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A thermodynamic study of three ethanolamines, 2-(diethylamino)ethanol, 2-(ethylamino)ethanol and 2-
(isopropylamino)ethanol, reporting the measurements of vapor pressure, liquid phase heat capacities,
and phase behavior is presented in this work. The vapor pressures were measured using a static method
in the temperature interval 238—343 K. After a critical assessment of literature data, selected experi-
mental data were correlated using the Cox equation. The liquid phase heat capacities were measured in

the temperature range 265—355 K using Tian-Calvet calorimetry and the phase behavior was investi-
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gated using differential scanning calorimetry (DSC) starting from 183 K. For 2-(ethylamino)ethanol and
2-(isopropylamino)ethanol, two monotropically related crystalline forms were identified. To our
knowledge, vapor pressure and heat capacity for 2-(isopropylamino)ethanol and phase behavior data for
2-(ethylamino)ethanol and 2-(isopropylamino)ethanol are reported for the first time in this work.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

One of the most common processes applied for the capture and
separation of carbon dioxide from gas streams is chemical ab-
sorption and regeneration using aqueous solutions of amines as
solvent systems. In particular, 2-aminoethanol has been widely
studied because of its high CO, absorption capacity, high water
solubility, and low price [1].

Meanwhile, new amines were synthetized by systematically
modifying their alkyl structure and the relative position of the
hydroxyl group [2], and their absorption performance was screened
(e.g. absorption rate and capacity, cyclic capacity), with the aim to
find alternative solvents that would enable CO, capture with a
lower energy consumption than the commercially used 2-
aminoethanol, as recently reviewed by Bernhardsen and Knuutila
[3].

Among the most promising absorbents, the tertiary amine 2-
(diethylamino)ethanol [4,5], and two secondary amines, 2-(ethyl-
amino)ethanol [6], and 2-(isopropylamino)ethanol [7,8] were
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selected for a thermodynamic characterization in this work.
Structurally, they only differ in the type and number of alkyl sub-
stituents of the amine functional group.

Chowdhury et al. [4] compared the performance of 24 tertiary
amine absorbents and 7 of them, including 2-(diethylamino)
ethanol, were selected because of their high absorption rates and
cyclic capacities. El Hadri et al. [6] also characterized 30 amines,
highlighting 2-(ethylamino)ethanol as a good alternative to 2-
aminoethanol, presenting good carbon dioxide absorption, low
heat of absorption and high kinetic reaction. Finally, Yamada et al.
[8] have studied the moderately hindered amine 2-(iso-
propylamino)ethanol, reporting a high absorption rate and large
desorption capability compared to conventional amines.

In this context, accurate vapor-liquid equilibria data are essen-
tial for the design and operation of these gas absorption processes,
starting with the temperature dependence of the vapor pressure of
the pure alkanolamines, which is one of the targets of this work.
Environmental aspects regarding the absorbents should be also
considered [9], where the knowledge of their volatility is essential
to assess the potential emissions. A preliminary inspection of the
available vapor pressure data showed that there were no reliable
data for these compounds, except the high-accuracy ebulliometric
measurements for 2-(diethylamino)ethanol [10], which are
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however restricted to elevated temperatures.

Therefore, the vapor pressures of the three ethanolamines were
measured by a static method in the temperature ranges covering
ambient and sub-ambient temperatures and critically compared to
the available literature data. The liquid heat capacity of the solvent
is also a key pure component property in the design of these ab-
sorption processes. Although the CO, rich stream after absorption
contains a solvent-CO, reaction product, it may be assumed that a
solvent with low heat capacity will enable the reduction of the
sensible heat required in the desorption step [11]. Hence, the vapor
pressure data were supplemented by the measurement of liquid
phase heat capacities using Tian-Calvet calorimetry and phase
behavior studies performed by differential scanning calorimetry
(DSC). The collected information was used to derive the corre-
spondent vaporization/sublimation enthalpies and the mutual
consistency of the data was discussed.

2. Experimental procedure
2.1. Materials

The description of the samples used in this work, including their
purity and purity analysis, is listed in Table 1. The purity of samples
was considered satisfactory and no further purification except
drying over 4 A molecular sieves was performed. The samples were
handled under dry nitrogen atmosphere in a glovebox (MBraun
LabStar).

2.2. Vapor pressure measurements

Vapor pressures were primarily measured at ambient temper-
atures (below 308 K) using the static apparatus STAT 6. As there
were no literature data for comparison in the case of the 2-(iso-
propylamino)ethanol, the measurements were repeated using the
STAT 8 apparatus to obtain independent results and extend the
study to higher temperatures (up to 343 K). The STAT6 and STAT8
apparatus were previously described in detail [12,13], and thus only
a concise description is provided here.

The STAT6 apparatus was built using all-metal, pneumatically
operated angle valves appropriate for ultra-high vacuum (series 57,
VAT Vacuumvalves AG, Switzerland) and stainless steel electro-
chemically polished tubing. Two absolute capacitance diaphragm
gauges (CDGs) kept at 318 K by an internal temperature controller
were used to simultaneously measure the pressure (Baratron
690A01TRA (up to 133 Pa), Baratron 690A11TRA (up to 1333 Pa),
MKS Instruments, USA). A four-wire platinum resistance ther-
mometer was used to measure the temperature of the sample. The
platinum resistance thermometer and the CDGs were calibrated as
described by Fulem et al. [12]. The standard uncertainty associated
to the pressure measurements using the CDGs was u
(pcpg) =0.0005pcp; and the standard uncertainty of the sample
temperature was u(T)=0.02 K. To check the performance of the
STAT6 apparatus, the vapor pressure of naphthalene [14], n-octane

Table 1
Sample description.

and n-decane was measured. These data agreed with the recom-
mended values [14,15] considering the combined expanded un-
certainty of the STAT6 apparatus which can be estimated, with 0.95
level of confidence (k = 2), as U¢(p/Pa) = 0.005p/Pa + 0.05.

STAT8 was also built of stainless steel internally electrochemi-
cally polished tubing and all-metal, pneumatically operated, angle
valves (VAT series 57, VAT Vacuumvalves AG, Switzerland) for ultra-
high vacuum. A CDG (Barocel 659, Edwards, UK) was used to
measure the pressure with an upper limit of 1333 Pa. An internal
temperature controller kept the temperature of the pressure sensor
at T=396 K. The temperature of the sample was measured by a
secondary reference thermistor silicon-bead probe (Hart 5611 A,
Fluke, USA) in a four-wire connection. Both CDG and thermistor
were calibrated as described by Stejfa et al. [13]. The standard un-
certainty of the pressure measurements by the CDGs was u
(pcpg) =0.001pepe and the standard uncertainty of the sample
temperature was u(T)=0.01K. Three reference materials (naph-
thalene, n-decane, and ferrocene) were used to calibrate the
equipment over the whole working range. For the STAT8 apparatus,
the combined expanded uncertainty of the vapor pressure mea-
surements Uc(p) was estimated, with 0.95 level of confidence
(k=2), considering the deviations of the experimental data from
the recommended values [14—16] as: U¢(p/Pa) = 0.01p/Pa + 0.05.

The vapor pressure measurements were repeated several times,
at given temperatures, varying them randomly so that systematic
errors caused by insufficient degassing of the sample could be
detected. A full automation of the apparatus allowed performing a
high number of measuring cycles resulting typically in a decrease of
pressure with the number of measuring cycles. The sample was
considered completely degassed when the pressure decrease was
negligible. Then, the final set of data was recorded, usually after
performing tens to hundreds of measuring cycles at selected tem-
peratures. For each temperature, at least three experimental points
were measured.

2.3. Calorimetric measurements

The phase behavior was studied with the differential scanning
calorimeter TA DSC Q1000 (TA Instruments, USA), starting from
T=183.15 K. The continuous method was applied with heating rate
from 0.5 to 10K min~". A sample load was determined using a
periodically calibrated analytical balance (0.01 mg readability).
Prior to the measurements of alkanolamines, a comprehensive
temperature and enthalpy calibration of the calorimeters was car-
ried out using five reference materials: water, gallium, naphtha-
lene, indium, and tin.

A Tian-Calvet calorimeter Setaram puDSC Illa (Setaram, France)
was used to measure the heat capacities of condensed phases. The
continuous method was applied [17], in the temperature range
from 265 to 355K, with a heating rate of 0.3Kmin !, and
isothermal delays of 2600 s before and after the continuous heat-
ing. Around 10,000 experimental heat capacity data points were
obtained after applying standard procedures such as slope

Chemical name CAS RN Source Water content?® Mole fraction purity
2-(diethylamino)ethanol 100-37-8 Merck 26x107% 0.999°; 0.997¢
2-(ethylamino)ethanol 110-73-6 Sigma Aldrich 25x1074 0.999°; 0.997°
2-(isopropylamino)ethanol 109-56-8 TCI 25%x 1074 0.992°; 0.991¢

¢ Mass fraction of water determined by Karl—Fischer analysis by Metrohm 831.

b purity provided by the manufacturer in the certificate of analysis. Purity was determined by gas—liquid chromatography (GLC) in all cases.
¢ Purity determined by GLC using the Hewlett—Packard 6890 chromatograph equipped with a column HP-1, length 25 m, film thickness 0.52 mm, diameter 0.30 mm, and

FID detector. The average was of at least two determinations.
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Table 2
Experimental vapor pressures p measured in this work.
T/K p/Pa’ Ap/Pa® T/K p/pa’ Ap/Pa® T/K p/pPa’ Ap/Pa®
2-(diethylamino)ethanol 2-(ethylamino)ethanol 2-(ethylamino)ethanol
liquid phase (STAT6)" liquid phase (STAT6)" crystalline o-form (STAT6)"
273.64 34.88 0.11 243.07 0.222¢ 0.001 238.05 0.050 0.002
273.64 34.90 0.13 243.07 0.223¢ 0.002 238.05 0.049 0.000
273.64 34.89 0.12 243.07 0.221¢ 0.000 238.05 0.048 —0.001
278.14 51.31 0.13 248.11 0.424¢ 0.003 243.07 0.113 0.001
278.15 51.34 0.15 248.11 0.423¢ 0.002 243.07 0.112 0.000
278.14 51.33 0.12 248.11 0.423¢ 0.002 243.07 0.113 0.000
283.15 77.37 0.08 253.13 0.783¢ 0.004 248.13 0.251 —0.001
283.14 77.33 0.09 253.13 0.784¢ 0.005 248.13 0.252 0.000
283.14 77.33 0.06 253.13 0.781¢ 0.002 248.14 0.253 0.000
288.15 114.58 —0.06 258.13 1.401¢ 0.002 253.13 0.546 0.001
288.15 114.56 —0.08 258.13 1.403¢ 0.003 253.13 0.545 0.000
288.15 114.59 —0.05 258.14 1.403¢ 0.002 253.13 0.544 —0.001
293.14 167.01 —0.04 263.13 2.453¢ —0.001 258.13 1.146 0.005
293.14 166.92 -0.13 263.14 2.4549 —0.003 258.14 1.142 —0.001
293.14 166.86 -0.19 263.14 2.454¢ —0.003 258.14 1.139 —0.004
298.15 239.33 —0.63 268.14 4.201 —0.008 263.14 2334 0.007
298.15 239.32 —0.64 268.14 4.205 —0.004 263.14 2.326 —0.001
298.15 239.32 -0.64 268.14 4.206 —0.003 263.14 2.320 —0.006
303.15 338.03 -1.28 273.14 7.045 —0.009
303.14 337.82 -1.21 273.14 7.039 —0.015
303.14 337.89 -1.30 273.14 7.052 —0.002
308.15 470.78 -2.34 278.14 11.58 0.01
308.15 470.78 —-2.34 278.14 11.58 0.01
308.15 470.89 -2.23 278.14 11.58 0.01
283.14 18.63 0.02
283.14 18.62 0.01
283.14 18.62 0.01
288.14 29.35 —-0.01
288.14 29.36 0.01
288.14 29.34 —0.02
293.13 4545 0.03
293.13 4545 0.02
293.13 4543 0.01
298.14 69.13 —0.05
298.14 69.15 —0.03
298.14 69.15 —0.03
303.13 103.41 —0.03
303.13 103.41 —0.03
303.14 103.48 —0.04
308.14 152.46 0.04
308.14 152.47 0.05
308.14 152.48 0.06
2-(isopropylamino)ethanol 2-(isopropylamino)ethanol 2-(isopropylamino)ethanol
liquid phase (STAT6)" liquid phase (STAT8)® crystalline a-form (STAT6)®
248.13 0.252¢ 0.001 298.11 48.99 —0.03 253.15 0.258 0.051
248.13 0.252¢ 0.001 298.12 49.20 0.11 253.15 0.257 0.050
248.13 0.251¢ 0.000 298.17 49.28 -0.02 253.15 0.254 0.047
253.14 0.472¢ 0.000 303.04 74.39 0.15 258.14 0482 0.057
253.15 0.471¢ —0.002 303.04 74.40 0.15 258.14 0.480 0.055
253.15 0.472¢ —0.001 303.04 74.35 0.10 258.14 0.479 0.054
258.15 0.864¢ —0.002 308.01 111.1 0.1 263.15 0.926 0.074
258.15 0.864¢ —0.002 308.03 111.2 0.0 263.15 0.923 0.071
258.15 0.864¢ —0.002 308.04 111.2 0.0 263.15 0.921 0.069
263.15 1.544¢ —0.002 313.00 164.0 0.4 268.14 1.710 0.050
263.15 1.546¢ —0.001 313.01 164.2 0.5 268.14 1.710 0.050
263.15 1.544¢ —0.002 313.01 164.2 0.4 268.14 1.709 0.049
268.14 2.688¢ —0.006 317.90 237.2 11 273.14 3.180 0.020
268.14 2.688¢ —0.006 317.90 237.2 1.1 273.14 3.182 0.022
268.14 2.688¢ —0.006 317.90 2373 1.2 273.14 3.174 0.014
27314 45919 —0.004 322,97 340.5 0.2 278.14 5.875 —0.003
273.15 4,589¢ -0.011 322.97 340.5 0.2 278.14 5.872 —0.006
273.15 4.590¢ —0.010 322.98 340.7 0.2 278.14 5.870 —0.008
278.14 7.669¢ —0.004 327.95 481.4 0.8 283.14 10.65 —0.04
278.14 7.676¢ 0.003 327.95 481.4 0.8 283.14 10.66 -0.04
278.14 7.665¢ —0.008 327.95 481.5 0.8 283.14 10.68 —0.02
283.14 12.57¢ 0.02 332.99 673.1 0.6 288.14 19.09 0.02
283.14 12.57¢ 0.01 332.99 673.1 0.5 288.14 19.11 0.05
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283.14 12,574 0.01 332.99 672.8 0.3 288.15 19.10 0.01
288.15 20.20¢ 0.03 337.93 922.1 -1.0
288.15 20.20¢ 0.03 337.93 922.1 -1.0
288.15 20.20¢ 0.03 337.93 9223 -0.9
293.14 31.79 0.04 342.94 1256.6 -1.2
293.14 31.79 0.04 342,94 1256.6 -1.2
293.14 31.79 0.04 342,94 1256.8 -13
298.14 49.14 —0.02

298.14 49.15 —0.01

298.14 49.15 —0.01

303.14 74.70 -0.14

303.14 74.69 -0.15

303.14 74.73 -0.11

308.14 111.86 -0.25

308.15 111.89 -0.31

308.15 111.84 -0.36

2 Values are reported with one digit more than is justified by the experimental uncertainty to avoid round-off errors in calculations based on these results. Vapor pressure
data excluded from the correlation (Eq. (1)) are in written in italics.

b Ap/Pa = (p — peaic)/Pa, where peyic is calculated from the Cox equation, Eq. (1), with parameters given in Table 4.

¢ The standard uncertainty in the sample temperature measurements is u(T) = 0.02 K and combined expanded uncertainty (0.95 level of confidence, k= 2) in the vapor
pressure measurements is U(p) = 0.005p + 0.05 Pa.

4 Supercooled liquid.

€ The standard uncertainty in the sample temperature measurements is u(T) = 0.01 K and combined expanded uncertainty (0.95 level of confidence, k = 2) in the vapor
pressure measurements is U(p)=0.01p + 0.05 Pa.

Table 3

Overview of the literature vapor pressure data for the studied ethanolamines.®
Ref. N (Tmin - Tmax)/K (Pmin - Pmax)/kPa u(Ty/K u(p)'/Pa Method
2-(diethylamino)ethanol
Steele et al. [10] 23 332.5-475.6 2.002—-269.96 0.3-20° Ebulliometric
Lebedeva et al. [20] 18 283-318 (2.95-45)-10~3 Effusion
Yang et al. [21,22] 5 406.0—435.9 40.00—-101.30 0.05 [21] 300 Ebulliometric

0.1 [22]
Kapteina et al. [23] 31 278.2—-318.3 (51.5-876.6)-103 0.1 Transpiration
Klepacova et al. [24] 13 333.2—449.5 1.94—-150.0 0.1 0.5% (p < 50 kPa) Ebulliometric
0.2% (50 kPa < p)

This work (STAT6)' 24 273.6-308.2 (34.9-470.9)-103 0.02 0.005p + 0.05° Static
2-(ethylamino)ethanol
Kapteina et al. [23] 17 282.5-321.3 (16.3-374.0)-103 0.1 Transpiration
This work (STAT6) 60 238.1-308.1 (0.050-152.5)-103 0.02 0.005p + 0.05° Static
2-(isopropylamino)ethanol
This work (STAT6) 54 248.1-308.2 (0.252-111.8)-103 0.02 0.005p + 0.05 Static
This work (STATS8) 39 298.1-342.9 (49.0-1257)-103 0.01 0.01p + 0.05 Static

¢ The vapor pressure data sets written in bold were correlated by Cox equation, Eq. (1). The parameters of this equation are listed in Table 4.

b N stands for the number of experimental points.

€ u(T) = uncertainty in temperature when reported by the authors.

4 u(p) = uncertainty in pressure when reported by the authors.

€ The uncertainty in vapor pressure was reported for each individual experimental point. The uncertainty at Tp, and T is given in the table.

f The uncertainties reported for the measurements performed in this work are the standard uncertainty (k = 1) for temperature and combined expanded uncertainty (0.95
level of confidence, k = 2) for vapor pressure.

Table 4

Parameters of the Cox equation, Eq. (1).
Compound Phase To/K Po/Pa Ao A-10° Ay-108 Trnin - Tmax (K) o?/Pa 1%
2-(diethylamino)ethanol Liquid 298.15 239.946 3.41779 —1.60983 1.25256 273.6—475.6 14 0.22
2-(ethylamino)ethanol Liquid 264.99 3.0071 3.34088 0.56944 -1.92614 243.1-308.1 0.02 0.28
2-(ethylamino)ethanol Crystalline a-form® 264.99 3.0071 3.59607 0 0 238.1-263.1 0.003 1.0
2-(isopropylamino)ethanol Liquid 290.81 25.7481 3.28494 0.44491 -1.66274 248.1-342.9 0.5 0.21
2-(isopropylamino)ethanol Crystalline a-form"” 290.81 25.7482 3.47900 0 0 273.1—-288.1 0.03 0.39

1/2
2 ¢ is the standard deviation of the fit defined as ¢ = |S°% ; (Ap)? /(n — m)] / , where Ap is the difference between the experimental and calculated values, n is the number of
experimental points used in the fit and m is the number of adjustable parameters of Cox Equation (1). o, is the relative standard deviation of the fit defined as
1/2
o= | (AInp)f/(m—m)| ",
b Thermodynamically stable crystalline form. For details on the polymorphic behavior, see section 3.3.
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Fig. 1. Deviations of experimental vapor pressures p from values calculated using the
Cox equation, Eq. (1), pcaie- @) 2-(diethylamino)ethanol, b) 2-(ethylamino)ethanol, c) 2-
(isopropylamino)ethanol. @, this work (liquid phase, STAT6); @ O, this work (crys-
talline phase, STAT6); W, this work (liquid phase, STAT8); [>, Klepacovd et al. [24];
Steele et al. [10]; <], Kapteina et al. [23];[], Yang et al. [21,22]. Deviations of the data
reported by Lebedeva et al. [20] are out of the scale. Filled symbols represent data
included in the correlation using the Cox equation, Eq. (1).
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Fig. 2. Comparison of vapor pressure of the studied ethanolamines and 2-
aminoethanol in the liquid phase (smoothed data obtained from the Cox equation,
Eq. (1) are presented). —, 2-(diethylamino)ethanol (M = 117.19 g mol~!); —, 2-(ethyl-
amino)ethanol (M=89.14gmol™ 1), —_ 2-(isopropylamino)ethanol
(M =103.16 g mol~!), —, 2-aminoethanol (M = 61.08 g mol ', recommended data [26]).

correction, signal smoothing, and heat capacity calculation from
the heat flow record of the empty sample cell, the sample cell filled
with the reference compound and, finally, with the sample. The
heat capacities presented here result from averaging the raw heat
capacity data measured by the continuous method, over 5K in-
tervals, being reported at the mean temperature of the corre-
sponding 5K interval. The heat capacity measurements have an
estimated combined expanded uncertainty UJ(Cpm)=0.01 Cpm.
The calorimeter and its calibration are described in detail in the
work of Straka et al. [18].

3. Results and discussion
3.1. Vapor pressures

The experimental vapor pressures obtained in this work using
the STAT6 and STAT8 apparatus are given in Table 2. The vapor
pressures of 2-(diethylamino)ethanol were measured in a shorter
temperature interval due to a continuous decay of the sample pu-
rity, which was manifested by divergence of the time dependence
of the observed pressure at a single temperature instead of
convergence to a stable final value (degassed state). Similar
behavior was observed e.g. during measurements of limonene [19].
The presented values were obtained in the time interval of the
lowest decreases of the observed pressure between two measure-
ment cycles at the same temperature. At this stage of the experi-
ment, the volatile impurities were already eliminated by the
degassing process, but the less volatile impurities did not signifi-
cantly affect the vapor pressure readings yet. The purity of 2-
(diethylamino)ethanol after vapor pressure measurements was
approximately equal to the initial one, however the distribution of
impurities changed towards a higher concentration of less volatile
impurities.

For 2-(ethylamino)ethanol and 2-(isopropylamino)ethanol, the
vapor pressure data for the crystalline a-form were also deter-
mined (see section 3.3. for details on polymorphic behavior of the
studied compounds). The vapor pressure measurements in the
crystalline phase were performed only after completing of
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Table 5
Experimental liquid heat capacities Cj, ,, for the alkanolamines studied in this work.
T/K Ch m/J-mol 1K
2-(diethylamino)ethanol 2-(ethylamino)ethanol 2-(isopropylamino)ethanol

265.0 260.6 2154 240.4%
270.0 2639 2171 243.17
275.0 267.1 218.8 245.8°
280.0 270.0 2203 248.5%
285.0 272.8 2220 251.0°
290.0 275.6 223.6 253.8
295.0 278.7 2255 256.9
300.0 281.8 227.7 260.1
305.0 284.7 2299 263.3
310.0 287.6 2321 266.6
315.0 290.5 234.6 2701
320.0 2932 237.0 2735
325.0 295.8 239.5 277.2
330.0 298.2 242.0 280.7
335.0 300.4 2444 284.3
340.0 302.7 247.0 287.7
345.0 305.1 2499 291.1
350.0 307.7 2529 2949
355.0 309.9 2559 298.5

@ Supercooled liquid.

Table 6

Overview of the literature liquid phase heat capacity data for the studied ethanolamines.”
Reference NP (Tinin t0 Tmax)/K U (Cpm)°/% Method
2-(diethylamino)ethanol
Steele et al. [10] sd 293—-458 1 PC-DSC®
Maham et al. [27] 5 299-398 0.9 Tian-Calvet
This work 19 265—-355 1 Tian-Calvet
2-(ethylamino)ethanol
Maham et al. [27] 5 299-398 0.9 Tian-Calvet
This work 19 265—-355 1 Tian-Calvet
2-(isopropylamino)ethanol
This work 19 265—-355 1 Tian-Calvet

2 Only heat capacity data determined in this work were used in the correlation using Eq. (2) and developing the parameters listed in

Table 7.
> Number of experimental points.

¢ ur (Cpm) stands for relative uncertainty as stated by the authors.

4 Only smoothed data represented by a linear equation were reported.

¢ Power-compensation DSC.

degassing of the sample in the liquid phase. For 2-(isopropylamino)
ethanol, the data in the temperature range (253—268) K were
excluded from the correlation for the crystalline phase due to
higher uncertainties of these experimental points.

A summary of the vapor pressure data from this work and
literature is presented in Table 3. To our knowledge no vapor
pressure data for 2-(isopropylamino)ethanol were reported in the
literature. The data selected for the correlation are given in bold in
Table 3. The ebulliometric measurements by Steele et al. [10] are
the most reliable among the vapor pressure data reported for 2-
(diethylamino)ethanol. Other literature sources, i.e. Lebedeva et al.
[20], Yang et al. [21,22], Kapteina et al. [23], and Klepacovd et al. [24]
were not used in the correlation due to their higher uncertainty,

large scatter and the vapor pressure temperature dependence
differing from that obtained in this work and by Steele et al. [10].
The selected vapor pressure data sets were correlated using the Cox
equation [25]:

p To/!
lnp—o_<1 T/K>exp ZA (T/K)! (1)

where Ty and pg are the temperature and pressure of an arbitrarily
chosen reference point and the A; are the correlation parameters.
n=2 is usually adequate but fewer parameters can be used for a
narrow temperature range, as in the case of crystalline phases in

Table 7

Parameters of the polynomial Eq. (2) for the liquid heat capacities and standard deviation of the fit .
Compound Ay A As Timin/K Tmax/K A
2-(diethylamino)ethanol 1.14899 14.9673 —1.34970 265.0 355.0 0.029
2-(ethylamino)ethanol 31.4201 —7.65954 2.10650 265.0 355.0 0.020
2-(isopropylamino)ethanol 24.1550 —2.73036 1.70497 265.0 355.0 0.035

o=, (C bm/ -k c’“C/R) /(n —m)]'/2, where n is the number of fitted data points and m is the number of adjustable parameters.
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Fig. 3. Deviation of experimental liquid phase heat capacities Cé_m from the values

Cll,'_cr?,k calculated using Eq. (2) and parameters listed in Table 7 a) 2-(diethylamino)
ethanol, b) 2-(ethylamino)ethanol. @, this work; —, Steele et al. [10] (smoothed data);
A\, Maham et al. [27]. Filled symbols represent data included in the correlation using

Eq. (2).

this work. The parameters of the Cox equation, Eq. (1), are pre-
sented in Table 4. Fig. 1 shows the deviations of the literature values
from the Cox equation, Eq. (1), for the entire temperature range
studied, stressing the high relevance of the new vapor pressure
measurements as large scatter can be observed for certain pub-
lished data.

Fig. 2 compares the vapor pressure data in the liquid phase for
the three studied ethanolamines. The recommended vapor pres-
sure data for 2-aminoethanol [26] are also included for compari-
son. The tertiary amine, 2-(diethylamino)ethanol, has the highest
vapor pressure and, the secondary amine, 2-(isopropylamino)
ethanol, the lowest. Structurally, all the studied ethanolamines
have in common a hydroxyl group that can self-associate and
cross-associate with the amine group. On the other hand, the
amine group cannot self-associate in the case of tertiary amines. In
fact, tertiary amines have typically higher vapor pressures than
secondary or primary amines with the same molecular weight,
due to the absence of hydrogen bonding in the disubstituted
amine group and, hence, weaker intermolecular interactions. This
effect prevails with the ethanolamines studied in this work as the
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Fig. 4. DSC thermograms 2-(ethylamino)ethanol. —, temperature program, —, heat

flow. (a) The sample was cooled down to 183 Kat a cooling rate of 2 K-min™"' (it
partially crystallized to the metastable B-form) and subsequently heated at a heating
rate 2K-min~". (b) After cooling by 10K-min~! to 233K (no crystallization was
observed) the sample was kept at 233 K for 60 min and subsequently heated at a rate of
0.5K-min~"' (repeating this temperature program resulted in identical thermograms).

tertiary amine, with the highest molecular weight, has a higher
vapor pressure than both secondary amines between which, as
expected, 2-(ethylamino)ethanol has a higher vapor pressure than
the heavier 2-(isopropylamino)ethanol.

3.2. Liquid phase heat capacity

The experimental heat capacities for the studied ethanolamines
obtained in this work in the temperature range from 265 K to 355 K
using a Tian-Calvet calorimeter are listed in Table 5. A summary of
the available heat capacity data is presented in Table 6. To our
knowledge, no heat capacity data for 2-(isopropylamino)ethanol
were reported in the literature.

The experimental heat capacity data obtained in this work were
fitted by the polynomial equation:

cl n T i
pm __
=S At (165) @

i=0

where R = 8.3144598 ]- mol~! -K~! is the molar gas constant [28], T
is the absolute temperature, A;,; are the correlation parameters,
and Cym denotes the liquid phase heat capacity. The obtained
parameters are listed in Table 7. The comparison of liquid heat ca-
pacities obtained in this work with the literature values is shown in
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Fig. 5. DSC thermograms for 2-(isopropylamino)ethanol at cooling/heating rate of
2K-min~! in the temperature range 183 K—318 K —, experiment A (m=2.50 mg,
heating from 183 to 318 K, no thermal event was detected during preceding cooling),
----, experiment B (m = 2.89 mg, cooling from 318 to 183 K), —, experiment B (heating
from 183 to 318 K), =-=-, experiment C (m = 3.84 mg, cooling from 318 to 183 K), —,
experiment C (heating from 183 to 318 K).

Fig. 3. The heat capacity data for 2-(diethylamino)ethanol reported
by Steele et al. [10] in a form of linear equation deviate by 1.1-3.2%
in the overlapping temperature interval and those reported by
Maham et al. [27] are on average lower by about 1.2%. In the case of
2-(ethylamino)ethanol, the heat capacity data measured by Maham
etal. [27] deviate from 0.3 to —2.8% in the overlapping temperature
range showing thus a different temperature trend than our data.
Due to these reasons, only heat capacity data obtained in this work
were used in the correlation even though the data by Maham et al.
[27] for 2-(diethylamino)ethanol agree with our measurements
within combined uncertainty intervals.

3.3. Phase behavior

No information about the normal fusion temperatures or phase

behavior of the studied compounds was found in the literature.
Despite many attempts and various temperature programs applied,
2-(diethylamino)ethanol did not crystallize in the temperature
range down to 183 K. Nevertheless, as many organic compounds
easily supercool, especially in the case of very small samples, it
cannot be ruled out that the fusion temperature lies in the studied
temperature range (particularly near the minimum temperature of
the working range of the DSC calorimeter i.e. 183 K). For both 2-
(ethylamino)ethanol and 2-(isopropylamino)ethanol, two crystal-
line monotropically related forms, metastable f-form and ther-
modynamically stable a-form, were detected as shown in Figs. 4
and 5. As can be seen from Fig. 4, the crystallization of 2-(ethyl-
amino)ethanol was rather a slow process. When cooling the sample
by 2K-min~! it traversed the optimal temperature window for
crystallization without its completion (Fig. 4a). A further crystalli-
zation (cold crystallization) was thus observed on the subsequent
heating curve followed by a spontaneous (irreversible) transition
from metastable B-form to the stable a-form. When the sample was
kept at 233 K for 60 min, it entirely crystallized to the metastable -
form which spontaneously transformed to the stable a-form during
the isotherm (Fig. 4b). Only the fusion of the stable a-form (T, | =
(263.9+0.3) K, ALHm = (16.5+0.3) kJ-mol~!) was subsequently
obtained when heating the sample by 2 K-min~".

Fig. 5 shows DSC thermograms for 2-(isopropylamino)ethanol
obtained at the same cooling/heating rate of 2K-min~! in the
temperature range 183 K—318 K. Despite using the same tempera-
ture program in all experiments (the mass of the sample varied
from 2.50 to 3.84 mg) three scenarios were observed, denoted as
experiment A, B, and C in Fig. 5. During the experiment A, no
crystallization was observed when cooling the sample from melt.
On the heating curve, first the crystallization from the melt to the
metastable B-form (cold crystallization) was observed followed by
the melting of the metastable p-form at about Ts_,; =256 K over-
lapping with the crystallization of the stable a-form which melted

atT,_,1=(289.0+1.0)K (ALHm =(19.0 + 1.5) kJ-mol~1). As a direct
evaluation of the enthalpy of fusion of the metastable B-form,
A};Hm, by an integration of the corresponding melting peak was not
possible due to the overlapping thermal events, it was estimated
based on the observed crystallization enthalpies APHm at different
temperatures and extrapolated to Tg_,|. During the experiment B,

Table 8

Phase change temperatures (in K) and enthalpies (in kJ-mol~') at p = (100 + 5) kPa determined by DSC.
Compound T AfHm Tg AﬁHm Ty A Hp
2-(ethylamino)ethanol 213-2437 = -4 - - 263.9+0.3 16.5+0.3
2-(isopropylamino)ethanol 238-250° = -2 =256 =14° 289.0 + 1.0 19.0 + 1.5¢

3 Typical temperature range of spontaneous transformation of the metastable crystalline B-form to the stable a-form when heating rate ranging from 0.5 to 5 K-min~" was

applied.

b The melting peak of the metastable f-form overlapped with the crystallization of the stable a-form which prevented the evaluation of A}}Hm directly from the thermogram.
AlBHm was estimated based on the observed crystallization enthalpies APHm at different temperatures and extrapolated to Tg_,.
¢ Higher uncertainty was assigned to these values due to a complex phase behavior of 2-(isopropylamino)ethanol and larger spread of the obtained values.

Table 9
Phase change enthalpies AHp, in kJ-mol~" and melting temperatures T,_.; in K derived from the vapor pressure equations and measured calorimetrically.
Compound Vapor pressure® DSC
A¥Hp (298.15K) Tyel” A%Hm (Ty—) AyHum (Ty) Ty AyHm (Ty)
2-(diethylamino)ethanol 52.30+0.24 — — — — —
2-(ethylamino)ethanol 60.80 + 0.22 265.0+0.5 80.30 +2.70 17.0+3.0 263.9+0.3 16.5+0.3
2-(isopropylamino)ethanol 63.27 +0.23 290.8 +0.5 78.41+0.45 144+0.6 289.0+1.0 19.0+1.5

@ Calculated using the Cox equation, Eq. (1), with parameters given in Table 4.

° Triple point temperature calculated as an intersection of the vapor pressure equations for crystalline and liquid phases.

¢ Calculated as Al Hm (Ty—1)= ASHm (Tu1) - ABHm (T,—1).
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the sample entirely crystalized on cooling. On the subsequent
thermogram obtained on heating, the spontaneous transition from
the metastable B-form to the stable a-form was detected followed
by its melting. During the experiment C, a slightly different
behavior was observed: the sample crystallized only partially on
cooling and the process of crystallization was completed on heat-
ing. Subsequently, the exothermic transformation B-form — a-
form and melting of a-form were observed. The summary of phase
change enthalpies and temperatures is given in Table 8.

3.4. Derived thermodynamic properties and mutual consistency of
data

The vaporization and sublimation enthalpies of the studied
compounds calculated from the Cox equation, Eq. (1), and Clausius-
Clapeyron equation are listed in Table 9 and shown in Fig. 6. The
molar vaporization enthalpy for 2-(diethylamino)ethanol deter-
mined in this work Ame(ZQS.l 5K) = (52.30 + 0.24) kJ-mol ! is in
good agreement with the value AlgHm(298.15 K) = (52.50+0.22)
kJ-mol~! obtained by Steele et al. [ 10] using their extrapolated vapor
pressures and Clapeyron equation, and with
AlgHm(298.15 K) = (52.5 + 0.2) k]-mol~! reported by Kapteina et al.
[23]. The value determined using the vapor pressure data deter-
mined by Lebedeva et al. [20], ABHjp(298.15K) = (58.3+1.3)
kJ-mol~, is in disagreement with all the values reported in the
above-mentioned studies. A slightly lower  value
AlgHm(298.15 K) = (52.1 +0.5) k]-mol~! would be derived if fitting
only vapor pressure data determined in this work, showing the good
quality of the data. The vaporization enthalpy of 2-(ethylamino)
ethanol derived from the vapor pressure measurements by Kapteina
et al. [23] is AlgHm(298.15 K) = (61.01 + 0.44) k]-mol~! which is in
good agreement with the value derived in this work,
Ame(298.15 K) = (60.80+0.22) k]-mol~!. As can be calculated
fromTable 9, the specific vaporization enthalpy of the tertiary amine
(at 298.15K) is the lowest (APh (298.15K)=446.3]- g '), most
likely due to the absence of possibility of forming donor hydrogen
bonding employing the amine group (as already discussed in sec-
tion 3.1). Consistently, the specific vaporization enthalpies of both
secondary amines are notably higher, A%h (298.15K)=682.1] -g !

for 2-(ethylamino)ethanol and Algh (298.15K)=613.3] -g~! for 2-
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Fig. 6. Vaporization enthalpies AlgHm (solid lines, left y-axis) and heat capacities
Alng‘m (dashed lines, right y-axis) derived from vapor pressure data. —, -, 2-(dieth-
ylamino)ethanol, =, ----, 2-(ethylamino)ethanol, =—, -=-=, 2-(isopropylamino)ethanol.

(isopropylamino)ethanol). The comparison of these two values
suggests weaker intermolecular interactions in the case of 2-(iso-
propylamino)ethanol) reflecting a higher steric hindrance of its
amine group. For comparison, the recommended value of Af’h
(298.15 K) for 2-aminoethanol is 996.3]- g~ ! [26].

The good quality of the vapor pressure determined can be also
demonstrated by plotting the derived vaporization enthalpies and
heat capacities (Apr,m = Cﬁm - Cll,’m) as a function of temperature,
but to rigorously assess the thermodynamic consistency of vapor
pressure data with calorimetric measurements, ideal-gas heat ca-
pacities C5, are needed. These data were not available in the
literature for the studied compounds and their calculation using a
combination of quantum-chemical calculations and statistical
thermodynamics was not performed in this work due to a very
complex conformational space of the studied molecules, and so
only a qualitative assessment can be made. Cg.m estimated using
the Benson method [29] at T=300K yielded
Apr,m =-111J-K~! -mol~! for 2-(diethylamino)ethanol,
ACpm=-102] -K~'-mol™" for 2-(ethylamino)ethanol, and
A?Cpm=—111] -K~! -mol ! for 2-(isopropylamino)ethanol. Taking
into account the uncertainties of the estimates using the Benson
method (in general group contribution methods are less reliable for
molecules with more functional groups) as well as in the calcula-
tions of the second derivatives, the above mentioned values are in
reasonable agreement with those presented in Fig. 6 showing thus
a good consistency of vapor pressure data with heat capacities. For
comparison, for 2-aminoethanol Alng‘,m obtained using Cgm
calculated by combination of methods of statistical thermody-
namics and quantum chemistry and calorimetrically determined
C}J_m amounts to —83]- K~! -mol~" at 300 K [26]. This value is again
consistent with the values presented in Fig. 6.

For 2-(ethylamino)ethanol and 2-(isopropylamino)ethanol, the
vapor pressure measurements were also performed in both crys-
talline (thermodynamically stable a-form) and liquid phases which
allowed the calculation of the triple point temperatures and en-
thalpies of fusion at this temperature for these compounds. So
obtained values are compared with the calorimetrically deter-
mined normal melting temperatures T,_,; (which can be consid-
ered equal to the triple point temperatures due to a negligible
change of melting temperatures with pressure between the triple
point pressures and 0.1 MPa) and enthalpies of fusion in Table 9.
While for 2-(ethylamino)ethanol the agreement of T,_,| as well as

enthalpies of fusion ALHm (Ty 1) derived using both approaches is

satisfactory, ALHm (Ty—1) for 2-(isopropylamino)ethanol deter-
mined from vapor pressures is significantly lower. The disagree-
ment would even worsen if the vapor pressure data points
measured at lowest temperatures were included in the correlation.
At this point, the origin of disagreement is not fully understood but
due to a rather slow crystallization process it seems possible that
the sample was not completely crystallized which led to higher
pressure readings.

4. Conclusions

New vapor pressure data and liquid phase heat capacities for 2-
(diethylamino)ethanol, 2-(ethylamino)ethanol, and 2-(iso-
propylamino)ethanol were determined in this work. For 2-(dieth-
ylamino)ethanol, the vapor pressure measurements performed in
this work in the range 274—308 K were combined and correlated
together with reliable ebulliometric data from the literature (see
Table 3) extending thus the validity of the vapor pressure equation
to higher temperatures (up to 476 K). For 2-(ethylamino)ethanol
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and 2-(isopropylamino)ethanol only experimental vapor pressures
obtained in this work were used in the correlation as no reliable
literature data were available (to our knowledge no vapor pressure
data were published for 2-(isopropylamino)ethanol). The liquid
phase heat capacities measured in this in the temperature range
between 265 K and 355 K showed a reasonable agreement with the
previously published values for 2-(diethylamino)ethanol and 2-
(ethylamino)ethanol. For 2-(isopropylamino)ethanol, no heat ca-
pacity data were available in the literature. The phase behavior
studies performed from 183 K revealed the existence of two mon-
otropically related crystalline forms in the case of 2-(ethylamino)
ethanol, and 2-(isopropylamino)ethanol. To our knowledge, their
phase behavior including the fusion thermodynamic properties is
reported for the first time in this work.
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