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Abstract

Experimental measurements and modelling of the density and viscosity of binary solutions of imidazole,
2-methylimidazole, 2,4,5-trimethylimidazole and 1,2,4,5-tetramethylimidazole with water have been
conducted. Parameterization of viscosity data was conducted using a NRTL-model, with AARD of 1% for
imidazole, 0.8% for 2-methylimidazole, 3% for 2,4,5-trimethylimidazole and 5% for 1,2,4,5-
tetramethylimidazole. The density correlations represent the experimental data for imidazole solutions

with AARD of 0.1% for all four imidazoles. Viscosities of aqueous imidazole solutions were found to
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increase upon charging solutions with CO,. Vapor-liquid equilibrium (P, T, x, y) in the range from 313 to
373 K for the aqueous solutions were performed using ebulliometer. The results show that the tested
imidazoles exhibit low vapor pressures in agueous solutions. Finally, it was found there is an insignificant

dependence of water activity on temperature within the range of the present study.

Introduction

Imidazoles are alkaline N-heterocyclic five-membered rings widely present in nature. The primary use
of imidazoles are as precursors for more complex structures usable in natural products?, such as
acylating reagent, stable carbine NHC-ligands? and starting materials for ionic liquids®*. Moreover, more
recently, simple alkylimidazoles have been discovered to be promising for CO, capture applications. We
have previously studied the CO, absorption capacity of polyalkylated imidazoles and found that high CO;
absorption capacities are obtainable for these imidazole-based solvents.® Imidazoles can also be used to
improve CO, mass-transfer rates into amine solvents® and have been applied to reduce the vapor
pressure of volatile organic compounds in aqueous solution.” In order to predict and model the behavior
of these solvents in separation processes, data about the physical properties of imidazole solutions are
required. A few studies covering physical properties of imidazoles and solutions are available. Domanska
et al. studied the solubility and densities of a few simple imidazoles in aqueous solution.? Shannon et al.
found that pure N-alkylimidazoles have considerably lower viscosity and density compared to their N-
alkylimidazolium counterparts.® Recently, a thorough investigation of properties of N-methylimidazole-
H,O mixtures was published by Hou et al.’° These studies cover mono-substituted imidazoles, but as our
earlier results have shown that polyalkylated imidazoles are more promising for CO capture related
applications, we decided to study the effect of increased substitution on the imidazole-ring.®
Consequently, data for polyalkylated imidazole is needed in order to model the processes and to

evaluate the potential of imidazole-based absorption systems.



In this work, we present the viscosities and densities data for the aqueous blends of four imidazoles,
imidazole (Im), 2-methylimidazole (2-Melm), 2,4,5-trimethylimidazole (2,4,5-Melm) and 1,2,4,5-
tetramethylimidazole (1,2,4,5-Melm) from 298 to 353 K. The measured viscosities and densities were
modelled. Finally, vapor-liquid equilibrium (VLE) measurements of the aqueous solutions provide
experimental data on vapor pressure and the relationship between the liquid and gas phase

compositions in the range from 313 to 373 K.

Experimental Section
Materials

Chemical information is given in Table 1. Aqueous imidazole solutions were prepared on a mass basis
(Analytical balance model ME204 with an accuracy of 2-107 kg) using Millipore H,0, 18.2 Q at 298 K.
Partially CO; loaded solutions were prepared by bubbling CO, into aqueous unloaded imidazole solution.
The CO; loading was estimated from the weight change and by the wet chemistry methods; the BaCl,
method!! and acid-base titration®?. Acid-base titrations were used to verify imidazole concentrations of
unloaded solutions for viscosity and density measurements.

Table 1: Sample Table

Chemical Name CAS Source Initial Purification  Final Analysis
Mole Method Mole Method
Fraction Fraction
Purity Purity
Imidazole (Im) 288- Sigma- 20.99
32-4 Aldrich
2-Methylimidazole (2- 693- Sigma- 0.99
Melm) 98-1 Aldrich
2,4,5- 822-  Synthesis®® Distillation 0.98 'H NMR
Trimethylimidazole 90-2
(2,4,5-Melm)
1,2,4,5- 1739- TCl-Europe 0.98

Tetramethylimidazole 83-9
(1,2,4,5-Melm)




Monoethanolamine 141- Sigma- 20.995

(MEA) 43-5  Aldrich

N- 105-  Sigma- >0.99

Methyldiethanolamine  59-9 Aldrich

Carbon dioxide (CO,) 124- AGA 0.99999
38-9

Viscosity measurements

Viscosity measurements were performed in a closed system using a viscosity meter (Anton Paar Lovis
2000 ME). The temperature range for the viscosity measurements was 298 to 353 K. Data points were
collected by five measurements of the same sample and given as an average. Selected experiments
were repeated to calculate repeatability. For controlling the accuracy of the measurements, Millipore
H,0 was run as the first sample for every experimental run and a Millipore H,O control sample was run
for every five samples tested. Uncertainties in viscosity values are 0.04 mPa's (n < 10 mPa:s), based on
calibration data.* The repeatability of the experiments was + 0.1%. Reference liquids used for

calibration were 30 wt% MEA® and 50 wt% MDEA?®.

Density measurements

Density measurements were performed using a density meter (Anton Paar DMA 4500). The standard
calibration procedure was performed with air and water density measurements at 20 °C. The density of
pure water was taken from Spieweck and Bettin.!” The temperature range for this study was 298 to 353
K. Data points were collected by five measurements of the same sample and given as an average. As in
the case of viscosity, selected experiments were repeated to estimate the repeatability and the
uncertainty of the measurements was estimated based on density of H,O measurements. Millipore H,O
was run as the first sample for every experimental run and a Millipore H,O control sample was run for
every five samples tested. Uncertainties and repeatability for density measurements were 2 kg/m?3and

102 kg/m3, respectively.



Ebulliometric measurements

Low pressure vapor-liquid equilibrium (VLE) measurements were performed using a modified
Swietoslawski ebulliometer, using modifications by Malanowski.’® An imidazole solution (105-110 mL)
was injected into the apparatus, and the apparatus was purged with N, and vacuumed to remove other
gases. The apparatus was heated to 313, 333, 353 or 373 K and samples of the liquid and gas phases
were taken for at each temperature when VLE had stabilized for 10 minutes. The temperature was
measured with a calibrated Pt-100 resistance thermosensors with an uncertainty of + 0.05 K. The
pressure was measured with a calibrated DP1520 rack mounted pressure controller (Druck Germany),
uncertainty of + 0.3 kPa. Pressure and temperature were logged online via a Chub-E4 thermometer
readout (Hart Scientific, Fluke).

The imidazole concentration in liquid-phase samples was measured by titration with 0.1 M H,SO4 by a
Mettler Toledo G20 titrator, and using Lab X3.1 software to determine the equivalence point. Imidazole
concentration titration was performed in duplicate and deviation between samples were < 1%. A
thorough description of the procedure and uncertainties are given by Kim et al.’® Validation of the
equipment was performed by measuring 30 wt% ethanolamine. Obtained results were within 1% of
previously reported values.?®

Vapor-phase samples were analyzed ion chromatography (IC) with a Thermo ScientificTM DionexTM
ICS-5000 system. Cations were separated using Thermo Scientific Dionex lonPAc TM CS19 analytical
column (2 mm x 250 mm) with a Thermo Scientific Dionex lonPacTM guard column CG19 (2 mm x 50
mm). In all runs, 20 mM methanesulfonic acid was used as eluent. As suppressor, Thermo Scientific
Dionex CSRS 300 2 mm (Cationic Self-Regenerating Suppressor) was used. Chromeleon® 7 was used for
in all steps of the analytical method. A complete description of the experimental set-up is described by

Fytianos et al.?’ Imidazole standards 5, 10, 20, 40, 60, 80 and 100 ppm were used for interpolation of
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sample responses. Samples were dilution once with Millipore water to come within the range of
standards. The uncertainty of the IC measurements have previously been investigated by Fytianos et al.

using the same equipment and found to be 1%.%

Modelling

The modelling performed in this study consists of the parametrization of equations for estimating
either viscosity or density. This parametrization proceeds through the minimization of an objective
function evaluating the deviation between estimates and results obtained experimentally. For a given
set of NP experimental points X and estimates X, the objective function was defined as seen in Eq. 1.
Furthermore, the average absolute relative deviation (AARD) and the maximum absolute deviation

(MAD) are defined as seen in Egs. 2 and 3 and presented together with the results.

Xi—X%:)?
F =2 S 1
AARD =32 z’ivfl% (2)
MAD = max(|X; — X;|) (3)

Both the AARD and the MAD can be used to compare between different alternatives — the lower their
values, the more accurate is the model. Another criterion to evaluate the models is the number of
adjustable parameters, which ideally should be also low. In this study, no models containing more than
six adjustable parameters were considered.

The optimization strategy employed for minimizing the objective function was the Particle Swarm
Optimization (PSO) using Ibest topology, inertia factor w = 0.7298 and acceleration coefficients ¢1 = ¢, =
1.49618, which are the same values employed by Pinto and Svendsen.?! The exact topology of the PSO
as well as the number of particles and of iterations were chosen on a case-by-case basis. A decent run-

through on how to implement this algorithm is given by Poli et al.?? and Ghosh et al.%.
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Modelling of viscosity

There are numerous alternatives for modelling the variation of viscosity with temperature and
composition in multicomponent mixtures. In general, most of them are written in the form shown in Eq.
4, where NC is the number of components, x; is the concentration of each component i following certain
basis (e.g. mass fraction, molar fraction), n? is the viscosity of pure component i at the desired
temperature and An accounts for the deviation from ideality. Models can therefore differ in how they
treat this latter parcel. All equations below are such that the temperature should be given in K, the
viscosity in mPa-s and x; is the molar fraction of component i.

In(n(x, 7)) = 224 xn (n?(T) ) + In(an(%, T)) (4)

For the purposes of this analysis, the viscosity of pure water 2, was calculated using the correlation of
Bingham and Jackson shown in Egs. 5 and 6.%* For simplicity, the pure imidazoles were considered solids
throughout the temperature span. Therefore, imidazole viscosities were set to 1 mPa-s for all
temperatures in the following models. From Eq. 4, this means that An was used for estimating the
contribution to the mixture. Although this is a standard course of action and that taken by, for example,
Pinto and Svendsen,?! it increases the stress on the model. To illustrate: at 298 K, this model should
combine two substances with roughly the same viscosity (1 mPa-s) to produce a solution with more than

9 mPa-s in the case of 50 wt% 2,4,5-Melm.

& (T) = 2.1482 [(T — 281.585) +/8078.4 + (T — 281.585)2] —120 (5)
() =5 (6)

In this study, the models taken into consideration were that of Teng et al.’® modified by Pinto et al.?
to take into consideration the effect of temperature, and that of Pinto and Svendsen.?! These models

are briefly discussed below.



Teng et al.’® describe the viscosity of aqueous amine solutions simply by adding a polynomial term to
the viscosity of pure water, which can be seen in Eq. 7. The coefficients of this polynomial may then be
parametrized for each temperature. Pinto et al.?® applied a temperature dependency to these
coefficients, seen in Eq. 8, in a way that the same parameters can be employed to estimate viscosity in a
range of diverse temperatures and compositions.

In(%) = In(ny,) + i kixi* (7)
ki=a;+— (8)

The number of parameters for this model naturally will depend on the length of the polynomial
expansion, which in turn should be decided upon assessing both accuracy and robustness. Ideally, some
statistical treatment should therefore be performed. To compare the different models, a cubic
polynomial expansion was chosen for Eq. 7, which implies that six parameters must be estimated.

The model developed by Pinto and Svendsen is shown below in Egs. 9 — 11.2 It is inspired by the NRTL
activity equations, and for this reason is called the NRTL-DVIS model. It requires four binary parameters
per pair of components, and adjustable coefficients a;; which are typically set to 0.1, 0.2 or 0.3 for all

binary interactions at the same time. In this study, no other alternatives for the parameters a;; were

taken into account.

b..
Tj=a;+— 5 T =0 (9)
Gij = exp(—aij‘rij) (10)

A NC
In(af) _ ZI'VC x'Zj:1TjiGjin
R =17 N Grixe

(11)
The factor R in Eq. 11 is picked in a way so that the model can operate with parameters of the same
magnitude as those used to model excess Gibbs energy. Pinto and Svendsen optimized theirs to 6.48803

for a ethanolamine-N-methyldiethanolamine system, and this value was fixed for R throughout this

work.?



Modelling of density

In this study, it was decided first to estimate the excess molar volume of the imidazole solutions so
that their density could be evaluated afterwards, which is the same procedure adopted by Carvalho et
al.?® The excess molar volume of a solution is defined by Eq. 12. In that, p is the density of the mixture
while p? is the density of each single component i. M; is the molar mass of component i. Throughout the
following analysis, VE will be evaluated in milliliters and all the densities will be given in kg/m?, while

molar masses will be inserted in m3/kmol.

NC X;

E(y Ty — ™M _ yWNC __Xi
VEED =G ~ 2w (12)

With Eq. 12, it is clear that once the excess volume is estimated the solution density should follow
swiftly. This is further emphasized in Eq. 13. The models discussed below are for VZ, whereas the
evaluation criteria (AARD, MAD) as well as the objective function in the PSO algorithm are calculated
concerning density itself. Egs. 12 — 13 also make clear that the densities of the pure components are
required for this procedure. The pure component densities, assumed constant with temperature for the
temperature range, were estimated using the method described by Kotomin and Kozlov?” using
molecular fragment contributions, and their values are shown in Table 2. Meanwhile, the density of
water at different temperatures was estimated using the DIPPR105 equation available at the DDBST

website and disclosed in Eq. 14.%

x;
Rt
p =ZNC Xi +VE (13)
1=1Mip?
0 _ 0.14395
Pw = T 0.05107 (14)

0.0112“(1_m)

Table 2: Densities for the pure imidazoles.
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Estimated density (kg/m?) x103

Im 1.23
2-Melm 1.18
2,4,5-Melm 1.13
1,2,4,5-Melm 1.09

In this study, two models were evaluated for the density calculation. The first was the well-known
Redlich-Kister equation as described by de Oliveira and Reis?® and by Carvalho et al.?® with a fitting
modification to turn its parameters able to operate inside a span of various temperatures. The second
was a variation of the NRTL-DVIS viscosity model, designed to estimate V¥ instead.

This Redlich-Kister (R-K) model is presented in Egs. 15 — 16 for binary solutions only.

VE =x1x, Z?’:KE) A;(xg — xp)" (15)
A =a; +bT (16)

The parameter fitting for the R-K model was done assuming the imidazole to be component 1 and
water to be component 2. It was also decided to stick to a quadratic polynomial expansion, so that six
parameters have to be fitted, much similarly to what was done previously with the polynomial
expansion for viscosity estimation.

The NRTL inspired model considered in this study is shown in Eq. 17 and requires the same
parameters 7;;, G;; and a;; calculated in exactly the same way as shown in Egs. 9 — 10. The pressure and
temperature terms were added for consistency with regards to the NRTL equation itself, but it should be
noted that p was set to unity for this analysis. Furthermore, the same value of R optimized by Pinto and

Svendsen?! was used in this model.

pvE FNC 5 Sjer TiGjiX; (17)

=170 9N Grixk

RT
Results and Discussion

Viscosity
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The viscosity measurements presented for the imidazole-H,O mixtures were carried out in the
temperature range of 298-353 K at atmospheric pressure. The viscosities of the binary imidazole-H,0
mixtures are presented in Table 3 and Table 4 shows the measured viscosities of CO, loaded solutions.
Figures 1 and 2 show the results of the experimental data fitted with the polynomial expansion and
NRTL-DVIS for Im. Polynomial expansion and NRTL-DVIS fittings for remaining imidazoles are given in
Supporting Information. Comparison between Tables 5 and 6 show that both the polynomial expansion
of Teng et al.® and the NRTL-DVIS of Pinto and Svendsen fare well for estimating the viscosity of the
imidazole solutions, though the former performs better, AARDs in the range of 0.9-1.5% vs 0.8-5.5%.%" It
should be noted, however, that the NRTL-DVIS could be readily expanded to handle multicomponent
aqueous mixtures using the same binary interaction parameters, which is something that the polynomial
expansion cannot do.

In terms of simplicity, the cubic expansion demanded more parameters (six), while the NRTL-DVIS
employs four parameters plus two adjustable handlers that are actually set to the same value. A
guadratic polynomial expansion would be also possible, bringing the number of parameters in such
model down to four, but this jeopardizes the accuracy of the estimation to the point that it then fares

worse than the NRTL-DVIS model.

Table 3: Experimental Viscosities, n, for binary mixtures of imidazoles Im, 2-Melm, 2,4,5-Melm and

1,2,4,5-Melm (1) + H,0 (w) at 101.3 kPa.?

T [K]
298.15  303.15 313.15 323.15 333.15 343.15 353.15
X1 Wi n [mPa-s]
Im
0.0286 10 wt% 1.058 0.944 0.771 0.647 0.555 0.486 0.433
0.0621 20 wt% 1.242 1.103 0.892 0.742 0.632 0.549 0.486
0.102 30 wt% 1.470 1.301 1.043 0.862 0.728 0.628 0.551
0.150 40 wt% 1.737 1.541 1.261 1.034 0.865 0.739 0.644
0.209 50 wt% 2.14 1.881 1.543 1.254 1.045 0.863 0.766
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2-Melm

0.0238 10 wt% 1.151 1.020 0.838 0.696 0.591 0.508 0.453
0.0373 15 wt% 1.312 1.160 0.933 0.767 0.647 0.558 0.490
0.0520 20wt% 1.494 1.315 1.070 0.870 0.713 0.610 0.534
0.0682 25 wt% 1.718 1.498 1.214 0.978 0.792 0.673 0.585
0.0860 30wt% 1.971 1.707 1.379 1.100 0.886 0.746 0.643
2,4,5-Melm
0.0179 10 wt% 1.317 1.157 0.944 0.774 0.651 0.552 0.485
0.0393 20 wt% 2.01 1.754 1.384 1.100 0.877 0.736 0.631
0.0655 30 wt% 3.12 2.71 2.08 1.598 1.228 1.010 0.843
0.0983 40wt% 5.27 441 3.24 2.40 1.765 1.407 1.148
0.141 50 wt% 9.35 7.38 4.87 3.44 2.61 2.02 1.618
1,2,4,5-Melm
0.0159 10 wt% 1.258 1.125 0.899 0.756 0.626 0.541 0.477
0.0350 20 wt% 1.817 1.610 1.244 0.998 0.849 0.696 0.600
0.0585 30 wt% 2.65 2.31 1.733 1.344 1.084 0.894 0.755
0.0882 40 wt% 3.86 3.35 2.53 1.806 1.433 1.154 0.946
0.127 50 wt% 5.77 491 3.36 2.44 1.843 1.444 1.166

9Standard uncertainties are u(T) = 0.01 K, u(x1) = 0.0002, u(n) = 0.04 mPa:s (n < 10 mPa-s), u(P)=1.5
kPa.

For binary imidazole-H,0 mixtures, the viscosity are in the order Im < 2-Melm < 1,2,4,5-Melm < 2,4,5-
Melm. The viscosity of 2,4,5-Melm is greater than 1,2,4,5-Melm due to lack of N-H on 1,2,4,5-
trimethylimidazole. The overall H-bonding in agueous mixtures containing N-alkylimidazoles is lower
than N-H imidazoles. However, the viscosity of 1,2,4,5-Melm solutions are still significantly higher than
Im- H,0 or 2-Melm-H,0 mixtures. On the other hand, Im-H,0 solutions are less viscous than N-
methylimidazole-H,0 solutions.?® From 298 to 313 K, the viscosity of 30 wt% Im decreases with 29%, and
from 313 to 353 K by an additional 47%. For 2,4,5-Melm, the viscosity is reduced by 35% from 25 to 313
K and by 59% from 313 to 353 K.

Table 4: Viscosities of aqueous CO; loaded solutions of 30 wt% imidazoles Im, 2-Melm, 2,4,5-Melm and

1,2,4,5-Melm at 298.15 and 313.15 K at 101.3 kPa.?

T[K]
Compound Loading?® 298.15 313.15
n [mPa:s]
Im 0.19 2.05 1.35
2-Melm 0.40 2.84 1.92
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2,4,5-Melm 0.40 € 2.97
1,2,4,5-Melm 0.40 3.85 2.47
Loading is presented as a = mol CO,/mol imidazole. ®Standard uncertainties are u(T) = 0.01 K, u(w:) =

0.2 wt%, u(a) = 0.01 mol CO,/mol imidazole, u(P)=1.5 kPa. Expanded uncertainty: u(n) = 0.029 mPa-s.
‘Not measured due to precipitation.

At 313 K, typical minimum temperature conditions in a CO; capture plant, the viscosities of all
solutions were below 5 mPa-s, as shown in Table 4. Loading 30 wt% imidazole solution with 0.2 mol
CO,/mol imidazole gave 40% (2.05 mPa-s) and 31% (1.36 mPa-s) higher viscosities at 298 and 313 K,
respectively, compared with unloaded imidazole. Solutions containing 30 wt% 2-Melm (1.92 mPa-s),
2,4,5-Melm (2.97 mPa-s) and 1,2,4,5-Melm (2.47 mPa-s) and loaded with 0.4 mol CO,/mol imidazole had
40% higher viscosity than unloaded solutions. Consequently, loaded solutions still maintain viscosities
well below 5 mPa-s. Viscosities of 2.0-2.2 mPa-s are observed for 30 wt% ethanolamine loaded with 0.4
mol CO,/mol amine.?*3! Diethylethanolamine (30 wt%) and dimethylethanolamine (30 wt%) solutions
loaded with 0.4 mol CO,/mol amine have viscosities of 2.3-2.5 mPa-s.3? Thus, viscosities of loaded
imidazole are in the same range as aqueous amine solutions.

Table 5: Results of the parameter estimation for viscosity using cubic polynomial expansion.

Im 2-Melm 2,4,5-Melm 1,2,4,5-Melm
aq 7.348 3.761 -18.94 -12.86
a, -74.58 -163.4 -55.60 -118.6
as 198.8 410.2 239.7 439.9
b, -396.1 2404 12540 10860
b, 17710 32500 -2085 5691
b -49950 -34880 -40070 -61890
AARD (%) 0.984 0.875 1.517 1.301
MAD (mPa.s) 0.028 0.034 0.421 0.138

Table 6: Results of the parameter estimation for viscosity using the NRTL-DVIS model.

Im 2-Melm 2,4,5-Melm 1,2,4,5-Melm
ais 27.03 42.91 117.4 87.94
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ayq 14.23 17.23 -5.396 75.06

b, -5429 -9867 -30930 -18980
by, 3620 7831 2605 707.1

i, 0.3 0.2 0.3 0.1

@y 0.3 0.2 0.3 0.1
AARD (%) 1.000 0.750 2.884 5.478
MAD (mPa.s) 0.073 0.047 0.214 0.482

Viscosity, mPa.s

300 310 320 330 340 350
Temperature, K

Figure 1: Data and estimation results of the cubic polynomial expansion for Im. Red and O (50 wt%),

yellow and ¢ (40 wt%), green and [1 (30 wt%), blue and > (20 wt%), magenta and <[ (10 wt%).

Viscosity, mPa.s

0.0 L . . . . .
300 310 320 330 340 350

Temperature, K

Figure 2: Data and estimation results of the NRTL-DVIS model for Im. Red and O (50 wt%), yellow and ¢

(40 wt%), green and I (30 wt%), blue and [> (20 wt%), magenta and <[ (10 wt%).
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Density

The density measurements presented for the imidazole-H,O mixtures were carried out in the
temperature range of 298-353 K at atmospheric pressure. The densities of the binary imidazole-H,0
mixtures are presented in Table 7. Density measurements of Im and 2-Melm at 298 K are compared with
results by Domenska et al.2 in Figure 3, to compare with density data for imidazoles with previously
reported values. Domanska et al.® ran two series of Im, but got widely different results for the two series
of binary solutions as clearly seen in Figure 3 making it difficult to compare the data. However, from the
figure it can be seen that our data on 2-Melm agree well with literature.

The results of parameter fitting are shown in Table 8 and Table 9 for the R-K model and the NRTL-
inspired model, It can be seen in Tables 8 and 9 that both R-K (0.08-0.14%) and NRTL (0.08-0.12%) have
very decent estimation capacity for the densities of the imidazole solutions. As an improvement from R-
K, the NRTL-inspired model has somewhat less parameters once the handlers ;; are set and has the
possibility of being extended to multicomponent solutions. The main challenge associated with the
modelling the correlations, are the non-linearity observed for the density of imidazole solutions over the
studied range of temperatures and concentrations. Fittings of the NRTL density model for Im-H,0
systems are presented in Figure 4. Excess volumes and NRTL estimations for 2,4,5-H,0 solutions are

shown in Figure 5. Density fittings for other imidazoles are given in Supporting Information.
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Figure 3: Comparison of imidazole/H,0 densities at 298 K, Im (), 2-Melm (A), hollow markers; ref 8,

filled markers; this study.

Table 7: Experimental Densities, p, for binary mixtures of imidazoles Im, 2-Melm, 2,4,5-Melm and

1,2,4,5-Melm (1) + H,0 (w) at 101.3 kPa.?

TI[K]
298.15 303.15 313.15 323.15 333.15 343.15 353.15
X1 Wi p [kg/m’]
Im
0.0286 10 wt% 1009.1 1007.3 1003.0 998.2 992.6
0.0621 20 wt% 1020.9 1018.7 1013.6 1008.2 1002.2 995.8 989.0
0.102 30 wt% 10324 1029.7 1024.1 1018.1 1011.6 1004.8 997.6
0.150 40 wt% 1043.4 1040.6 1035.5 1028.9 1022.0 1014.7 1007.2
0.209 50 wt% 1054.1 1051.0 1045.6 1038.8 1031.5 1023.0 1015.2
2-Melm
0.0238 10 wt% 1003.5 1001.8 998.1 993.4 988.1 981.8
0.0373 15 wt% 1007.1 1005.2 1000.7 995.7 990.2
0.0520 20 wt% 1010.7 1008.6 1004.6 999.1 992.7 986.3 979.6
0.0682 25 wt% 1014.3 1011.9 1007.2 1002.9 995.2 988.6 981.7
0.0860 30 wt% 1017.9 10154 1010.8 1004.7 997.7 990.9 983.8
2,4,5-Melm
0.0179 10 wt% 998.7 997.1 993.9 989.2 984.0 977.6 971.3
0.0393 20 wt% 1002.0 1000.0 996.1 990.8 984.4 978.0 971.2
0.0655 30 wt% 1005.6 1003.1 998.4 992.4 985.4 978.6 971.4
0.0983 40 wt% 1008.6 1005.7 1000.0 993.4 985.9 978.6 971.0
0.141 50 wt% 1011.5 1007.1 1000.2 994.1 985.9 978.3 970.3
1,2,4,5-Melm

0.0159 10 wt% 997.5 995.8 991.7 987.8 981.8 975.9 969.4
0.0350 20 wt% 999.6 997.4 992.5 987.0 981.8 974.6 967.6
0.0585 30 wt% 1002.1 999.5 993.6 987.3 980.8 973.6 966.0
0.0882 40 wt% 1004.9 1001.7 996.1 987.9 980.7 972.8 964.7
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0.127 50 wt% 1007.3 1003.7 996.0 988.1 979.9 971.5 962.7
9Standard uncertainties u(T) = 0.01 K, u(x1) = 0.0002, u(p) = 2 kg/m3, u(P) = 1.5 kPa.

By comparing the relative densities of the binary imidazole-H,0 blends, it can be concluded that the
order of densities for the binary systems with water were 1,2,4,5-Melm < 2,4,5-Melm < 2-Melm < Im.
The reduction in density with decreased substitution can be rationalized with more H-bonding in
aqueous solution. Imidazoles that more readily form H-bonds are able to pack closer together with the
water in solution. This trend is in agreement with results by Hou et al. for N-methylimidazole-water
mixtures, which have lower density than Im-water mixtures.°

As seen in Table 7, the density of 1,2,4,5-Melm-H,0 mixtures are greater than the density of water at
temperatures < 318 K. However, above 318 K, the density of mixed systems are greater than for pure
water. The same trend is also observed for 2,4,5-Melm, Table 7, where the density of the mixture
becomes lower than that of water at ~348 K.

Additional data was extracted from the density; excess molar volume of solution and apparent molar
volume. For all binary imidazole-H,O mixtures investigated in this study, the excess molar volume was
positive, as shown in Figure 5. Greater excess molar volumes are observed at higher temperature for
more concentrated imidazole solutions. The increase in excess molar volume can partially be explained
by the assumption that Im densities are constant with temperature. The second contribution to the
larger excess volumes are that for 2,4,5-Melm-H,0 and 1,2,4,5-Melm-H,0 the greater thermal
expansion than water is observed. Hence, the excess molar volume of water also increases with
temperature.

The apparent molar volume of the imidazoles in aqueous solution, ¢, (cm3*/mol), can be calculated

according to Eq. 18.

__ Mw  1000-(p—py,)

T 18)
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Where MW is the molecular weight of imidazole, p is the measured density of solution, m is the
molality of imidazole in mol/kg and py, is the density of water. The molar volumes of the imidazoles
obtained from Eq. 18 are presented in Table 10. At higher imidazole concentrations, the assumption that
the apparent molar volume of water is constant may fail. Both Enea et al.* and Jardine et al.3* were
concerned with the properties of Im at infinite dilution. In Figure 6, the data produced in this research
are shown against that of Jardine et al.>* Good agreement between both data sets can be observed.
Enea et al.? proposed a linear dependency between molality and apparent volume of Im in aqueous
solution at 298 K. Figure 6 includes the apparent molar volumes predicted for Im at 298 K, which fit
nicely with the results produced at lower Im concentrations both for this work and for that of Jardine et
al.

Table 8: Results of the parameter estimation for density using the R-K model.

Im 2-Melm 2,4,5-Melm 1,2,4,5-Melm
a, 51.72 2214 658.2 946.5
a, 202.73 5309 1798 2534
a, 170.0 3178 1192 1640
b -0.136 -7.165 -2.044 -2.980
b, -0.652 -17.27 -5.733 -8.095
b, -0.562 -10.35 -3.824 -5.253
AARD (%) 0.078 0.063 0.092 0.081
MAD (kg/m?3) 3 1 2 2

Table 9: Results of the parameter estimation for density using the NRTL-inspired model.

Im 2-Melm 2,4,5-Melm 1,2,4,5-Melm
a, 12.11 -4.87 1.666 -6.737
ayq 38.25 72.09 34.46 31.33
bi, 4539 13932 7146 10070
by -2083 -7493 -1732 -666.6
s, 0.3 0.2 0.3 0.3
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ay 0.3 0.2 0.3 0.3

AARD (%) 0.072 0.067 0.112 0.118
MAD (kg/m?3) 3 3 4 4
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Figure 4: Density and estimation results of the NRTL-inspired model for Im. Red and O (50 wt%), yellow

and 0 (40 wt%), green and [ (30 wt%), blue and [> (20 wt%), magenta and <] (10 wt%).
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Figure 5: Excess volume and estimation results of the NRTL-inspired model for Im. Red and O (50 wt%),

yellow and ¢ (40 wt%), green and [ (30 wt%), blue and > (20 wt%), magenta and < (10 wt%).
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Figure 6: Apparent molar volume for aqueous Im gathered in this work at 101.3 kPa and that of Jardine
et al. at 350 kPa, and Enea et al. %, 298.15 K ref 33; #, 308.15 K ref 33; #¢, 318.15 K ref 33; %, 328.15 K
ref 33; %, 338.15 K ref 33; %, 348.15 K ref 33; O, 298.15 K this work; ¢, 303.15 K this work; [ |, 313.15 K
this work; [>, 323.15 K this work; <], 333.15 K this work; 2\, 343.15 K this work; V/, 353.15 K this work;

---, model 298.15 K ref 32.

Table 10: Apparent molar volumes of imidazoles Im, 2-Melm, 2,4,5-Melm and 1,2,4,5-Melm (1) + H,O

(w) at 101.3 kPa.?

T K]
m; [mol/kg 298.15 303.15 313.15 323.15 333.15 343.15 353.15
solute] @y [cm3/mol]
Im
1.63 60.1 60.5 61.2 61.9 62.7
3.67 60.3 60.7 61.4 62.0 62.7 63.3 64.0
6.29 60.5 60.8 61.5 62.1 62.8 63.4 64.0
9.79 60.7 61.0 61.5 62.1 62.7 63.3 64.0
14.69 60.9 61.2 61.6 62.2 62.8 63.5 64.1
2-Melm
1.35 77.1 77.4 77.9 78.6 79.4 80.5
2.15 76.9 77.3 78.1 78.8 79.6
3.04 76.8 77.2 77.7 78.5 79.5 80.3 81.1
4.06 76.8 77.2 77.7 78.5 79.5 80.3 81.1
5.22 76.7 77.1 77.7 78.5 79.5 80.3 81.1
2,4,5-Melm
1.01 108.6 109.0 109.2 110.1 111.2 112.8 113.9
2.27 107.7 108.2 108.9 110.0 111.4 112.5 113.7
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3.89 107.3 107.9 108.7 109.9 111.2 112.3 113.5

6.05 107.3 107.9 108.9 110.0 111.3 112.4 113.6
9.08 107.3 108.1 109.2 110.1 111.4 112.5 113.7
1,2,4,5-Melm
0.89 124.0 124.6 125.8 126.0 128.1 129.5 130.9
2.01 123.0 123.6 124.9 126.3 127.2 129.1 130.6
3.45 122.4 123.1 124.6 126.0 127.3 128.8 130.4
5.37 122.1 122.8 123.9 125.7 127.1 128.6 130.1
8.05 122.0 122.7 124.2 125.7 127.1 128.6 130.2

9Standard uncertainties are u(T) = 0.01 K, u(m:) = 0.01 mol/kg solute, u(p) = 2 kg/m3, u(P) = 1.5 kPa,
u(py) = 0.2 cm3/mol.

Ebulliometric measurements

Tables 11, 12, 13 and 14 present vapor-liquid equilibrium vapor pressures and phase compositions
with corresponding water activity coefficient for Im-H,0, 2-Melm-H,0, 2,4,5-Melm-H,0 and 1,2,4,5-
Melm-H,0 mixtures, respectively. In this study, equilibrium vapor pressure of pure imidazole solutions
were not measured because melting points of the imidazoles were too high for operations in the
apparatus (Im: 362 K, 2-Melm 415-416 K, 2,4,5-Melm 406 K, 1,2,4,5-Melm 325-326 K). Imidazoles have
substantially higher boiling points than water (Im: 530 K, 2-Melm 540 K, 2,4,5-Melm 543-545 K, 1,2,4,5-
Melm 398-401 at 3.8 kPa). In the experiments, the vapor phase primarily contain water as clearly seen in
the Tables 11-14. The concentration of imidazoles in the vapor phase is very low at all concentrations.
Significantly higher imidazole concentrations in the gas phase are observed for 1,2,4,5-Melm than the N-
H imidazoles. However, 85% lower vapor pressure was observed for 30 wt% 1,2,4,5-Melm compared to
30 wt% ethanolamine.'® Thus, negligible loss of the studied imidazoles through evaporation are
expected in process conditions. The activity of water can be calculated using the measured variables as
described in Van Ness (1995).%° The data presented in Table 11-14 show that the activity of water in
imidazole solutions are slightly higher than for pure water and the water activity seems to be almost
independent on the type of imidazole. As the activity increase for water in imidazole solutions is low,
adding imidazole can be used to reduce the water vapor pressure. Activity coefficients for the imidazoles
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were not calculated in this study, due to lack of experimental data for pure imidazoles. However, as seen
from Tables 11-14, the vapor pressure of the imidazoles stay almost constant or is only reduced slightly
as the imidazole concentration is reduced. Constant vapor pressure suggests there is a significant
increase in the activity coefficient of imidazoles at lower concentrations. This result is in accordance with
observations by Domanska et al.®

Table 11: VLE Data, mole fractions of the gas and liquid phases (x1 and y1) and water activity coefficients,

aw, for Im (1) + H,0 (w) system depending on composition at 313, 333, 353 and 373 K.?

TI[K] P [kPa] X1 V1 Oy
313K
313.12 6.29 0.277 0.00015 1.24
313.09 6.49 0.241 0.00014 1.22
313.09 6.69 0.197 0.00014 1.19
313.10 6.78 0.161 0.00013 1.15
313.07 6.89 0.128 0.00010 1.13
333K
333.10 16.79 0.279 0.00014 1.20
333.15 17.38 0.239 0.00012 1.17
333.15 17.99 0.195 0.00015 1.15
333.14 18.19 0.161 0.00016  1.11
333.19 18.39 0.131 0.00011  1.08
353K
353.13 38.99 0.286  0.00012 1.14
353.17 41.01 0.239 0.00012 1.12
353.17 42.10 0.195 0.00013  1.09
353.17 42.99 0.162 0.00014 1.07
353.17 43.69 0.131 0.00012  1.05
373K
373.15 83.27 0.280 0.00019 1.15
373.19 87.51 0.238 0.00016 1.14
373.05 90.10 0.187 0.00015 1.11
373.10 91.78 0.158 0.00015  1.09
373.15 92.98 0.126  0.00012 1.06
9Standard uncertainties are u(T) = 0.05 K, u(P) = 0.3 kPa, u(x1) = 0.003, u(y1) = 0.00001, u(aw) = 0.01.

Table 12: VLE Data, mole fractions of the gas and liquid phases (x1 and y1) and water activity coefficients,

aw, for 2-Melm (1) + H,0 (w) system depending on composition at 313, 333, 353 and 373 K.“

T [K] P [kPa] X1 V1 Ow

22



313.15
313.10
313.24
313.13
313.33

333.21
333.24
333.20
333.09
333.14

353.25
353.20
353.14
353.09
353.21

373.17
373.09
373.10
373.06
373.12

313K

7.19 0.0813
7.19 0.0682
7.28 0.0544
7.28 0.0438
7.32 0.0379
333K
19.19 0.0816
19.29  0.0700
19.39  0.0523
19.39  0.0426
19.49  0.0358
353K
45.49  0.0778
45.58  0.0673
45.79  0.0527
45.89  0.0432
46.00 0.0364
373K
96.68  0.0795
96.88  0.0680
97.58 0.0536
97.87  0.0435
98.47 0.0369

0.00004
0.00004
0.00003
0.00003
0.00002

0.00008
0.00007
0.00006
0.00005
0.00005

0.00013
0.00015
0.00010
0.00013
0.00014

0.00017
0.00018
0.00016
0.00016
0.00018

1.11
1.10
1.09
1.09
1.07

1.07
1.06
1.05
1.04
1.04

1.02
1.02
1.01
1.00
0.99

1.05
1.04
1.03
1.02
1.02

9Standard uncertainties are u(T) = 0.05 K, u(P) = 0.3 kPa, u(x1) = 0.001, u(y1) = 0.00001, u(aw) = 0.01.

Table 13: VLE Data, mole fractions of the gas and liquid phases (x: and y1) and water activity coefficients,

aw, for 2,4,5-Melm (1) + H,0 (w) system depending on composition at 313, 333, 353 and 373 K.“

TI[K] P [kPa] X1 V1 Olw
313K
313.19 7.29 0.0767 0.00001 1.12
313.12 7.29 0.0588 0.00002 1.10
313.03 7.29 0.0459 0.00001 1.09
313.19 7.39 0.0352 0.00001 1.09
313.07 7.39 0.0183 0.00001 1.08
333K
333.16  19.28 0.121 0.00006 1.12
333.06 19.39 0.0915 0.00006 1.10
333.10 19.49 0.0740 0.00005 1.08
333.15 19.59 0.0596 0.00006 1.07
333.21 19.69 0.0446 0.00006 1.05
333.15 19.69 0.0331 0.00004 1.04
333.15 19.79 0.0176 0.00004 1.03
353 K
353.17 45.79 0.115 0.00009 1.08
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353.15 46.09 0.0904 0.00010 1.05
353.18 46.29 0.0741 0.00007 1.04
353.18 46.39 0.0601 0.00008 1.03
353.15 46.48 0.0448 0.00010 1.01
353.20 46.68 0.0335 0.00010 1.00
353.12 46.79 0.0178 0.00008 0.99
373K
373.05 97.28 0.117 0.00015 1.10
373.12 98.17 0.0913 0.00016 1.08
373.21 98.77 0.0749 0.00016 1.06
373.19 9897 0.0603 0.00014 1.05
373.15 99.17 0.0452 0.00013 1.04
373.13  99.37 0.0337 0.00014 1.03
373.09 99.77 0.0180 0.00011 1.02
9Standard uncertainties are u(T) = 0.05 K, u(P) = 0.3 kPa, u(x1) = 0.001, u(y1) = 0.00001, u(aw) = 0.01.

Table 14: VLE Data, mole fractions of the gas and liquid phases (x1 and y1) and water activity coefficients,

aw, for 1,2,4,5-Melm (1) + H,0 (w) system depending on composition at 313, 333, 353 and 373 K.“

TI[K] P [kPa] X1 Y1 Olw
313K
312.98 6.99 0.131 0.00014 1.16
313.08 7.19 0.0972 0.00014 1.14
313.14 7.19 0.0794 0.00012 1.11
313.15 7.28 0.0695 0.00014 1.11
313.27 7.38 0.0589 0.00013 1.11
313.17 7.39 0.0428 0.00012 1.10
333K
333.15 19.18 0.116 0.00032 1.11
333.12 19.38 0.0907 0.00031 1.09
333.14 19.49 0.0787 0.00028 1.09
333.19 19.58 0.0700 0.00023 1.08
333.22 19.69 0.0571 0.00030 1.07
333.13 19.69 0.0420 0.00028 1.06
353 K
353.10 45.38 0.118 0.00055 1.07
353.08 45.89 0.0914 0.00054 1.05
353.08 46.09 0.0796 0.00053 1.05
353.13 46.29 0.0708 0.00056 1.04
353.14 46.49 0.0574 0.00043 1.03
353.15 46.69 0.0425 0.00044 1.01
373K
373.12 97.37 0.111 0.00082 1.10
373.09 98.17 0.0920 0.00079 1.08
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373.07 98.48 0.0799 0.00080 1.07
373.12 98.88 0.0713 0.00079 1.06
373.13 99.28 0.0587 0.00071 1.05
373.16 99.78 0.0437 0.00067 1.04
9Standard uncertainties are u(T) = 0.05 K, u(P) = 0.3 kPa, u(x1) = 0.001, u(y1) = 0.00002, u(aw) = 0.01.

Conclusion

In this study, density, viscosity and ebulliometric measurements of binary mixtures of water with four
different imidazoles, Im, 2-Melm, 2,4,5-Melm and 1,2,4,5-Melm were performed and the experimental
viscosity and density data was modelled. The viscosities of all solutions were below 3 mPa-s at
temperatures above 313 K. Parameterization of viscosity data was conducted using a NRTL-model, with
AARD of 1% for Im, 0.8% for 2-Melm, 3% for 2,4,5-Melm and 5% for 1,2,4,5-Melm. The density
correlations represent the experimental data for imidazole solutions with AARD of 0.1% for Im, 2-Melm,
2,4,5-Melm and 1,2,4,5-Melm. VLE measurements containing pressure, temperature, and the
composition of both phases (P, T, x, y) in the range from 313 to 373 K for aqueous solutions of Im, 2-
Melm, 2,4,5-Melm and 1,2,4,5-Melm are given. The results show that the tested imidazoles exhibit low
vapor pressures in aqueous solutions. Finally, it was found there is an insignificant dependence of water

activity on temperature within the range of the present study.
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