measurements are performed
after instrument calibration following the manufacturer’s recommen-
dations. The viscosity of the rotational rheometer is verified using
certified Newtonian silicone oil standards with ISO 17025 traceable
viscosity values. Care was taken during sample loading to avoid air
bubbles and to ensure correct gap filling. All viscosity measurements
are performed at a constant shear rate of 50 s™'. The relative
uncertainty associated with the viscosity measurements is estimated to
be within 6%, depending on the sample and measurement conditions.

2.3.3. Surface Tension and Contact Angle. Surface tension and
contact angle measurements are carried out to characterize the
interfacial behavior of the DES. All measurements are performed at
298.15 K and an atmospheric pressure of 0.1 MPa using the same
optical setup, consisting of a high-resolution camera (Edmund
FMVU-03MTM-CS, Point Gray Research) and associated image
analysis software. The optical system is calibrated prior to
measurements using ultrapure water as a reference fluid with a well-
established surface tension at 298.15 K. The measured values are
verified against literature data to ensure accuracy. Optical calibration
is performed by adjusting the scaling parameters based on the known
needle diameter, ensuring accurate droplet profile analysis and fitting
to the Young—Laplace equation. Surface tension is determined by
using the pendant drop method. Pendant droplets are formed at the
tip of a needle and imaged under controlled illumination conditions,
with the droplet occupying approximately 50% or more of the vertical
field of view to ensure accurate fitting. Surface tension values are
obtained by fitting the droplet shape to the Young—Laplace equation.
Three independent pendant droplets are analyzed for each DES
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Table 3. Experimental and Calculated Densities (from Equations 4—7), p, at Temperature T and Pressure p = 0.1 MPa for the
DES

DES T/K p®/g cm™ p“l/g cm™ DES p™/gcm™ pcal/g ecm™  DES p™/g cm /)“l/g ecm™ DES p%™/g cm p“l/g cm™3

M1 293.15 1.2168 1.2168 M8 1.2076 1.2074 M15 1.2122 1.2121 M21 1.2132 1.2131
298.15 1.2140 1.2140 1.2049 1.2047 1.2095 1.2094 1.2104 1.2104
303.15 1.2112 1.2112 1.2022 1.2020 1.2068 1.2067 1.2076 1.2076
308.15 1.2084 1.2084 1.1995 1.1994 1.2041 1.2040 1.2048 1.2048
313.15 1.2055 1.2055 1.1968 1.1967 1.2014 1.2013 1.2020 1.2020
318.15 1.2028 1.2027 1.1941 1.1940 1.1986 1.1986 1.1992 1.1992
323.15 1.1999 1.1999 1.1913 1.1914 1.1959 1.1959 1.1965 1.1965
328.15 1.1971 1.1971 1.1886 1.1887 1.1932 1.1932 1.1937 1.1937
333.15 1.1942 1.1942 1.1859 1.1860 1.1908 1.190S 1.1909 1.1909
338.15 1.1914 1.1914 1.1831 1.1834 1.1877 1.1878 1.1881 1.1881
343.15 1.1885 1.1886 1.1804 1.1807 1.1850 1.1852 1.1853 1.1853

M2 293.15 1.2227 1.2227 M9 1.2132 1.2134 M16 1.2166 1.2165 M22 1.2249 1.2250
298.15 1.2199 1.2199 1.2109 1.2107 1.2139 1.2138 1.2221 1.2222
303.15 1.2171 1.2171 1.2082 1.2080 1.2112 1.2111 1.2194 1.2194
308.15 1.2142 1.2142 1.2055 1.2054 1.2085 1.2085 1.2166 1.2166
313.15 1.2114 1.2114 1.2028 1.2027 1.2058 1.2058 1.2138 1.2138
318.15 1.2086 1.2086 1.2001 1.2000 1.2031 1.2031 1.2110 1.2110
323.15 1.2058 1.2058 1.1974 1.1974 1.2004 1.2004 1.2082 1.2082
328.15 1.2030 1.2029 1.1947 1.1947 1.1976 1.1977 1.2054 1.2054
333.15 1.2001 1.2001 1.1920 1.1920 1.1949 1.1950 1.2026 1.2026
338.15 1.1973 1.1973 1.1892 1.1894 1.1922 1.1923 1.1998 1.1999
343.15 1.1944 1.1945 1.1865 1.1867 1.1895 1.1896 1.1970 1.1971

M3 293.15 1.2397 1.2398 M10 1.2251 1.2250 M17 1.2282 1.2282 M23 1.2355 1.2354
298.15 1.2369 1.2369 1.2224 1.2224 1.2255 1.2255 1.2327 1.2326
303.15 1.2341 1.2341 1.2197 1.2197 1.2228 1.2228 1.2299 1.2298
308.15 1.2313 1.2313 1.2170 1.2170 1.2201 1.2201 1.2271 1.2270
313.15 1.2284 1.2284 1.2143 1.2144 1.2174 1.2174 1.2243 1.2242
318.15 1.2256 1.2256 1.2117 1.2117 1.2148 1.2147 1.2215 1.2214
323.15 1.2228 1.2228 1.2090 1.2091 1.2121 1.2120 1.2187 1.2186
328.15 1.2200 1.2200 1.2063 1.2064 1.2094 1.2093 1.2159 1.2158
333.15 1.2171 1.2171 1.2037 1.2037 1.2066 1.2066 1.2131 1.2130
338.15 1.2143 1.2143 1.2010 1.2011 1.2039 1.2040 1.2103 1.2102
343.15 1.2114 1.2115 1.1983 1.1984 1.2012 1.2013 1.2075 1.2074

M4 293.15 1.2493 1.2493 M11 1.2324 1.2323 M18 1.2415 1.2416 M24 1.2449 1.2449
298.15 1.2466 1.2465 1.2298 1.2296 1.2389 1.2389 1.2420 1.2421
303.15 1.2438 1.2437 1.2271 1.2269 1.2362 1.2362 1.2392 1.2393
308.15 1.2410 1.2409 1.2245 1.2243 1.2335 1.2335 1.2364 1.2365
313.15 1.2381 1.2380 1.2217 1.2216 1.2308 1.2308 1.2336 1.2337
318.15 1.2353 1.2352 1.2191 1.2189 1.2281 1.2281 1.2308 1.2309
323.15 1.2325 1.2324 1.2165 1.2163 1.2255 1.2254 1.2280 1.2281
328.15 1.2297 1.2296 1.2138 1.2136 1.2228 1.2228 1.2252 1.2253
333.15 1.2268 1.2267 1.2112 1.2109 1.2201 1.2201 1.2224 1.2225
338.15 1.2240 1.2239 1.2085 1.2083 1.2174 1.2174 1.2195 1.2196
343.15 1.2211 1.2211 1.2059 1.2056 1.2147 1.2147 1.2167 1.2168

Ms 293.15 1.2559 1.2561 M12 1.2362 1.2366 M19 1.2502 1.2503 M2s 1.2540 1.2539
298.15 1.25832 1.2533 1.2336 1.2339 1.2475 1.2476 1.2511 1.2511
303.15 1.2504 1.2508 1.2309 1.2313 1.2449 1.2449 1.2483 1.2483
308.15 1.2476 1.2477 1.2282 1.2286 1.2422 1.2422 1.2455 1.2455
313.15 1.2448 1.2448 1.2255 1.2259 1.2395 1.2395 1.2427 1.2427
318.15 1.2419 1.2420 1.2229 1.2233 1.2369 1.2369 1.2399 1.2398
323.15 1.2390 1.2392 1.2203 1.2206 1.2341 1.2342 1.2371 1.2370
328.15 1.2362 1.2363 1.2176 1.2179 1.2315 1.2315 1.2342 1.2342
333.15 1.2334 1.2335 1.2150 1.2153 1.2288 1.2288 1.2314 1.2314
338.15 1.2308 1.2307 1.2123 1.2126 1.2262 1.2261 1.2286 1.2286
343.15 1.2277 1.2279 1.2097 1.2099 1.2235 1.2234 1.2258 1.2257

M6 293.15 1.2611 1.2610 M13 1.2396 1.2395 M20 1.2603 1.2604 M26 1.2624 1.2624
298.15 1.2583 1.2582 1.2369 1.2368 1.2576 1.2577 1.2595 1.2595
303.15 1.2855 1.2553 1.2343 1.2342 1.2550 1.2550 1.2567 1.2567
308.15 1.2526 1.2525 1.2316 1.2315 1.2523 1.2523 1.2539 1.2539
313.15 1.2498 1.2497 1.2290 1.2288 1.2496 1.2496 1.2511 1.2511
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Table 3. continued

DES T/K  p™/gem™ p?/gem™ DES p™/gem™> p@/gem™> DES p™/gem> p/gem™ DES p™/gcem>  p<l/g cm™3
318.15 1.2470 1.2469 1.2263 1.2262 1.2469 1.2469 1.2482 1.2482
323.15 1.2441 1.2440 1.2237 1.2235 1.2442 1.2442 1.2454 1.2454
328.15 1.2413 1.2412 1.2211 1.2208 1.2416 1.2415 1.2426 1.2426
333.15 1.2384 1.2384 1.2185 1.2182 1.2389 1.2389 1.2397 1.2397
338.15 1.2356 1.2356 1.2158 1.2155 1.2363 1.2362 1.2369 1.2369
343.15 1.2327 1.2327 1.2132 1.2128 1.2336 1.2335 1.2341 1.2341

M7 293.15 1.2695 1.2695 M14 1.2461 1.2463
298.15 1.2666 1.2667 1.2434 1.2436
303.15 1.2638 1.2638 1.2408 1.2409
308.15 1.2610 1.2610 1.2382 1.2383
313.15 1.2582 1.2582 1.235S 1.2356
318.15 1.2554 1.2553 1.2328 1.2329
323.15 1.2825 1.2525 1.2303 1.2303
328.15 1.2497 1.2497 1.2277 1.2276
333.15 1.2468 1.2469 1.2251 1.2249
338.15 1.2440 1.2440 1.2225 1.2223
343.15 1.2412 1.2412 1.2199 1.2196

composition, and the reported values correspond to the average of Table 4. Parameters for Equation 1
these measurements.

Contact angle measurements were conducted using the sessile drop DES a b SDR
method to evaluate the wetting behavior of the DES on solid M1 1.3822 —5.642 x 107* 4288 X 1075
substrates. A small droplet of the DES was deposited onto the surface M2 1.3884 —5.650 X 10~ 3.061 X 10~5
c?f the substrate, a.md the stati.c contact angle at the threet-phase contact M3 1.4056 25658 X 10~* 2254 x 10°5
line was determined by fitting the droplet profile using the Young M4 L4147 _5.640 X 10~* 4872 % 10-5
equation. Measurements were performed on glass, copper, and . S
stainless steel 316 substrates. Three independent measurements were Ms 14222 —5.667 % 10 5116 X 10
carried out for each DES combination, and the reported values M6 14276 —5.678 X 107 2402 X 107
represent the average contact angle. M7 1.4352 -5.654 x 107" 2.367 X 107°

The experimental uncertainty is estimated as the standard deviation M8 1.3673 —5.447 x 107 1176 x 107
of replicate measurements. The uncertainty for surface tension is 1.29 M9 1.3712 —-5379 x 107 9.999 X 107°
mN-m™". For contact angle measurements, the uncertainties are 3.85°, M10 1.3817 —5.346 x 107* 2.100 X 107°
2.78° and 2.83° for glass, stainless steel 316, and copper, respectively. Mil 1.3883 —5317 X 10~ 2931 X 10~°

Mi12 1.3917 —5.304 x 107* 2.846 X 107°

3. RESULTS M13 1.3941 5273 x 107* 3.662 x 107
. Ml14 1.3996 —5.240 x 107* 4.131 x 107°

3.1. Density Mis 1.3745 —5.442 x 107 1811 X 107
The density of DES varies systematically with composition and M16 1.3786 —-5431 x 107 2,903 x 107°
temperature. Variations in density reflect changes in molecular M17 1.3887 —5.384 x 107* 2.924 x 107°
packing and hydrogen-bonding interactions between the Mi18 1.4013 5357 x 107* 1.792 X 10~*
hydrogen-bond donor and acceptor. Also, accurate density M19 1.4095 —-5343 x 107* 2.189 X 107°
data are essential for process design, equipment sizing, and M20 1.4196 -5.345 x 107 1.945 x 107
modeling of mass and heat transfer in applications where DESs M21 1.3766 —-5.575 x 107* 9.084 x 107°
are employed. In this work, we have measured the liquid M22 1.3887 —5.586 x 107 9.306 x 107
density of the DES from 293.15 to 343.15 K. Table 3 shows M23 1.3997 -5.601 x 107* 1.249 x 107°
the experimental density values for the DESs. M24 1.4098 —-5.628 x 107* 1192 X 107°

We have correlated the densities for each DES using M25 1.4192 -5.637 x 107* 1704 x 107

M26 1.4281 —5.654 x 107 1.878 X 107°

p=a+bT (1)

where a and b are parameters obtained from the experimental
data. Table 4 shows the values of the parameters together with
the standard deviation of the residuals defined as

Zlni)tls (]exp _ ]caIC)Z

npts — nparm )

SDR =

The superscripts exp and calc stand for experimental and
calculated, respectively, and npts and nparms are the number
of experimental points and number of parameters. The variable
] stands for the experimental property (density, speed of
sound, etc.).

2918

Regression analyses are performed using SAS software (SAS
Institute Inc., Cary, NC, USA), which seeks the best model
from a databank of terms. It begins with the one-variable
model that yields the highest R-square and then adds the
variable that produces the greatest improvement. For each
model size, the regression systematically evaluates all possible
variable substitutions, making the switch that maximizes R-
square and repeating the process until no further improvement
is possible. The following equation is selected because, within
the set of 63 ki-terms, it includes temperature- and
composition-dependent contributions capable of representing
the liquid density of a DES with both accuracy and model
simplicity

https://doi.org/10.1021/acs.jced.6c00151
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Figure 1. Density deviations from eqs 4—7 as a function of temperature. Panels correspond to AlCl;-6H,0 (a), MgCL,-6H,0 (b), CaCl,-6H,0 (c),
and Mg(NO;),-6H,0 (d). Density deviations from eq 4 (a), AAPD = 0.006%; eq S (b), AAPD = 0.016%; eq 6 (c), AAPD = 0.006%; and eq 7 (d),

AAPD = 0.004%.

9

p= 27: kijn("‘l)/2 Z T(=D/4
i=1

=1 3)

where k;; are the selecting parameters, 7 is the number of moles

of the metallic salt, and T is the temperature in K. The final
selected equations are

p = 135894 + 11.07807n"° — 127.135n + 578.1744n""

— 1295.79n% + 1434.549n*° — 628.096n°
— 5656 X 10°*T 4)

p = 1.34832 4 0.7334n"° — 9.40112n + 47.44256n"°

— 113.13688n% + 130.81794n*% — 59.10843n°
— 532296 X 107*T (s)

p = 1.35044 — 15.7953n%° + 184.5144n — 845.772n"
+ 1909.155n% — 2121.971n>° 4 930.0301°
— 53837 x 10°*T (6)

p = 1.35487 — 0.56605n"° — 3.916 X 10 °n
+ 6.18047n — 17.82094n% + 22.61769n*°
— 10.82897n° — 5.5232 x 107*T (7)

Equations 4—7 are for aluminum chloride, magnesium
chloride, calcium chloride, and magnesium nitrate, respec-
tively. Table 3 shows the experimental density data with the
calculated density using the above equations. The maximum
density deviation observed is 0.0004 for the DES composed of
MgClL-6H,0 (M12) at n = 0.28. Equations 4—7 predict
correctly the experimental density values of glyceline from

2919

28
Perez-Duran et al.

deviation of 0.018%.

Although the proposed correlations are empirical, the fitted
parameters reflect the underlying physicochemical behavior.
The models reproduce the experimental data while capturing
meaningful trends associated with DES structural organization,
consistent with Halder et al.*® While not fully predictive, they
provide reliable interpolation within the studied range and a
basis for future semipredictive approaches.

The density of the investigated DESs increases with
increasing metal salt content and decreases approximately
linearly with temperature across all systems (M1—M26). This
behavior reflects systematic changes in intermolecular
interactions and packing efficiency within the liquid structure.
In the ChCl—glycerol system,2 a chloride hydrogen-bond
network gives a moderately structured liquid with available free
volume. The addition of hydrated metal salts perturbs this
network while introducing stronger ion—dipole and coordina-
tion interactions with glycerol, which collectively promote
more efficient molecular packing and a reduction in free
volume.

At comparable compositions, density increases follow the
trend A" > Mg** ~ Ca® > Mg(NO;),. This trend is
consistent with differences in cation charge density and ion—
solvent interaction strength. In particular, AP, due to its high
charge density and strong Lewis acidity, is expected to exhibit
stronger coordination interactions with oxygen-containing
species; therefore, there are more compact local solvation
environments. In contrast, Mg®* and Ca®" exhibit compara-
tively weaker interactions and more loosely hydration
structures, resulting in less compact structures. Nitrate-based
systems display similar but slightly reduced density increases,

within an average absolute percentage

https://doi.org/10.1021/acs.jced.6c00151
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Figure 2. (a) Experimental density as a function of moles of hydrated metal salts for ternary DES systems at 293.15 K. (b) Temperature
dependence of density for ternary DES systems at a constant salt number of moles of n = 0.35 within the range of 293.15 to 343.15 K. Error bars

are equal to 20.

indicating that anion identity and packing effects also
contribute to the overall structural response.”’

Hydration eftects further influence these trends. Strongly
bound hydration shells associated with AI** may enhance local
structuring and packing efficiency, whereas more dynamic
hydration environments around Mg** and Ca®* lead to weaker
structuring effects. Water introduced via hydrated salts may
also participate in hydrogen bonding, potentially acting as a
bridge within the existing network and modifying local
organization.”’ Overall, density variations arise from a
combined effect of ion—solvent coordination, hydration, and
hydrogen-bond network rearrangement (Figure 1).

As observed in Figure 2a, the density increases linearly with
increasing salt concentration across all systems, which suggests
a consistent integration of the hydrated salts into the ChCl:Gly
hydrogen-bonded network. However, the AICl;.6H,0 system
(M1-M7) exhibits the most pronounced density enhance-
ment. From a fundamental thermodynamic perspective, this is
attributed to the high charge density of the trivalent AI** cation
compared to the divalent Mg**/Ca®" species. The ion induces
a superior electro restriction effect, effectively pulling the
hydroxyl groups of glycerol molecules and the chloride anions
into a more compact coordination shell. This results in higher
packing efficiency and a more compact liquid structure with
reduced free volume. In Figure 2a, the density of glyceline*® (n
=0) at 293.15 of 1.1929 g-cm™ is the baseline, indicating that
the incorporation of hydrated metal salts leads to a systematic
increase in density across all systems. This increase shows the
impact of salt addition on the structural organization of the
DES matrix.

The temperature dependence depicted in Figure 2b shows a
strictly linear decrease in density (dp/0T < 0), consistent with
the thermal expansion of the supramolecular network.
Aluminum-based systems maintain higher density values even
at higher temperatures, suggesting that the coordination
between the AI** centers and the hydroxyl groups of glycerol
creates a more robust, thermally resistant structure. This
hierarchical ordering (AI** > Mg®>" > Ca’") underscores the
ability to tune the macroscopic density of the DES by selecting
metal salts with specific coordination geometries and ionic
strengths, a critical factor for the rational design of solvents for
industrial separation processes.

2920

3.2. Speed of Sound

The speed of sound is a thermophysical property that provides
information about the compressibility, intermolecular inter-
actions, and structural organization of liquid systems. In the
DES with metal salts, the speed of sound is influenced by the
ionic character and the formation of structured hydrogen-
bonding and coordination networks. We have measured the
speed of sound under the same conditions as the density, and
they are shown in Table S. Our measurements have been
correlated using a quadratic polynomial in temperature

u=a,+bT+ cuT2 (8)

where a,, b, and c, are parameters obtained from the data.
Table 6 shows the parameters with the standard deviation from
the fit.

We have expressed the speed of sound as a function of the
temperature and the number of moles of the metallic salt

u = 48107 — 673.256T** + (—161621 + 56896T"%
— 1042.66T°*)n + (4290905 — 2313629T°*
+ 320716T%° — 10.02T"7*)n"* (9)

u = 337224 — 78.7614T" + (=50717 + 17794T°>
— 322.768T"%)n + (2009983 — 1090928T°*

+152257T%° — 4.9376T")n'? (10)
u = 2368.18 — 0.01668T""° + 106.280T**4**
+ 10734781 — 584149T%*n + 81498T%%n
— 2.62293T"*n + 6124.56n"> — 238.165T*n*
(11)

u = 3365.293 — 78.3712T" — 228.594n"°
+ 52.28412T%%1%5 + (2996185 — 1651594T°%

(12)

Equations 9—12 correspond to DES with a metallic salt of
aluminum chloride, magnesium chloride, calcium chloride, and
magnesium nitrate. Figure 3 shows the deviations from egs
9—12. In Figures 1 and 3, we have included the average
absolute percentage deviation defined as

+ 234094T°%° — 8.19464T"7)n’
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Table 5. Experimental and Calculated Speed of Sound (from Equations 9—12), u, at Temperature T and Pressure p = 0.1 MPa
for the DES

DES
M1

M2

M3

M4

MS

M6

T/K
293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
293.15
298.15
303.15
308.15
313.15

u™®/m s~!
2040.8
2027.5
2015.1
2003.3
1991.9
1980.6
1969.5
1958.5
1947.5
1936.6
1925.6
2045.0
2031.4
2018.6
2006.5
1994.9
1983.6
1972.8
1961.3
1950.3
1939.4
1928.5
2061.8
2043.9
2028.6
2015.0
2002.5
1990.6
1979.0
1967.8
1956.7
1945.8
1935.0
2071.0
2053.4
2037.7
2024.0
2011.3
1999.8
1987.7
1976.3
1965.8
1954.0
1943.1
2094.9
2071.2
2050.9
2033.9
2019.3
2006.1
1993.8
1981.9
1970.4
1959.2
1948.0
2107.9
2078.6
2056.1
2037.7
2022.2

u/m 57!
2036.6
2025.0
2013.5
2002.1
1990.9
1979.7
1968.8
1957.9
1947.2
1936.7
1926.3
2043.2
2030.8
2018.6
2006.7
1995.0
1983.6
1972.4
1961.4
1950.7
1940.3
1930.1
2062.2
2047.1
2032.5
2018.5
2005.2
1992.5
1980.5
1969.1
1958.3
1948.2
1938.8
2078.6
2060.7
2043.7
2027.8
2012.9
1999.0
1986.1
1974.3
1963.4
1953.6
1944.9
2089.4
2069.5
2051.0
2033.7
2017.7
2002.9
1989.5
1977.3
1966.4
1956.8
1948.5
2096.9
2075.7
2056.0
2037.7
2020.9

DES
M8

M9

M10

Ml11

M12

M13

u™®/m s7!
2036.1
2024.2
2012.8
2001.8
1990.9
1980.1
1969.4
1958.7
1948.1
1937.4
1926.6
2041.7
2029.1
2016.6
2005.3
1994.4
1983.6
1972.9
1962.2
1951.6
1941.0
1930.4
205S.5
2041.4
2028.7
2017.0
2005.7
1994.7
1983.9
1973.1
1962.4
1951.8
1941.0
2064.4
2049.9
2035.7
2023.4
20114
2000.3
1989.4
1978.7
1968.0
1957.4
1946.9
2067.8
2053.6
2039.9
2027.8
2016.5
200S.5
1994.6
1983.8
1973.1
1962.6
1951.9
2078.3
2060.2
2044.9
2031.4
2019.2

u/m 5!
2035.7
2024.3
2013.0
2001.9
1990.9
1980.0
1969.2
1958.5
1947.9
1937.5
1927.2
2040.5
2028.9
2017.4
2006.1
1994.9
1983.9
1973.1
1962.4
1951.9
1941.6
1931.4
2053.5
2040.8
2028.5
2016.5
2004.8
1993.5
1982.4
1971.7
1961.2
1951.1
1941.3
2063.9
2050.3
2037.1
2024.5
2012.2
2000.5
1989.1
1978.3
1967.8
1957.9
1948.3
2070.5
2056.2
2042.5
2029.4
2016.8
2004.7
1993.2
1982.2
1971.8
1961.9
1952.6
2075.1
2060.4
2046.2
2032.7
2019.9
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DES
M1s

Mi16

M17

Mi18

M19

M20

u™®/m s~!
2029.1
2016.9
2005.2
1993.9
1982.9
1972.0
1961.3
1950.7
1940.1
1929.6
1919.3
2029.5
2017.6
2006.2
1995.2
1984.4
1973.7
1963.2
1952.8
1942.5
1932.1
1922.0
2037.8
2025.4
2012.7
2001.3
1990.3
1979.5
1969.0
1958.6
1948.4
1938.2
1928.2
2052.1
203S.5
2021.0
2007.9
1995.8
1984.3
1973.2
1962.5
1952.0
1941.7
1931.7
2071.5
2050.3
2031.0
2017.2
2003.2
1989.8
1977.4
1965.8
1954.9
1944.3
1934.2
2074.7
2052.6
2034.1
2018.5
2004.7

4 /m s
2024.5
2013.8
2003.2
1992.7
1982.4
1972.2
1962.0
1952.0
1942.1
1932.4
1922.7
2027.9
2016.6
200S.5
1994.5
1983.6
1972.9
1962.3
1951.9
1941.6
1931.5
1921.5
2044.1
2031.2
2018.6
2006.3
1994.3
1982.6
1971.2
1960.2
1949.5
1939.1
1929.0
2048.1
2033.3
2019.0
2005.3
1992.1
1979.6
1967.5
1956.1
1945.3
1935.0
1925.3
2064.9
2046.4
2029.9
2015.1
2001.8
1989.5
1978.1
1967.3
1956.8
1946.3
1935.8
2076.0
2055.7
2036.8
2019.5
2003.7

DES u™/m s~}
M21 20194
2008.0
1997.0
1986.3
1975.6
1965.0
1954.5
1944.0
1933.4
1922.8
1912.3
M22 2019.5
2007.8
1996.7
1985.8
1975.1
1964.5
1954.0
1943.4
1932.9
1922.3
1911.9
M23 2019.5
2007.5
1996.3
1985.4
1974.7
1964.1
1953.6
1943.1
1932.6
1922.1
1911.7
M24 2017.6
2006.0
1994.9
1984.2
1973.7
1963.3
1953.0
1942.6
1932.2
1921.8
19114
M25 2018.7
2006.6
1995.3
1984.4
1973.7
1963.3
1952.9
1942.2
1932.1
1921.6
1911.3
M26 2018.6
2006.2
1994.8
1983.9
1973.3

u/m s7!
2019.6
2008.5
1997.5
1986.5
1975.7
1964.9
1954.3
1943.7
1933.2
1922.8
1912.4
2018.9
2007.8
1996.7
1985.9
1975.1
1964.4
1953.8
1943.3
1932.8
19224
1912.1
2018.4
2007.2
1996.1
1985.3
1974.5
1963.9
1953.4
1942.9
1932.5
19222
1911.8
2018.2
2006.8
1995.6
1984.7
1974.0
1963.5
1953.0
1942.6
1932.3
1921.9
1911.5
2018.3
2006.5
1995.2
1984.2
1973.6
1963.1
1952.7
1942.4
1932.1
1921.7
1911.2
2018.6
2006.4
1994.8
1983.8
1973.1
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Table S. continued

DES T/K u®/ms' u/ms?  DES  u™®/ms!  u/ms?'  DES  u™®/ms! u/ms' DES u™®/ms' u/ms!
318.15 2008.7 200S.5 2007.7 2007.6 1992.3 1989.3 1962.7 1962.7
323.15 1996.5 1991.7 1996.6 1995.9 1980.6 1976.5 1952.5 1952.4
328.18 1983.9 1979.2 1985.7 1984.9 1969.5 1965.3 1942.2 1942.2
333.15 1972.4 1968.3 1975.0 1974.5 1959.0 1955.6 1931.8 1931.9
338.15 1961.4 1958.8 1964.3 1964.6 1948.7 1947.5 1921.3 1921.5
343.15 1950.9 1950.8 1953.9 1955.4 1938.9 1940.9 1911.0 1910.8
M7 293.15 2122.1 2117.1 M14 2091.5 2087.1
298.15 2089.1 2092.1 2071.0 2071.0
303.15 2063.2 2069.1 20542 2055.8
308.15 2042.5 2048.1 2039.8 2041.3
313.15 2025.1 2029.1 2027.0 2027.7
318.15 2010.2 2012.1 201S.1 2014.9
323.15 1996.8 1997.1 2003.9 2002.8
328.15 1984.4 1984.0 1992.9 1991.6
333.15 1972.6 19729 1982.1 1981.1
338.15 1961.3 1963.8 1971.5 1971.4
343.15 1950.5 1956.7 1960.7 1962.5
Table 6. Parameters Used in Equation 8 In contrast, increasing metal salt concentration leads to
DES 7’ SDR higher sound velocities, indicating reduced compressibility and
o “ o - a more cohesive liquid structure driven by stronger
M1 3127.33 —4929 4162 X 10_3 0.45 intermolecular interactions. Among the studied systems, AP
M2 3214.51 —5433 4917 X 10_2 0.54 containing DESs consistently exhibit the highest speed-of-
M3 404992 —10476 1,258 x 10_2 1.24 sound values, in agreement with stronger ion—dipole
Md 4024.56 —10239 1.217:x 10 1.30 interactions and enhanced coordination between Al**, glycerol,
Ms 5403.98 —18.539 2470 X 1072 224 d di d
M6 6302.57 —24.020 3.307 X 1072 3.23 and coordinated water.
i i ' 5 ) At a fixed temperature, chloride-based systems generally
M7 7258.52 —29.751 4.165 X 10 3.65 . . iy .
_ display higher sound velocities than nitrate-based systems,
M8 2872.40 —3.434 1.977 x 1073 0.27 . . .
. suggesting stronger intermolecular cohesion and lower
M9 3092.39 —4.769 4.033 x 1073 0.51 h . a3+
MI0 22865 <867 $.680 X 10-° 070 compressibility. The effect is most pronounced in Al°* systems,
M1 3 621.29 _7'879 8'748 % 10 0'80 which show a marked increase in sound velocity compared to
’ ) ! N ’ the parent ChCl:Gly DES.” This behavior is attributed to the
M12 3463.43 —6.888 7243 x 107 0.80 D , > P
e 414312 11010 1351 X 102 L4 strong Lewis acidity and high charge density of Al’*, which
Mid 4593'33 —13'692 1'756 % 102 1.88 promotes strong coordination with oxygen donor species and
MiS 3046.99 —4470 3.537 x 103 0.25 increases the effective connectivity of the liquid structure.
M6 2993.92 —4.175 3.149 % 10-3 023 These interactions reduce compressibility and lead to an
' ' ' - ' apparent increase in the effective stiffness of the system, as
M17 3275.15 ~5.844 5.677 x 107 0.41 Pé’ e o L3 ystem,
Mis 4014.34 10205 1214 X 10°2 0.96 reflected in the higher sound velocities.
M19 $920.73 21501 2.889 X 10~ 224 By contrast, nitrate-containing systems exhibit lower or only
M20 $272.55 _17.634 2331 X 1072 1.85 slightly altered sound velocities despite higher densities. This
M21 277277 2047 1281 % 10-3 0.19 decoupling between density and compressibility suggests that
M22 2832.05 3313 1.842 X 1073 024 NO;™ acts as a hydrogen-bond network modifier, weakening
M23 2877.32 —3.601 2296 X 10~ 031 directional interactions within the ChCIl:Gly matrix and
M24 2822.09 3290 1.856 X 1073 031 limiting the formation of more strongly interconnected
30
M25 2930.32 —3.950 2.860 X 1073 0.37 structures.
M26 2951.74 —4.088 3.079 X 1073 0.44 The acoustic profiles presented in Figure 4a,4b provide a
fundamental diagnostic of the structural rigidity and isentropic
g g P
) o _ ok compressibility (k) of the ternary DES networks. Again, as in
AAPD = — z # X 100 the density, we have included the speed of sound of the binary
N 7 J; (13) ChCL:Gly (1:2)*° system (n = 0) in Figure 4a. This value

Equations 9—12 extrapolate to predict the speed of sound of
glyceline® n = 0 within an average absolute percentage
deviation of 0.025%.

The speed of sound provides complementary insight into the
adiabatic compressibility and the effective stiffness of the liquid
structure. In all systems, the speed of sound decreases with an
increase in temperature, reflecting enhanced molecular
mobility and reduced structural rigidity.

2922

(2023.7 m-s™" at 293.15 K) is for the speed of sound when
hydrated metal salts are included. In most cases, this leads to a
systematic increase in acoustic velocity, indicating reduced
compressibility and enhanced structural rigidity of the DES
matrix, except for Mg(NO;),-6H,0.

As dictated by the Newton—Laplace relationship, the
monotonic increase in acoustic velocity with salt addition
indicates that the hydrated metal cations effectively stiffen the
hydrogen-bonded matrix by filling interstitial cavities and
reducing intermolecular free volume. At low to moderate

https://doi.org/10.1021/acs.jced.6c00151
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Figure 3. Speed-of-sound deviations from eqs 9—12 as a function of temperature. Panels correspond to AlCly-6H,0 (a), MgCl,-6H,0 (b), CaCl,-
6H,0 (c), and Mg(NO;),-6H,0 (d). Speed-of-sound deviations from eq 9 (a), AAPD = 0.12%; eq 10 (b), AAPD = 0.04%; eq 11 (c), AAPD =

0.05%; and eq 12 (d), AAPD = 0.008%.
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Figure 4. (a) Experimental speed of sound as a function of the molar fraction of hydrated metal salts for ternary DES systems at 293.15 K. (b)
Temperature dependence of speed of sound for ternary DES systems at a constant salt number of moles of #n = 0.35 within the range of 293.15 to

343.15 K. Error bars are equal to 2o.

concentrations (n = 0.1—0.2), the AlCl;.6H,O system exhibits
the most pronounced acoustic stiffening, as the AI** cation
induces immense electrostriction, tightly organizing glycerol
and chloride ions into a rigid secondary coordination sphere.

Furthermore, the linear decrease in acoustic velocity with an
increase in temperature (Figure 4b) reflects classical thermal
softening, where enhanced kinetic energy expands the
supramolecular lattice and weakens cohesive hydrogen
bonding across all systems. The molecular geometry of the

2923

incorporated ions heavily dictates the acoustic wave
propagation. For instance, despite containing the structuring
Mg*" cation, the Mg(NO;),-6H,0 system yields the lowest
acoustic velocities; the bulky, planar nitrate anions disrupt
optimal molecular packing, acting as structural softeners that
offset cationic electrostriction.

Notably, convergence and crossover behavior occur between
the AICl; and MgCl, systems as the molar fraction approaches
the highly congested limit of n = 0.35. At this concentration,

https://doi.org/10.1021/acs.jced.6c00151
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Figure S. (a) Experimental viscosity as a function of the number of moles of hydrated metal salts for ternary DES systems at 293.15 K. (b)
Temperature dependence of viscosity for ternary DES systems at #n = 0.35 within the range of 293.1S to 343.15 K. Error bars are equal to 2.

the rigid, highly charged AI’* complexes suffer from the
exhaustion of thermodynamic free volume, whereas the more
conformationally flexible Mg*" system maintains efficient
secondary packing, allowing its acoustic velocity to ultimately
match and slightly surpass that of the sterically jammed
aluminum system.

Also, the speed-of-sound profiles closely mirror the density
trends, exhibiting identical hierarchical dependencies on the
metal cations (A’ > Mg®" > Ca’") and salt concentration,
which demonstrates a direct macroscopic correlation where the
electrostrictive densification of the supramolecular matrix
fundamentally dictates its enhanced acoustic stiffness.

3.3. Viscosity

Viscosity is an important physicochemical property, as it plays
a key role in industrial processes, such as mass transport,
diffusion, and fluid handling. Therefore, the viscosity of DES is
essential for solvent design and optimization. The viscosity of
DES based on glyceline is relatively high due to the extensive
hydrogen-bonding network formed between hydrogen-bond
donor and acceptor species. The incorporation of metal salts,
such as those considered in this work, modifies the viscosity by
strengthening ionic interactions and increasing the structural
organization within the solvent. As a result, the addition of
metal salts to glyceline leads to a noticeable increase in
viscosity, which depends on both temperature and salt
concentration. We have measured the viscosity of the DES
in the temperature range from 298.15 to 343.15 K. Table 7
shows the experimental viscosity values for the DESs.

The viscosity of all systems decreases strongly with an
increase in temperature and increases significantly with metal
salt concentration. This behavior reflects thermally activated
structural relaxation combined with enhanced intermolecular
interactions at higher ionic strengths.

At low salt content, the rheological behavior is primarily
governed by the hydrogen-bond network of the ChCl—glycerol
DES.” Upon addition of metal salts, stronger ion—dipole
interactions and coordination between metal cations and
glycerol hydroxyl groups lead to the formation of transient
ionic—coordination clusters. These dynamic associations
hinder molecular mobility and increase resistance to flow.

Among the studied systems, Al**-containing DESs exhibit
the highest viscosities, consistent with stronger Lewis acidity
and higher charge density, which enhance coordination
interactions with available donor sites. Mg** systems generally
show higher viscosities than Ca’* systems, which may be

2926

attributed to differences in hydration structure and ion—
solvent interaction strength, influencing the lifetime and
stability of transient aggregates.®

Water introduced through hydrated salts further affects
viscosity by modifying hydrogen-bonding interactions and
competing with glycerol for coordination sites. At the same
time, water may facilitate additional bridging interactions
within the liquid structure. The overall viscosity behavior
therefore reflects a dynamic balance between ion—solvent
coordination, hydrogen-bond network rearrangement, and
disruption effects introduced by hydration.

Figure 5 shows the composition dependence of the viscosity
at 293.15 for the DES and the temperature dependence at n =
0.3S. This figure shows a nonlinear increase in viscosity with
salt content (Figure Sa), which may be related to tighter
molecular packing and less free space for movement as
coordination interactions develop. The temperature depend-
ence (Figure Sb) follows Arrhenius behavior. This is an
indication of higher activation energy as salt concentration
increases, possibly due to stronger ion—dipole interactions.
The higher viscosities in AI** systems may indicate stronger or
more frequent coordination, while differences between Mg**
and Ca** could be linked to variations in their hydration shells
and ionic size. In Figures 2, 4, and S, the values at n = 0
(ChCl:Gly, 1:2) have been taken from Perez-Duran et al.”®

In this work, the viscosity of each DES is represented using
the Vogel-Tammann—Fulcher (VTF) equation

T—%]

where 7, in mPa-s, B in K, and T in K are parameters obtained
from the experimental data. In eq 14, 7, represents the limiting
viscosity at high temperature, B reflects the energy barrier for
viscous flow, and T corresponds to the temperature at which
molecular mobility would theoretically cease. Values of the
parameters are in Table 8. The parameters are obtained by
fitting the experimental viscosity data using a nonlinear least-
squares method. The optimization is performed using the
Marquardt algorithm implemented in SAS, without applying
weighting factors.

=", exp[ (14)

3.4. Surface Tension and Contact Angle

Surface tension (y) and contact angle (6) values of choline
chloride:glycerol:metal salt hydrated DES measured at 298.15
K are summarized in Table 9. The y values range from
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Table 8. Parameters of Equation 14

DES 1o/mPa-s B/K T,/K SDR
M1 0.0198 1496.39 154.565 141
M2 0.0158 1606.05 151.062 0.85
M3 0.0053 2018.89 139.178 3.01
M4 0.0041 2158.05 138.204 1.20
Ms 0.0012 2605.98 124.858 9.85
M6 0.0030 2305.50 137.533 4.87
M7 0.0024 2454.67 134.966 7.19
Ms 0.0141 1655.44 139.038 123
M9 0.0364 1368.05 157.517 0.61
M10 0.0189 1633.72 148.756 1.33
Mi1 0.0181 1656.87 151.232 2.08
MI2 0.0174 1678.41 153.235 1.62
M13 0.0114 1785.85 150.792 275
Mi4 0.0195 1697.17 156.907 381
Mi1s 0.0435 1220.53 164.970 021
Mi16 0.1480 912.90 184.818 3.09
M17 0.1763 986.71 182.596 4.51
Mi18 0.0032 2289.49 123.829 3.60
M19 0.0195 1690.64 153.863 4.52
M20 0.0179 1761.80 155.114 9.64
M21 0.0387 1132.15 167.311 0.39
M22 0.0312 1175.71 165.990 0.34
M23 0.0326 1185.44 165.357 0.82
M24 0.0791 939.97 181.221 1.35
M25 0.0226 1306.99 157.950 1.14
M26 0.0546 1052.00 174.820 0.63

approximately 40.5 to 53.4 mN-m~’, demonstrating a clear
dependence on the concentration of the hydrated metal salt.
Aluminum and magnesium chloride-based DES generally
exhibit higher surface tensions (43—53 mN-m™), which can
be attributed to stronger ionic interactions and hydrogen-

bonding networks within the DES structure. In contrast,
several calcium chloride-based systems display lower y values,
with values approaching 41 mN-m™, suggesting a partial
weakening of cohesive interactions within the DES structure as
calcium salt content increases.

DESs containing magnesium nitrate hexahydrate tend to
show comparatively higher y values than their chloride
analogues, reflecting differences in anion solvation and
hydration that promote a more structured interfacial region.

While variations in y alone do not fully dictate wettability,
lower surface tension values generally favor reduced contact
angles. Nevertheless, the absence of a strict linear relationship
between y and @ indicates that wetting behavior arises from a
balance between DES internal structure, ionic composition,
and solid—liquid interfacial interactions. This tunability of
surface tension through metal salt selection offers a practical
way to tailor DES for applications where controlled interfacial
behavior is required.

Contact angle measurements reveal a clear dependence on
substrate type. Wettability is described by the contact angle
(6), where 0 < 90° indicates favorable liquid—solid adhesion
and spreading, while 6 > 90° corresponds to reduced
wettability.

As illustrated in Figure 6, distinct wetting regimes are
observed depending on both the substrate and DES
composition. On glass surfaces (Figure 6a—c), DESs based
on choline chloride:glycerol:calcium chloride dihydrate exhibit
a wide range of contact angles, ranging from highly favorable to
marginally nonwetting behavior. Specifically, ChCl:Gly:CaCl,-
2H,0 (1:2:0.35, M20) shows highly favorable wetting (6 ~
39°; Figure 6a), whereas increasing the calcium salt
concentration to intermediate levels (1:2:0.2, M17) results in
marginally nonwetting behavior (@ =~ 94° Figure 6c).
Intermediate wetting behavior is observed for Aluminum-

Table 9. Experimental Surface Tension (7) and Contact Angles (0) on Glass, Stainless Steel 316, and Copper Measured at
Temperature T = 298.15 K and Pressure P = 0.1 MPa for the Studied DES; Reported Values Correspond to Mean + Standard

Deviation (SD)“

DES T/K y/mN-m™" SD 0 glass
M1 298.15 49.65 4.87 84.54
M3 298.15 53.40 0.29 84.19
M4 298.15 50.98 0.87 53.43
M6 298.15 44.56 0.77 61.43
M7 298.15 43.61 0.33 75.36
Ms 298.15 48.04 1.87 72.78
M10 298.15 40.48 0.36 72.12
Mi1 298.15 52.41 0.65 71.12
M13 298.15 4833 3.92 70.16
M14 298.15 50.69 1.06 48.83
M15 298.15 4123 0.36 70.81
M17 298.15 41.77 2.17 93.67
Mi18 298.15 44.39 2.52 83.46
M19 298.15 43.79 0.43 59.40
M20 298.15 48.13 0.14 39.37
M21 298.15 51.63 0.49 81.81
M23 298.15 42.24 0.38 90.90
M24 298.15 49.80 0.54 71.10
M25 298.15 50.50 0.42 55.09
M26 298.15 52.82 3.31 67.78

IS (o _ 2
sp = [ Zei)

n—1
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SD 0 Steel 316 SD 6 copper SD
5.24 89.42 2.65 116.29 5.88
3.34 98.59 0.71 114.57 0.91
5.30 85.06 2.12 91.23 1.50
1.16 88.52 3.26 90.15 1.96
4.16 95.79 9.24 110.18 3.94
2.16 91.01 2.74 108.53 6.83
4.34 106.97 0.58 119.28 1.91
1.93 109.97 3.13 114.43 6.68
5.56 101.10 2.14 107.84 291
2.61 9191 1.13 102.73 143
5.63 109.99 0.07 112.67 2.44
7.30 112.74 2.59 117.24 2.04
6.64 100.68 S5.12 121.99 1.22
2.24 100.74 3.79 106.01 3.99
3.55 99.53 1.56 96.69 3.21
1.00 97.75 2.61 117.93 1.39
2.36 10691 4.20 116.62 4.37
8.23 82.19 4.73 91.27 1.63
1.09 84.11 0.73 88.13 1.55
3.15 92.46 2.49 93.44 0.81
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(a) Low 0 (Glass) M20

=¥ |

(d) (Steel 316) M24

Figure 6. Representative contact angle images of selected choline chloride:glycerol:metal salt hydrated DES on glass, stainless steel 316, and copper
surfaces at 298.15 K and 0.1 MPa. Panels (a—c) illustrate low, intermediate, and high wetting regimes on glass, while panels (d—f) show

(b) Medium 6 (Glass) M6

(e) (Steel 316) M17

(c) High 0 (Glass) M17

(f) (Copper) M18

112.7°

representative wetting behavior on stainless steel 316 and copper. DES codes and corresponding contact angle values are indicated in each panel.
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Figure 7. Experimental contact angle (6) evolution for the studied DES families in this work as a function of the hydrated metal salt moles (n = 0.1
to 0.35). Each panel isolates a specific salt system (a) AlCl;.6H,0, (b) MgCL.6H,0, (c) CaCl,.2H,0, and (d) Mg(NO;),.6H,0 to illustrate its
composition-dependent wettability across three distinct solid substrates: glass, SS316, and copper at 298.15 K.

based DES such as ChCl:Gly:AICl;:6H,0 (1:2:0.3, M6), with
0 ~ 61° (Figure 6b).

In contrast, stainless steel 316 surfaces (Figure 6d,e) display
consistently higher contact angles, indicating reduced wett-
ability relative to glass. DESs containing magnesium nitrate

hexahydrate, such as ChCL:Gly: Mg (NO;),-6H,0 (1:2:0.25,

2928

M24), exhibit 6 values around 82° (Figure 6d), while calcium
chloride-based DESs (M17) show significantly higher contact
angles exceeding 110° (Figure 6e). Copper surfaces exhibit the
poorest wetting behavior among the studied substrates (Figure
6f). For example, ChCl:Gly:CaCl,-2H,0 (1:2:0.25, M18)

https://doi.org/10.1021/acs.jced.6c00151
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displays a contact angle of approximately 122° indicating
limited spreading and weak liquid—solid interactions.

As illustrated in Figure 7, a consistent hierarchy of
wettability is observed across all four DES systems on the
basis of the nature of the solid substrate. Glass shows the
lowest contact angles (most favorable wetting), followed by
stainless steel 316, and finally copper (least favorable wetting).
This sequence is a direct consequence of the substrate’s surface
free energy. The borosilicate glass surface is densely populated
with highly polar silanol (—OH) groups that readily participate
in the extended hydrogen-bonding network of the DES,
promoting a high specific work of adhesion. Conversely,
metallic substrates rely on their native passivation layers. These
oxides are significantly less polar, relying primarily on weaker
dispersive forces and limited ion—dipole interactions, which
resist the spreading of the highly cohesive DES droplet.

Examining the specific salt systems in Figure 7, the
aluminum and magnesium chloride DESs demonstrate
remarkably stable, composition-dependent wetting behavior.
Because the AI** and Mg** cations induce strong electro-
striction and high bulk cohesive energy, their contact angles are
generally moderate to high. However, a distinct trend emerges
on the nonpolar metallic substrates: as the molar fraction of
the salt increases toward n = 0.35, the contact angle
incrementally decreases. This suggests that achieving a higher
local charge density at the solid—liquid interface helps to
overcome the weak dispersive interactions of the native metal
oxides, marginally improving adhesion. Diverging from this
behavior, the CaCl, system exhibits the most dramatic and
anomalous wetting response in the data set. On the highly
polar glass substrate, increasing the calcium concentration
triggers a precipitous drop in the contact angle, reaching an
exceptional spreading regime (0~39° at n = 0.35). Yet, on the
less polar steel and copper surfaces, the exact same DES
compositions become highly nonwetting, frequently exceeding.
This severe divergence confirms that the complex, which
exhibits the lowest bulk surface tension, possesses a high
degree of conformational flexibility. It acts almost as an
interfacial modifier, partitioning highly favorably at strongly
polar boundaries like glass while being severely repelled by
nonpolar metallic oxides. Finally, the substitution of the
chloride anion for the nitrate anion introduces a notable shift
in interfacial affinity. While it maintains the general substrate
hierarchy, its contact angles on stainless steel 316 are distinctly
suppressed and more stable across all concentrations compared
to its chloride counterpart (MgCl,). This indicates that the
planar, delocalized geometry of the anion possesses a superior
specific affinity for the chromium oxide passivation layer,
demonstrating that wettability in ternary DES can be rationally
tuned not only through cation valency but also via anion
selection.

A qualitative correlation between surface tension and
wettability is observed, as DESs with lower surface tension
(y) tend to exhibit smaller contact angles across all substrates.
However, the relationship is not strictly linear, as reflected by
the variability in € values across DES families and substrates
shown in Figures 6 and 7. These results highlight the
important role of solid—liquid interfacial interactions, salt
identity, and DES composition in governing wetting behavior
beyond y alone. Consequently, both y and 6 must be
considered when evaluating DES performance in solid—liquid
interfacial applications. From a practical perspective, surface
tension and contact angle provide quantitative insight into

wettability and liquid—solid interactions. Lower contact angle
values indicate improved spreading over solid surfaces, while
surface tension reflects the cohesive forces within the liquid.
These properties are directly relevant to processes such as
extraction, coating, and impregnation, where efficient contact
between the solvent and solid substrate is required.

4. CONCLUSIONS

In this work, a systematic experimental characterization of the
thermophysical and interfacial properties of choline chloride/
glycerol (1:2) incorporating hydrated metal salts was carried
out. Density, viscosity, speed of sound, surface tension, and
contact angle were measured over a temperature range of
293.15 to 343.15 K, with varying metal salt concentrations.
The results show that the incorporation of hydrated metal salts
significantly modifies the physical behavior of glyceline,
reflecting enhanced intermolecular interactions and increased
structural organization within the liquid phase. Density and
viscosity increase with metal salt content and decrease with
temperature, while speed-of-sound measurements reveal
systematic changes in compressibility and cohesive energy
density, highlighting the nonideal nature of these mixtures.
Empirical correlations were successfully applied to density,
viscosity, and speed-of-sound data, accurately reproducing
their temperature dependence and providing reliable mathe-
matical descriptions suitable for modeling and process
calculations. The proposed correlations accurately reproduce
the experimental data and offer practical predictive capabilities
for process modeling and design. Surface tension and contact
angle measurements further elucidate the interfacial behavior
of these DESs. The observed surface tension values and
wettability trends depend on both metal salt identity and
concentration, indicating that ion—solvent and solvent-surface
interactions play a key role in determining liquid—solid
interfacial properties. Differences in the contact angle across
glass, stainless steel, and copper surfaces demonstrate the
tunability of wettability in these systems, which is relevant for
applications involving coating, impregnation, and biomass
processing.

Opverall, this work provides a comprehensive and coherent
thermophysical and interfacial property data set for choline
chloride/glycerol/metal salt hydrated DES. In this context, the
present work provides a consistent and comparative data set
that enables direct evaluation of how hydrated metal salts
modify both bulk and interfacial properties relative to well-
established binary systems. The combined analysis of bulk and
interfacial properties contributes to a deeper understanding of
structure—property relationships in complex DES systems and
supplies reliable reference data to support solvent design and
the development of DES-based industrial processes.
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