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A comprehensive thermodynamic model has been developed for calculating phase equilibria and
speciation in aqueous mixtures containing neutralizing amines and corresponding amine hydrochlorides. The model has been designed to simulate the behavior of reﬁnery overhead environments, in
which the presence of amines in combination with hydrogen chloride may lead to the formation of
potentially corrosive solid or concentrated aqueous amine hydrochloride phases. For this purpose, the
previously developed Mixed-Solvent Electrolyte (MSE) model has been extended to calculate simultaneously solidegas, solideliquid, and vaporeliquid equilibria, liquid-phase chemical equilibria, and
caloric properties. In the model, standard-state properties of individual species are calculated from the
HelgesoneKirkhameFlowers equation of state whereas the excess Gibbs energy includes a long-range
electrostatic interaction term expressed by a PitzereDebyeeHückel equation, a virial coefﬁcient-type
term for interactions between ions and a short-range term for interactions involving neutral molecules. This framework accurately represents the properties of systems that range from weak electrolytes,
such as amine e water mixtures, to strong electrolytes such as amine hydrochloride e water solutions.
For amine hydrochlorides, the model is applicable up to the limit of solid or fused liquid hydrochloride
phases. Model parameters have been developed for methylamine, morpholine, N-methylmorpholine, Nethylmorpholine and their hydrochlorides. The model offers the possibility of understanding the formation of amine hydrochlorides in multicomponent mixtures containing amines, water, hydrogen
chloride, and carbon dioxide.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Neutralizing amines are commonly used in many industrial
applications to control corrosion. In particular, prominent applications include mitigating corrosion in reﬁnery overhead systems
[1e6] and in nuclear power plants [7e12]. In reﬁning, various
amines are added to neutralize hydrogen chloride, which results
from the hydrolysis of alkaline earth chlorides that are found in
crude oil. However, while the injection of amines reduces the risk of
acid corrosion, it may lead to the formation of amine hydrochloride
salts. Amine hydrochlorides may form either solid or concentrated
aqueous phases, which may cause aggressive corrosion in reﬁnery
overheads. Thus, it is important to understand and to be able to
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predict the conditions that lead to such phenomena. Because of the
inherent difﬁculties in monitoring the phase behavior in actual
reﬁnery settings, a thermodynamic model that can realistically
predict these phenomena can be of great value. However, the
development of such a model is very challenging because reﬁnery
overhead systems are complex mixtures of hydrocarbons, water,
acid gases, and amines.
A tremendous amount of research has been devoted in the
literature to the thermodynamic behavior of amine systems that
are used for CO2 capture and acid gas removal applications. Much
less work has been published on the behavior of amines in the
context of corrosion control in reﬁning. Although there is a substantial overlap in the amine mixture properties that are required
for acid gas removal and for corrosion control, the fundamental
difference lies in the fact that reﬁnery corrosion control is inextricably linked with the presence of hydrogen chloride, which induces
the formation of amine hydrochlorides. Thus, this study is focused
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on the properties of amine hydrochlorides as well as on those of the
underlying amines.
The neutralizing amines that are used in the reﬁning industry
include primary alkyl amines (e.g., methylamine, ethylamine, propylamine, butylamine, cyclohexylamine, etc.), secondary alkyl amines
(e.g., dimethylamine or diethylamine), tertiary alkyl amines (e.g., trimethylamine), alkoxy amines (e.g., 3-methoxypropylamine), cyclic
ether amines (e.g., morpholine, N-methylmorpholine, N-ethylmorpholine, etc.), and alkanolamines (e.g., ethanolamine, diethanolamine,
methyldiethanolamine,
dimethylethanolamine,
dimethylisopropanolamine, diglycolamine, etc.) Because of the differences in their molecular structure, these amines differ with respect to
their volatility and their phase equilibria with water and hydrocarbons.
Thus, their partitioning between the gas phase, hydrocarbon-rich liquid
phase and aqueous phase differs widely. Also, the amines differ with
respect to their propensity to form solid amine hydrochlorides or
concentrated aqueous solutions containing amine hydrochlorides in an
ionic form. Frequently, mixtures of amines are used, which additionally
complicates the prediction of their behavior in reﬁnery environments.
Among the neutralizing amines, selected alkanolamines have been
studied in great detail in the literature in conjunction with acid gas
removal and CO2 capture applications. In general, the other families of
amines have been studied to a lesser extent.
In order to predict the possibility of corrosion in reﬁnery overheads, it is necessary to construct a thermodynamic model for
multicomponent mixtures that include water, amines, amine hydrochlorides, hydrogen chloride, carbon dioxide, and hydrocarbons. In general, such mixtures may form multiphase systems,
including a gas phase, a hydrocarbon-rich liquid phase, an aqueous
phase and solid amine hydrochloride phases. A conceptual scheme
of the phases, species, and phase equilibria in such systems is
shown in Fig. 1. In this ﬁgure, the amines are denoted as RNH2 for
simplicity. Thus, a comprehensive model must simultaneously
reproduce:
(i) Vaporeliquid equilibria for mixtures of amines with water,
which is necessary to predict the partitioning of amines between the vapor and aqueous phases;
(ii) Vaporesolid equilibria for amine hydrochlorides, which determines the possibility of precipitation of amine hydrochlorides from the gas phase;
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(iii) Solideliquid and solideliquidevapor equilibria for amine
hydrochlorides in water, which inﬂuence the transition between solid amine hydrochlorides and concentrated amine
hydrochloride solutions, the latter being of particular interest for predicting conditions that are conducive to corrosion;
(iv) Speciation in the aqueous phase involving the equilibrium
between molecular and ionized forms of the amines, dissociation of acid gases and formation of carbamate ions in the
presence of CO2;
(v) Partitioning of amines and acid gases between the gas phase
and the hydrocarbon-rich liquid phase, which inﬂuences the
availability of the amines and HCl in the aqueous phase.
Also, it should be noted that substantial overlap exists between
the neutralizing amines used in reﬁnery overheads and those used
for water treatment in nuclear steam generating systems. In the
latter case, the phase behavior and speciation at high temperatures
are of particular interest while the formation of amine hydrochlorides is not expected. Thus, it is possible to develop a model that
simultaneously addresses the reﬁnery overhead and power plant
conditions.
In order to develop a thermodynamic model that satisﬁes conditions (i-v), we extend the previously developed Mixed-Solvent
Electrolyte (MSE) computational framework of Wang et al.
[13e15]. This framework was designed for the simultaneous
calculation of phase and chemical equilibria in systems containing
strong and weak electrolytes in aqueous, non-aqueous and mixed
solvents. In particular, it was shown to be applicable to electrolyte
solutions up to the fused salt limit [13] and to reproduce acid-base
equilibria in environments dominated either by water or by other
protic solvents [16,17]. Furthermore, it was applied to systems
containing acid gases in wide temperature and pressure ranges
[18,19], salt solutions with complex solideliquidevapor equilibria
[20] and ionic liquid mixtures [21]. However, the amine hydrochlorides that are of interest here constitute a somewhat different
class of systems for thermodynamic modeling. On the one hand,
they form strong electrolytes. On the other hand, they have relatively low melting points and are much more volatile than the
majority of salts or ionic liquids. Thus, the model needs to reproduce vaporesolid as well as vaporeliquid and vaporeliquidesolid
equilibria in systems containing amine hydrochlorides.
In this study, we focus on phase and chemical equilibria in
mixtures containing water, amines and their corresponding hydrochlorides, HCl, and CO2. The behavior of amine e hydrocarbon
mixtures (especially the partitioning of amines between aqueous
and hydrocarbon phases) requires a separate study. The amines
that have been selected for this study include methylamine and
three cyclic ether amines, i.e., morpholine, N-methylmorpholine,
and N-ethylmorpholine. These amines represent primary
(methylamine), secondary (morpholine) and tertiary (N-methyland N-ethylmorpholines) amines and span a relatively wide range
of volatilities. The available experimental data are analyzed and a
comprehensive set of parameters is developed to model the thermodynamic behavior of vapor e liquid e solid mixtures that can
range from weak electrolyte systems, such as the amine e water e
CO2 mixtures, to strong, yet volatile electrolyte solutions containing
amine hydrochlorides.
2. Thermodynamic model
2.1. Solution speciation and phase equilibria

Fig. 1. A conceptual scheme of the phases, species, and phase equilibria that may
appear in conjunction with the application of neutralizing amines.

To model the behavior of both amines and amine hydrochlorides,
the hydrolysis (or protonation) of the amine is of key importance. For
methylamine, the hydrolysis reaction can be written as

162

M.M. Lencka et al. / Fluid Phase Equilibria 418 (2016) 160e174

CH3 NH2ðaqÞ þ H2 O ¼ CH3 NH3þ þ OH

(1)

For morpholine and its N-methyl and N-ethyl derivatives,
analogous reactions are given as
þ

OðCH2 CH2 Þ2 NRðaqÞ þ H2 O ¼ OðCH2 CH2 Þ2 NRH þ OH



(2)

where R represents H for morpholine, CH3 for N-methylmorpholine
and C2H5 for N-ethylmorpholine. Further, primary and secondary
amines undergo reactions with carbon dioxide that lead to the
formation of carbamate ions. In the case of morpholine, the
carbamate formation reaction is

OðCH2 CH2 Þ2 NHðaqÞ þ HCO
3 ¼ OðCH2 CH2 Þ2 NCOO þ H2 O

(3)

These amine speciation reactions are considered in conjunction
with the self-dissociation of water, i.e.,

2H2 O ¼ H3 Oþ þ OH

(4)

and with the dissociation of dissolved acid gases, i.e., HCl and CO2:

equilibrium condition is computed for all species that can exist in
the gas phase, i.e., the neutral forms of the amines, HCl, CO2, and
H2O:

mLi ¼ mG
i

(14)

Eqs. (13) and (14) are solved together with material balance and
electroneutrality constraints as described by Zemaitis et al. [22] and
Rafal et al. [23] For this purpose, the chemical potentials are
calculated using the MSE model.
2.2. Mixed-solvent electrolyte model
The Mixed-Solvent Electrolyte (MSE) thermodynamic framework was described in detail in previous studies [13e15]. Here, we
summarize the key elements of the model in order to deﬁne the
parameters that need to be evaluated to reproduce both chemical
and phase equilibria in systems containing amines and amine
hydrochlorides.
In the MSE model, the chemical potential of a species i in the
liquid phase is calculated as

HClðaqÞ þ H2 O ¼ H3 Oþ þ Cl

(5)

ðT; PÞ þ RT ln xi gx;*
ðT; P; xÞ
mLi ¼ mL;0;x
i
i

CO2ðaqÞ þ 2H2 O ¼ H3 Oþ þ HCO
3

(6)

þ
2
HCO
3 þ H2 O ¼ H3 O þ CO3

(7)

where miL;0;x ðT; PÞ is the standard-state chemical potential
expressed on the mole fraction basis, xi is the mole fraction, and
gx;*
ðT; P; xÞ is the unsymmetrically normalized, mole fractioni
based activity coefﬁcient of species i. The mole fraction-based
standard-state chemical potential is related to the more
frequently used molality-based standard-state chemical potential
by Ref. [13]:

Solid amine hydrochlorides may form as a result of gas-phase
reactions between an amine and HCl. Thus, for methylamine hydrochloride, the solidevapor equilibrium is deﬁned as

CH3 NH 2 $HClðsÞ ¼ CH3 NH2ðgÞ þ HClðgÞ

(8)

mL;0;x
ðT; PÞ ¼ mL;0;m
ðT; PÞ þ RT ln
i
i

(15)

1000
MH2 O

(16)

and for morpholine and its derivatives it is written as

OðCH2 CH2 Þ2 NR$HClðsÞ ¼ OðCH2 CH2 Þ2 NRðgÞ þ HClðgÞ

(9)

In the presence of a liquid phase, amine hydrochlorides may also
undergo solideliquid equilibria, i.e.,

CH3 NH 2 $HClðsÞ ¼ CH3 NH3þ þ Cl

(10)

for methylamine hydrochloride and

OðCH2 CH2 Þ2 NR$HClðsÞ ¼ OðCH2 CH2 Þ2 NRH þ þ Cl

(11)

for the hydrochlorides of morpholine and its derivatives. It has been
assumed that the amine-Hþ and Cl ions do not form ion pairs in
the aqueous phase. Although this assumption may be questioned,
there is a lack of thermodynamic information on amine hydrochloride ion pairing.
The equilibrium state of the system is obtained by solving the
equilibrium expressions for reactions (1)e(11) coupled with
vaporeliquid equilibrium conditions. By rewriting Eqs. (1)e(11) in
the generic form

X

ni Ai ¼ 0;

(12)

where ni are the stoichiometric coefﬁcients and Ai are the species,
the equilibrium condition is given by

X

ni mi ¼ 0

(13)

where mi is the chemical potential of species i. The vaporeliquid

where MH2 O is the molecular weight of water. The molality-based
standard-state chemical potential is calculated as a function of
temperature and pressure from the HelgesoneKirkhameFlowers
(HKF) equation of state [24e27]. The HKF model accurately reproduces thermodynamic properties of species (and, hence, the
equilibrium constants for reactions between them) up to 1000  C
and 5 kbar. For water, the standard-state chemical potential is
deﬁned as that of pure water and is calculated from the
HaareGallaghereKell equation of state [28].
The activity coefﬁcients in Eq. (15) are obtained from an
expression for the excess Gibbs energy, which is constructed as a
sum of three contributions:
ex
ex
Gex ¼ Gex
LR þ GII þ GSR

(17)

where Gex
LR is the contribution of long-range electrostatic interactions, Gex
II represents ionic (ioneion and ionemolecule) interactions, and Gex
SR accounts for a short-range contribution
resulting from intermolecular interactions. The long-range interaction contribution is calculated from the DebyeeHückel theory as
revised by Pitzer [29] and expressed in terms of mole fractions, i.e.,

X
Gex
LR
¼
ni
RT
i

!

0

1

1=2
C
4Ax Ix B
1 þ rIx
B

C
lnB
C


1=2
P
@
A
r
0
xi 1 þ r Ix;i

(18)

i

0 is deﬁned as
where Ix is the mole fraction-based ionic strength, Ix;i
0 ¼ 0:5z2 ; r is
the ionic strength in the limiting case when xi ¼ 1, i.e., Ix;i
i
assigned a universal dimensionless value (r ¼ 14) and Ax is given by
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3=2

1
e2
Ax ¼ ð2pNA ds Þ1=2
3
4pε0 εs kB T

(19)

where ds and εs are the molar density and dielectric constant of the
solvent, respectively, NA is the Avogadro constant, e is the electron
charge, ε0 is the vacuum permittivity, and kB is the Boltzmann
constant.
The ion-interaction contribution is calculated from an ionic
strength-dependent, symmetrical virial-type expression [13]:

X
Gex
II
¼
ni
RT
i

!

XX
i

xi xj Bij ðIx Þ

(20)

(21)

where bij and cij are binary interaction parameters and a1 has a ﬁxed
value of 0.01. In general, the parameters bij and cij are expressed as
functions of temperature and pressure [18]. For the systems studied
here, no pressure dependence is required and these parameters are
expressed as:

bij ¼ b0;ij þ b1;ij T þ b2;ij T

(22)

cij ¼ c0;ij þ c1;ij T þ c2;ij T

(23)

For most binary pairs, only a limited subset of the coefﬁcients of
Eqs. (22) and (23) needs to be used. The short-range interaction
contribution is calculated from the UNIQUAC equation [30]:

!"

#
f
ZX
q
ni
xi ln i þ
qi xi ln i 
xi 2 i
fi
i
i
0
13
X
X
qi xi ln@
qj tij A5

X

X

!2
ni 4

i

j

i

ln gx;*
¼ ln gxi  lim ln gxi
i
xi /0
xw /1

where

 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Bij ðIx Þ ¼ bij þ cij exp  Ix þ a1

X

involving neutral molecules.
The activity coefﬁcients are calculated from Eq. (17) by differentiation with respect to the number of moles using standard
thermodynamics [31]. Since the activity coefﬁcients that are
calculated directly from Eq. (20) are symmetrically normalized (i.e.,
they are equal to 1 for each pure component), they are then converted to unsymmetrical normalization, in which the activity coefﬁcient of water is equal to 1 in pure water and those of all the
remaining species approach 1 at inﬁnite dilution. This conversion is
made in order to utilize the activity coefﬁcients in conjunction with
the HKF equation for the standard-state properties of solute species, which are deﬁned using the inﬁnite-dilution reference state.
The conversion is given by:

j

where Bij(Ix) ¼ Bji(Ix), Bii ¼ Bjj ¼ 0, and the ionic strength dependence of Bij is given by

Gex
SR
¼
RT
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(24)

(29)

lim ln gxi is the value of the symmetrically-normalized

xi /0
xw /1

activity coefﬁcient at inﬁnite dilution in water. The activity coefﬁcient obtained from Eq. (29) is then used in Eq. (15).
The chemical potential of species i in the gas phase is given by
the standard relation
G;0
mG
i ¼ mi ðTÞ þ RT ln

Pyi 4i ðT; PÞ
P0

(30)

where mG;0
ðTÞ is the chemical potential of pure component i in the
i
ideal gas state, yi is the mole fraction in the gas phase, 4i ðT; PÞ is the
fugacity coefﬁcient, P is the total pressure, and P0 ¼ 1 atm. The
mG;0
ðTÞ term is calculated from the ideal-gas Gibbs energy of fori
mation, DGG;0
, absolute entropy, SG,0, and heat capacity as a funcf
tion of temperature, CpG ðTÞ, using standard thermodynamics [31].
For water, this term is obtained from the equation of state of Haar
et al. [28] The fugacity coefﬁcient is calculated from the SoaveeRedlicheKwong (SRK) equation of state [32].
The solid amine hydrochlorides are assumed to be pure phases
because there is no evidence of hydrate or solid solution formation.
The chemical potential of the pure solid phases, mS;0
ðTÞ, is calcui
lated as a function of temperature from the solid-state standardstate Gibbs energy of formation, DGS;0
, absolute entropy,SS,0, and
f
heat capacity as a function of temperature, CpS ðTÞ.

where the quantities qi, fi , and ti are deﬁned as
2.3. Parameterization of the model

qx
qi ¼ P i i
q j xj

(25)

j

rx
fi ¼ Pi i
rj xj

(26)

j



aji
tji ¼ exp 
RT

(27)

where qi and ri are the surface and size parameters, respectively, Z is
a ﬁxed coordination number (Z ¼ 10), and aij (aij s aji) are binary
interaction parameters. For the systems studied here, they are
expressed as functions of temperature by
ð0Þ

ð1Þ

ð2Þ

aij ¼ aij þ aij T þ aij T 2

(28)

For systems containing only strong electrolytes, only the ion
interaction parameters (Eqs. (22)e(23)) are needed. The shortrange parameters (Eq. (28)) are introduced for interactions

The parameters of the MSE model have been determined by
analyzing and regressing the available thermodynamic data. The
sources of the data are summarized in Table A-1 in the Appendix
together with their temperature ranges and their types (i.e., pure
component vapor pressure of liquids and solids, heat capacity of
pure liquid, solid, and ideal-gas, vaporeliquid equilibria, solideliquid equilibria and heat capacity of mixtures, dissociation
equilibria and speciation). Tables 1 through 6 provide a complete
set of parameters that are necessary to reproduce the properties of
the amine and amine hydrochloride systems. Speciﬁcally, Table 1
summarizes the properties of individual species at inﬁnite dilution in water, Tables 2 and 3 list the binary parameters in the ioninteraction and short-range terms, respectively, and Tables 4e6
collect the requisite properties of individual species in the liquid,
gas, and solid phases, respectively.
The parameters have been determined in a multi-step procedure. First, the parameters have been established for the binary
mixtures of amines and water. Since the model uses inﬁnite dilution in water as the reference state in the liquid phase (cf. Eq. (15)),
the properties of binary mixtures need to be regressed together
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with the properties of pure amines. In aqueous solutions, the
amines are weak electrolytes. Therefore, in view of the low equilibrium concentration of the ionized form of the amine in aminewater mixtures, vaporeliquid equilibria are overwhelmingly
determined by the properties of the neutral species and the ionized
form makes an appreciable contribution only in dilute solutions.
Thus, the parameters for amine e water binaries have been determined as follows:
(a) The chemical potential in the gas phase is calculated according to Eq. (30) using the ideal-gas thermochemical
properties from Table 5;
(b) The liquid-phase chemical potential is constrained to
reproduce the pure-liquid heat capacity, as calculated using
the coefﬁcients collected in Table 4, using a procedure
described in a previous study [13];
(c) Then, the short-range interaction parameters (Eq. (28)) and
0

0

the standard Gibbs energy of formation, DGf , and entropy, S ,
of the neutral amine at inﬁnite dilution in water (which
ðT; PÞ
determine the standard-state chemical potential mL;0;x
i
in Eq. (15)) are simultaneously determined by regressing
vaporeliquid equilibria for binary amine-water systems,
pure-component vapor pressure of the amine and heat capacity data in binary systems. The r and q parameters that are
used in Eqs. (25) and (26) are listed in Table 4. The obtained
0

0

parameters DGf and S are collected in Table 1 and the shortrange interaction parameters are listed in Table 3. The pa0

0

rameters DGf and S are intrinsically related to the Henry's
law constant for the amine whereas the short-range interaction parameters ensure that the properties of the mixture
are reproduced from inﬁnite dilution of the amine in water to
the pure amine limit.
(d) After determining the parameters pertaining to neutral
amine molecules, parameters are evaluated for the ionized
forms of the amines (i.e., for the methylammonium, morpholinium,
N-methylmorpholinium,
and
N-ethyl0
0
morpholinium ions). For these ions, DGf , S and the
coefﬁcients of the HKF equation are in most cases obtained
by regressing the ionization equilibrium constants for the
amines. In the case of morpholine, the ionization constants
are used simultaneously with the apparent molar heat capacities and volumes of morpholine and morpholine chloride [33]. Thus, a complete set of HKF parameters can be

evaluated for the morpholinium ion. For the remaining ions,
only the cHKF,i coefﬁcients of the HKF equation can be obtained on the basis of the temperature dependence of the
amine ionization constant and the aHKF,i coefﬁcients are set
equal to zero.
In the second stage, parameters have been determined for
amine hydrochlorides. For amine hydrochlorides, the experimental
database includes solidegas equilibria for pure salts, solideliquid
equilibria for binary mixtures of amine hydrochlorides with water
and, in some cases, vaporeliquid equilibria for amine hydrochloride
e water systems. Solid-gas equilibria depend on the thermochemical properties of the solid amine hydrochloride as well as on
the gas-phase properties of the constituent amine and HCl (cf. Eqs.
(8) and (9)). Accurate thermochemical properties of the solid
phases are not available in the literature and need to be evaluated.
In principle, the thermochemical properties of solid amine hydrochlorides could be determined from solidegas equilibria considering that the relevant gas-phase properties are known from
independent measurements (cf. Table 5) and that the heat capacity
of the solid is either known from experimental measurements or
can be estimated (cf. Table 6). However, the solidegas equilibrium
data are subject to substantial uncertainties which, in general,
exceed the uncertainty of solideliquid equilibria. Therefore, a better accuracy is obtained by simultaneously regressing the solidegas
equilibria for pure amine hydrochlorides and solideliquid equilibria for binary mixtures of the hydrochlorides with water. The
latter data are available over a substantial range of temperature,
terminating at the melting point of pure amine hydrochlorides. In
addition to the solid-phase thermochemical properties, the solideliquid equilibria depend on the interactions between the amineHþ and Cl ions, which are reproduced using the ion-interaction
term (Eqs. (20)e(23)). Thus, the thermochemical properties of the
solid phase (i.e., DGS;0
and SS,0) and the ion interaction parameters
f
are obtained by simultaneously regressing solidegas, solideliquid
and vaporeliquid equilibria for amine hydrochlorides and their
mixtures with water. The ion-interaction parameters are listed in
Table 2 and the solid-phase properties are collected in Table 6.
In the third step of model parameterization, parameters have
been determined for amine e CO2 e H2O mixtures. Among the
amines studied here, experimental data are available only for
mixtures of morpholine with CO2. For the morpholine e CO2 e H2O
system, both vaporeliquid equilibrium and speciation data are
available (cf. Table A-1). These data are regressed to obtain the

Table 1
Parameters for calculating the properties of individual solution species: standard partial molar Gibbs energy of formation, entropy, and parameters of the HelgesoneKirkhameFlowers equation of state [24,37e39] for standard partial molar thermodynamic properties (aHKF,1,…4,cHKF,1,cHKF,2,u).
Species
a

Cl
H3Oþb
CH3NH2(aq)c
CH3NHþc
3
O(CH2CH2)2NH(aq)c
O(CH2CH2)2NHþc
2
O(CH2CH2)2NCH3(aq)c
O(CH2CH2)2NHCHþc
3
O(CH2CH2)2NC2H5(aq)c
O(CH2CH2)2NHC2Hþc
5
O(CH2CH2)2NCOOc
b
CO2(aq)
HCOa
3
CO2a
3
a
b
c

0

0

DGf J,mol1

S J,mol1K1

aHKF,1

aHKF,2

aHKF,3

aHKF,4

cHKF,1

cHKF,2

u

131290
237175
20131.69
40431.83
1885.661
46574.99
41026.26
1460.643
8998.403
35073.73
348555.9
385.974
586.940
527983

56.735
69.994
138.7346
156.4204
58.19216
89.33509
89.41041
143.0357
240.6633
480.4759
39.61279
117.57
98.4495
49.9988

0.4032
0.451232
0
0
0
18.20311
0
2.279799
0
0
2.738048
1.50979
0.75621
0.28524

480.1
21.2711
0
0
0
52052.25
0
0
0
0
0
0.
115.05
398.44

5.563
8.64735
0
0
0
0.654319
0
0
0
0
29.06707
109.419
1.2346
6.4142

28470
20487
0
0
0
0
0
0
0
0
0
0.
28266
26143

4.4
14.6773
0
17.92915
0
61.20571
0
71.23958
0
0
30.77838
40.0325
12.9395
3.3206

57140
16976
0
64400.42
0
94975.94
0
0
0
0
37592.26
88004
47579
171917

145600
13672.5
0
6402.867
0
89643.28
0
0
0
0
82390.7
2000
127330
339140

Parameters obtained from Shock and Helgeson [25], Shock et al. [26], and Johnson et al. [27].
Parameters obtained in previous studies [18,19].
Parameters determined in this study.
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Table 2
Binary parameters used in the virial interaction term (Eqs. (22)e(23)).
Species i

Species j

b0,ij

b1,ij

b2,ij

c0,ij

c1,ij

c2,ij

O(CH2CH2)2NH
CH3NHþ
3
O(CH2CH2)2NHþ
2
O(CH2CH2)2NHCHþ
3
O(CH2CH2)2NHC2Hþ
5

O(CH2CH2)2NCOO

O(CH2CH2)2NCOO
O(CH2CH2)2NCOO
O(CH2CH2)2NHþ
2
O(CH2CH2)2NH
þ
H3O

H2O
Cl
Cl
Cl
Cl
O(CH2CH2)2NHþ
2
O(CH2CH2)2NH
CO2
CO2
CO2
Cl

2.259535
12.15396
29.17933
8.163352
17.40033
0
0
0
0
0
75.511

0
0.0236223
0.06294247
0
0
0
0
0
0
0
0.0858707

743.4495
128.6262
624.4371
3976.503
1198.504
0
0
0
0
0
21132.3

0
0
6.121036
0
0
27.22975
27.22975
28.48946
48.15188
48.15188
167.683

0
0
0.09438822
0
0
0
0
0
0
0
0.228176

0
2450.963
21673.98
11343.74
6415.808
11830.99
11830.99
13844.19
16204.21
16204.21
35827.5

Table 3
Binary parameters used in the short-range interaction term (Eq. (28)).
ð0Þ

ð1Þ

ð2Þ

Species i

Species j

aij

aij

aij

CH3NH2
H2O
O(CH2CH2)2NH
H2O
O(CH2CH2)2NCH3
H2O
O(CH2CH2)2NC2H5
H2O

H2O
CH3NH2
H2O
O(CH2CH2)2NH
H2O
O(CH2CH2)2NCH3
H2O
O(CH2CH2)2NC2H5

2612.727
5704.549
219.5435
2484.09
31556.55
6727.248
20001.51
4977.514

1.866098
15.7434
21.05606
38.19694
72.31427
11.90043
39.87013
7.803552

0
0
0.03819632
0.07567502
0
0
0
0

Table 4
Liquid-phase heat capacity parameters and van der Waals volume and surface area.
CpL ¼ aL þ bL T þ cL T 2 , J/(mol$K)

Species

L

CH3NH2a
O(CH2CH2)2NHa
O(CH2CH2)2NCH3b
O(CH2CH2)2NC2H5b
a
b
c

L

References

rc

qc

[40e42]
[43e45]
[43]
[43]

1.5959
3.474
3.474
4.8024

1.544
2.796
2.796
3.880

L

a

b

c

92.520
255.93
36.0
45.5

0.03745
0.63105
0.54915
0.54915

0
0.0011979
0
0

Parameters regressed to reproduce the experimental data as a function of temperature.
Parameters obtained by assuming the same temperature dependence as for cyclohexylamine and matching a single experimental point.
Obtained from Hansen et al. [46].

Table 5
Thermochemical properties of species in the gas phase.
DGG;0
J,mol1
f

Species

SG,0 J,mol1K1

G

CpG ¼ aG þ bG T þ Tc 2 þ dG T 2 þ eG T 3
G

CH3NH2
O(CH2CH2)2NH
O(CH2CH2)2NCH3
O(CH2CH2)2NC2H5
HCl
CO2
a
b

31761.9
29700.69
56581.52
24855.43
95300.0
394.36

242.9
232
232
382.585
186.901
213.74

Ref.

a

bG

cG

dG

eG

15.9309
124.999
29.49932
0.8472
30.0795
26.2022

0.126881
0.94766
0.285002
0.638249
0.006724
0.051162

0
2559960
0.00364717
0
7858.39
169772

3.7248e-5
8.68689e-4
0
2.1322e-4
1.2227e-5
2.9058e-5

0
3.04031e-7
0
0
3.98114e-9
6.20044e-9

[40,47e51]
[43,52]
[43] a
[43] b
[40,53,54]
[54,55]

Cp based on that of morpholine, with a simpliﬁed temperature dependence.
Cp based on that of ethylcyclohexane [40].

Table 6
Thermochemical properties of solid phases.
DGS;0
J,mol1
f

Species

a

CH3NH2$HCl
O(CH2CH2)2NH$HClb
O(CH2CH2)2NC2H5$HClb
a
b

158382
153222.6
160432

Cp obtained from Ashton and Zimmer [56]; DGS;0
and S0 regressed in this study.
f
Cp roughly estimated; DGS;0
and S0 regressed in this study.
f

SS,0 J,mol1K1

149.7764
256.6276
224.4664

CpS ¼ aS þ bS T
aS

bS

55.3694
100
100

0.120072
0
0
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DGf


0

standard-state properties (i.e.,
and S ) of the morpholine
carbamate ion, O(CH2CH2)2NCOO , and ion interaction parameters
between the predominant species in the morpholine e CO2eH2O
mixtures. Since no experimental data are available for a precise
determination of the HKF coefﬁcients of the carbamate ion, it has
been assumed that the carbamate formation reaction (Eq. (3)) is
accompanied by no change in the standard-state heat capacity and
volume. This assumption makes it possible to estimate the HKF
coefﬁcients of the carbamate ion based on the properties of the
other species that participate in reaction (3). The obtained
standard-state parameters of the carbamate ion are given in Table 1
and the binary ion-interaction parameters are listed in Table 2. For
completeness, Tables 1 and 2 also include the parameters for other
species that are of interest here (e.g., Cl, H3Oþ, HCO
3 , etc.) The
parameters for such species were evaluated in previous studies as
indicated in Tables 1 and 2.

3. Results and discussion

Fig. 3. Calculated and experimental total pressure in the system methylamine e water
as a function of temperature for methylamine mole fractions ranging from 0.0167 to
0.486. The experimental data are from Bergstrom and Oloffson [60].

3.1. Amine e water systems
Figs. 2e7 compare the results obtained from the model with
representative experimental data for amine e water binaries. For
these binaries, vaporeliquid equilibria are the primary source of
experimental information. The amines studied here strongly differ
with respect to their volatility. Whereas methylamine is much more
volatile than water, the morpholine derivatives are less volatile
than water at moderate temperatures. Figs. 2 and 3 show vaporeliquid equilibrium projections for methylamine-water binary
systems as a function of methylamine mole fraction and temperature, respectively. In the low methylamine concentration range
shown in Fig. 2, the partial pressure of methylamine essentially
0
follows Henry's law and depends primarily on the parameters DGf
0
and S . Although the experimental VLE data do not extend above
the methylamine mole fraction of 0.486, the model can predict VLE
in the complete range of concentrations because it is constrained to
reproduce the vapor pressure of pure methylamine (cf. Table A-1).
In the case of morpholine, experimental data in wide ranges of
composition are available at moderate temperatures. The upper
diagram in Fig. 4 shows the representation of the data at 75.2 and
95.2  C. In common with most neutralizing amines, the morpholine
e water system shows limited nonideality of the liquid phase.
When the amines are used in the power industry as volatile
additives for pH control, the distribution coefﬁcient of the amine is

Fig. 4. Calculated and experimental [84] vaporeliquid equilibria in the system morpholine e water at 75.2 and 95.2  C. The upper diagram is a classical P-x-y projection
whereas the lower diagram shows the distribution coefﬁcient of morpholine at the
same conditions.

Fig. 2. Calculated and experimental partial pressure of methylamine in the methylamine e water mixture at temperatures ranging from 0.8 to 75  C. The lines are obtained from the model and the experimental data are from Felsing and Thomas [59],
Felsing and Phillips [63] and Christie and Crisp [64].

of particular interest. The distribution coefﬁcient Kd, deﬁned as the
ratio of the concentration of the amine in the vapor phase to that in
the liquid phase, provides a simple way to quantify the volatility of
the amine. The knowledge of the volatility is important for
assessing the ability of the amine to protect, via pH control, the
areas exposed to wet steam and for evaluating the losses of the
amine due to evaporation [8]. To illustrate the dependence of the
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Fig. 5. Calculated and experimental distribution coefﬁcient of morpholine in inﬁnitely
dilute aqueous solutions as a function of temperature along the water vaporeliquid
saturation line. The experimental data are from Balakrishnan [8], Cobble and Turner
[12,116], Riddle et al. [10], and Shenberger et al. [11].

Fig. 6. Calculated and experimental heat capacity of binary morpholine e water
mixtures at temperatures ranging from 0 to 100  C. The experimental data are from
Trimble et al. [44], Cobble and Turner [12], Kiyohara et al. [96], and Tremaine et al. [33].

distribution coefﬁcient on morpholine concentration, the lower
diagram in Fig. 4 restates the calculated results and experimental
data in the form of Kd at the same conditions at which the “classical” P-x-y projection is shown in the upper diagram. In the low
morpholine concentration range, which is of practical importance,
Kd increases with morpholine concentration before reaching a
maximum. Since the volatilities of morpholine and water are fairly
similar, Kd remains in a relatively narrow range, i.e., approximately
from 0.2 to 0.5. It is of interest that the computation of Kd ampliﬁes
the inherent uncertainty of experimental data in the low concentration range of the amine. This is shown by the large scattering of
the data in the lower diagram of Fig. 4 at low morpholine concentrations whereas little scattering is observed in the P-x-y projection. This underscores the advantages of thermodynamic
modeling based on a simultaneous analysis of various kinds of
experimental data. By virtue of evaluating the model parameters
from multi-property data in wide ranges of temperature and
composition, a more reliable prediction of the distribution coefﬁcient can be expected. This is particularly important at elevated
temperatures, which are important in power generation.
Fig. 5 shows the calculated and experimental distribution coefﬁcients of morpholine in dilute aqueous solutions at temperatures up to 350  C. At 75.2 and 95.2  C, the calculated Kd is
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Fig. 7. Calculated and experimental vaporeliquid equilibria in the N-ethylmorpholine
e water system at temperatures ranging from 10 to 90  C. The experimental data are
from Chiali-Baba-Ahmed et al. [111].

consistent with the inﬁnite-dilution Kd values in Fig. 4. At higher
temperatures, the inﬁnite-dilution Kd substantially increases and
exceeds 1 at approximately 170  C before reaching a shallow
maximum. While the experimental Kd data are fairly scattered, the
model predictions agree well with the data of Balakrishnan [8].
Thus, the model is useful for differentiating between discordant
data sets.
Experimental liquid-phase heat capacity data are particularly
useful for constraining the temperature dependence of the model
parameters. While pure-component liquid heat capacity data are
available for all the amines studied here, heat capacity measurements in binary systems have been reported only for morpholine.
As shown in Fig. 6, the model accurately reproduces the concentration and temperature dependence of the heat capacity of the
morpholine e water binary system.
In the case of N-methylmorpholine and N-ethylmorpholine,
experimental VLE data are available at temperatures up to ~100  C.
The VLE behavior of the mixtures of these two amines with water is
fairly similar to that of the morpholine e water system. The
calculated and experimental vaporeliquid equilibria for the Nethylmorpholine e water mixture are shown in Fig. 7. While the
volatility of pure N-ethylmorpholine is similar to that of

Fig. 8. Calculated and experimental dissociation constants for methylamine and
morpholine. The experimental data for methylamine are from Bergstrom and Oloffson
[60], Everett and WynneeJones [61], Merck Index [58], and Grunwald and Price [62]
and those for morpholine are from Mesmer and Hitch [85], Hetzer et al. [86], Ridley
et al. [87], Czerminski et al. [88], Fernandes et al. [89], Hall [90], and Ingram and Luden
[92].
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Fig. 9. Vaporesolid and vaporeliquid equilibria for pure methylamine hydrochloride.
The solid line shows the vaporesolid equilibrium and the dashed line shows the
vaporeliquid equilibrium, including a metastable extension below the triple point of
methylamine hydrochloride. The experimental VLE and VSE data are from Kisza [65]
and Aston and Ziemer [56], respectively.

Fig. 11. Calculated and experimental solideliquid equilibria in the system methylamine hydrochloride e water. The ice solubility data are from Garrett and Woodruff
[70] and Jones et al. [71] and the methylamine hydrochloride solubility measurements
are from Aston and Ziemer [56], Tereshchenko and Chemeris [67], Zhuravlev and
Kadantseva [68], Zhuravlev et al. [69], Garrett and Woodruff [70], and Blazejowski [66].

3.2. Pure amine hydrochlorides

Fig. 10. Vapor pressures of solid (solid lines) and liquid (dashed lines) hydrochlorides
of morpholine, N-methylmorpholine, and N-ethylmorpholine. The dashed lines are
extended into the metastable region of liquid amine hydrochlorides below their triple
points. The experimental data are from Lehrer and Edmondson [34] (for all three
amine hydrochlorides), Bannard and Casselman [99] and Fearnside and Murphy [100]
(for morpholine hydrochloride) and Gutzeit [4] (for N-methylmorpholine
hydrochloride).

morpholine, the nonideality of the N-ethylmorpholine e water
binary is larger due to the presence of an additional ethyl group and
the absence of a hydrogen that can participate in hydrogen
bonding. This manifests itself in an azeotrope with the azeotropic
composition shifting with temperature towards higher amine mole
fractions.
As indicated by reactions (1) and (2), amines undergo hydrolysis
reactions and are weak bases. The equilibrium constants of reactions (1) and (2) have been investigated in a particularly wide
temperature range (i.e., up to 300  C) for morpholine because of its
wide use in electrical power generation (cf. Table A-1). Fig. 8 shows
the temperature dependence of the dissociation constants, Kb, for
the amines for which experimental data are available in the widest
temperature ranges, i.e., for methylamine and morpholine. It
should be noted that the maximum in the dissociation constant is a
common feature of most amines although the location of the
maximum differs depending on the structure of the amine. The
maximum is accurately represented by calculating the standardstate properties of the ammonium ions from the HKF equation
and using them in conjunction with those for molecular amines.

Unlike most pure components, amine hydrochlorides undergo a
chemical reaction in conjunction with their sublimation or melting.
This is due to the fact that amine hydrochlorides do not exist in a
molecular form in the gas phase and decompose to the constituent
amine and hydrogen chloride molecules. The sublimation reaction
for the amine hydrochlorides considered here is given by Eqs. (8)
and (9). In the case of melting, Eqs. (10) and (11) describe the reactions that accompany both the melting of pure amine hydrochlorides and the solideliquid equilibrium in amine hydrochloridewater solutions. Fig. 9 shows the equilibrium pressure for the
reactive vaporesolid and vaporeliquid equilibria of pure methylamine hydrochloride as a function of temperature. The solid line
indicates vaporesolid equilibrium whereas the dashed line depicts
vaporeliquid equilibrium. The two lines intersect at 226  C at the
triple point of the amine hydrochloride, which is very close to the
experimentally measured melting point. The dashed vaporeliquid
line is extended towards lower temperatures (i.e., within the
metastable range of the liquid) to indicate the change in the slope of
the two equilibrium curves at the triple point. The model accurately
represents the available experimental data for both vaporesolid
and vaporeliquid equilibria. The low equilibrium pressures in the

Fig. 12. Calculated and experimental vaporeliquid equilibria in the system methylamine hydrochloride e water at 25 and 100  C. The experimental data are from Bonner
[73] and Tamman [72].
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Fig. 13. Calculated and experimental solid liquid equilibria for morpholine e water
mixtures. The experimental data are from Bannard and Casselman [99], Fearnside
[100], Gaifutdinova et al. [101] and Venkappaya and Aravamudan [102].

temperature range below ca. 140  C are particularly important
because they are associated with the strong driving force for the
formation of the solid hydrochloride in reﬁnery overhead environments even when the partial pressures of methylamine and HCl
in the gas phase are fairly low.
Fig. 10 compares the vaporesolid and vaporeliquid equilibria for
the hydrochlorides of morpholine and its N-methyl and N-ethyl
derivatives. For these salts, experimental data are available primarily for solidegas equilibria. It has been observed that the vapor
pressures of Lehrer and Edmondson [34], which are available for
ammonium chloride as well as for the amine hydrochlorides, are
somewhat lower for ammonium chloride than the generally
accepted data [35,36]. Therefore, a correction factor has been obtained at each temperature by calculating a ratio of Lehrer and
Edmondson's [34] NH4Cl equilibrium pressures to those of Stull
[35] and Braden et al. [36] and, subsequently, applying this
correction to Lehrer and Edmondson's [34] amine hydrochloride
data. In this way, a set of data has been obtained that are consistent
with other data for the hydrochlorides of morpholine derivatives,
including solideliquid equilibrium and melting point data. As
illustrated in Fig. 10, the equilibrium pressures of N-methyl- and Nethylmorpholine are very close to each other and are appreciably
higher than those of unsubstituted morpholine. This can be
attributed to the lack of hydrogen bonding in N-methyl- and Nethylmorpholine, which can be expected to increase volatility.
Thus, unsubstituted morpholine is more prone to form a solid hydrochloride salt in reﬁnery environments than its alkyl derivatives.
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Fig. 14. Calculated and experimental partial pressure of CO2 as a function of CO2
loading in the system morpholine e CO2 e H2O with the morpholine molality of 8.84.
The experimental data are from Matin et al. [98].

0.15. Fig. 12 compares the calculated and experimental VLE results
in this system for two isotherms (25  C and 100  C). The horizontal
portion of the VLE curve starts at the solubility point at each temperature (consistent with Fig. 11) and corresponds to three-phase
solideliquidevapor equilibria, for which the equilibrium pressure
is constant. The model represents both the SLE and VLE data in the
complete concentration and temperature ranges within experimental uncertainty.
In the case of the morpholine hydrochloride e water system, the
available SLE data are less extensive and are limited to one branch,
i.e., the solubility of morpholine hydrochloride. The calculated SLE
curve is shown in Fig. 13 and bears a strong similarity to that for
methylamine hydrochloride. For N-methyl- and N-ethylmorpholine, the experimental SLE data are limited to the melting points of
pure amine hydrochlorides. Nevertheless, SLE can be predicted for
these amines using the solid-phase thermodynamic properties
obtained from solidegas equilibrium data (cf. Fig. 10).
In general, a characteristic feature of SLE in amine hydrochloride
e water systems is the lack of hydrated solid phases. Such hydrated
phases have not been identiﬁed for amine hydrochlorides even
though they are very common for the majority of inorganic salts.
Therefore, the solubility curves of amine hydrochlorides have a
common shape, extending uninterruptedly from the eutectic point

3.3. Amine hydrochloride e water mixtures
In general, solideliquid and vaporeliquid equilibria in the
amine hydrochloride e water mixtures provide somewhat more
precise information about the thermodynamic properties of amine
hydrochlorides than the solidegas equilibrium pressure measurements. Fig. 11 shows the solideliquid equilibria in the methylamine
hydrochloride e water system. The SLE curve in Fig. 11 has two
branches. The lower branch represents the solubility of ice whereas
the upper branch is the solubility of solid methylamine hydrochloride. The upper branch terminates at the melting point of pure
methylamine hydrochloride (226  C). The two branches intersect at
the eutectic temperature at 46  C. For this system, experimental
data from various sources are in a good agreement. VLE data are
available for methylamine hydrochloride solutions only at relatively low methylamine hydrochloride mole fractions, i.e., up to ca.

Fig. 15. Speciation in the system morpholine e CO2 e H2O with the morpholine
molality of 8.84. The areas delimited by the lines denote the relative amounts of
neutral morpholine, O(CH2CH2)NH, morpholinium ion, O(CH2CH2)NHþ
2 , and morpholine carbamate ion, O(CH2CH2)NCOO. The experimental data are from Matin et al.
[98].
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with ice at low temperatures up to the melting point of a pure
amine hydrochloride. As a corollary, the solubility of amine hydrochlorides can be predicted from solidegas data for pure hydrochlorides because the solubility behavior is not complicated by
hydrates.
3.4. Amine e water e CO2 systems
Carbon dioxide is ubiquitous in reﬁnery applications and,
despite being a much weaker acid than HCl, may affect the formation of amine hydrochlorides by contributing to the neutralization of amines and by forming carbamate ions. CO2 is also present
in power generation environments (e.g. from in-leakage of air or
from the decomposition of carbonates), in which it is the main
source of acidity. Thus, the effects of HCl and CO2 need to be
considered simultaneously in the simulation of the performance of
neutralizing amines. Among the amines that are considered here,
data in the presence of CO2 are available only for morpholine. Fig. 14
compares the calculated and experimental partial pressures of CO2
as a function of the CO2 loading (i.e., the CO2/morpholine molar
ratio) at temperatures up to 120  C. A corresponding speciation plot
is shown in Fig. 15, in which the relative amounts of the species are
indicated by the areas delimited by the lines. The model simultaneously reproduces the VLE and speciation data. As shown in
Fig. 15, the fraction of neutral amine, O(CH2CH2)2NH, rapidly diminishes with increasing CO2/morpholine ratio and becomes
negligible as the ratio exceeds ca. 0.6. The fractions of the morpholinium ion, O(CH2CH2)2NHþ
2 , and the morpholine carbamate
ion, O(CH2CH2)2NCOO, increase with the CO2/morpholine ratio
and reach fairly constant values at the ratios above ca. 0.7. Thus, the
signiﬁcant concentration of the carbamate ion can be expected to
interfere with the formation of amine hydrochloride salts.
3.5. Model applications
As described by Patel et al. [5] and Armistead et al. [6], the
combined model can be applied to predict the behavior of
neutralizing amines in reﬁnery overhead environments. Specifically, it has been used to study the evolution of the phase behavior
of reﬁnery streams as a function of temperature. Although a
detailed analysis of such applications is beyond the scope of this
study, it is worth noting that the corrosive properties of streams can
be analyzed by calculating three characteristic quantities, i.e., the
salt point, ionic dew point, and water dew point [6]. The salt point is
the temperature at which a solid amine hydrochloride precipitates

from the gas phase and indicates the possibility of solid phase
deposition downstream. The ionic dew point is the temperature
that corresponds to the incipient formation of a typically small
amount of a concentrated aqueous amine hydrochloride solution,
which is highly corrosive. Finally, the water dew point is the temperature (or temperature range) at which the bulk of the water in
the stream starts to condense, forming a dilute and typically noncorrosive aqueous solution. In general, it is desirable to minimize
the temperature range between the ionic dew point and water dew
point because the corrosive amine hydrochloride solution exists in
this range. This can be achieved by modifying the stream conditions, implementing water washing, and optimizing the selection of
amines. As discussed by Armistead et al. [6], the model can be used
as a computational tool for this purpose.
4. Conclusions
A comprehensive modeling framework has been developed for
calculating phase and chemical equilibria in systems containing
amines, amine hydrochlorides, water, HCl, and CO2. For this purpose, the previously developed Mixed-Solvent Electrolyte (MSE)
model has been extended to represent simultaneously solidegas,
solideliquid, and vaporeliquid equilibria, speciation, and liquidphase caloric properties. This framework is particularly suitable
for systems that range from weak electrolytes (i.e., amine e water
mixtures) to strong electrolytes (i.e., amine hydrochloride e water
mixtures from pure water to pure molten amine hydrochloride).
The model has been parameterized for systems containing
methylamine, morpholine, N-methylmorpholine, N-ethylmorpholine and their corresponding hydrochlorides. It can be used as a
computational tool for simulating phase behavior in reﬁnery environments and, in particular, for predicting the corrosivity of
streams that is caused by the formation of concentrated amine
hydrochloride solutions.
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Appendix

Table A-1
Sources of experimental data for aqueous systems containing methylamine, morpholine, N-methylmorpholine, N-ethylmorpholine and their hydrochlorides.
System

Data type

Temperature range, K

References

Methylamine

Vapor pressure

177e267
190e267
199e283
199e267
190e267
193e430
187e259
188e260
180e300
298e1000
298
298e1000
298e1000
200e1400
50e1500
273e398
283e323
298

Stull [35]
Timmermans [57]
TRC [40]
Merck Index [58]
Aston et al. [41]
Felsing and Thomas [59]
Aston et al. [41]
Aston and Eidinoff [42]
TRC [40]
Rihani [47]
Wagman et al. [48]
Stull et al. [49]
Seha [50]
Draeger et al. [51]
TRC [40]
€m and Oloffsen [60]
Bergstro
Everett and Wynner-Jones [61]
Merck Index [58]

Liquid heat capacity

Gas heat capacity

Methylamine-H2O

Dissociation equilibria
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Table A-1 (continued )
System

Data type
Vapor e liquid equilibria

Methylamine hydrochloride-H2O

Solid e vapor pressure
Liquid e vapor pressure
Heat capacity
Solideliquid equilibria

Morpholine

Vapor pressure

Methylamine hydrochloride

Liquid heat capacity

Morpholine-H2O

Gas heat capacity
Dissociation equilibria

Vapor e liquid equilibria

Heat capacity

Morpholine-CO2-H2O

Vapor e liquid equilibria

Morpholine hydrochloride

Speciation
Solid e vapor pressure

Morpholine hydrochloride-H2O

Solideliquid equilibria

N-methylmorpholine

Vapor pressure

Liquid heat capacity

Temperature range, K

References

298
274e353
298
298
298e373
518e573
266e298
499
501e507
273e353
298e323
293e313
230e268
273
373
298
298
283e398
318e402
293, 402
274e304
293e402
273e318
373e393
356e401
364e391
402
286, 401
346e402
273ee403
298e353
298
100e500
273e573
273e323
273e573
278e313
288e338
298
273e323
298
348e368
375e398
373e396
355e387
373e401
373e399
431e573
555
438e584
418, 559
373e528
273e403
283e328
298
298
298e333
294e393
294
358
372
366e422
448
450
298, 323
303
276e319
293, 388
293, 389
273e303
313e363
323e379
389
298

Grunwald and Price [62]
Felsing and Thomas [59]
Felsing and Phillips [63]
Christie and Crisp [64]
Aston and Ziemer [56]
Kisza [65]
Aston and Ziemer [56]
Aston and Ziemer [56]
_
Błazejowski
[66]
Tereshchenko and Chemeris [67]
Zhuravlev and Kadantseva [68]
Zhuravlev et al. [69]
Garrett and Woodruff [70]
Jones et al. [71]
Tamman [72]
Bonner [73]
Macaskill and Penthybridge [74]
Bolling et al. [75]
 ska et al. [76]
Palczewska-Tulin
Merck Index [58]
Verevkin [43]
Savescu et al. [77]
Cabani et al. [78]
Lee et al. [79]
Marrufo et al. [80]
Pettenati et al. [81]
Simoiu and Iacob [82]
Wilson [83]
Wu et al. [84]
Trimble et al. [44]
Lyashkov [45]
Verevkin [43]
Vedal et al. [52]
Mesmer and Hitch [85]
Hetzer et al. [86]
Ridley et al. [87]
Czerminski et al. [88]
Fernandes et al. [89]
Hall [90]
Vistad et al. [91]
Ingram and Luder [92]
Wu et al. [84]
Savescu et al. [77]
Skorokhodova et al. [93]
Sovova and Boublik [94]
Palczewska-Tulinska et al. [76]
Wilson [83]
Balakrishnan [8]
Feron and Lambert [95]
Riddle et al. [10]
Shenberger et al. [11]
Cobble and Turner [12]
Trimble et al. [44]
Tremaine et al. [33]
Kiyohara et al. [96]
Cobble and Turner [12]
Al-Juaied and Rochelle [97]
Matin et al. [98]
Matin et al. [98]
Bannard and Casselman [99]
Fearnside and Murphy [100]
Lehrer and Edmondson [34]
Bannard and Casselman [99]
Fearnside and Murphy [100]
Gaifutdinova et al. [101]
Venkappayya and Aravamudan [102]
Cabani et al. [78]
Wilson [83]
Huntsman [103]
Verevkin [43]
Belabbaci et al. [104]
Fele et al. [105]
Merck Index [58]
Verevkin [43]
(continued on next page)
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Table A-1 (continued )
System

Data type

Temperature range, K

References

N-methylmorpholine-H2O

Dissociation equilibria

298
288e333
293
298
298
313e363
334e370
366e450
543
477
478
274e313
273e363
293, 411
298
298
298
293
298
298e318
283e363
~373
380e422

Hall [106]
Xu et al. [107]
Huntsman [103]
Cabani et al. [108]
Blais et al. [109]
Belabbaci et al. [104]
Fele et al. [105]
Lehrer and Edmondson [34]
Gutzeit [4]
Gutzeit [4]
Knorr [110]
Verevkin [43]
Chiali-Baba-Ahmed et al. [111]
Huntsman [112]
Verevkin [43]
Hall [106]
Blais et al. [109]
Huntsman [112]
Goldberg et al. [113]
Anwar and Sung [114]
Chiali-Baba-Ahmed et al. [111]
Ovejero et al. [115]
Lehrer and Edmondson [34]

Vapor e liquid equilibria

N-methylmorpholine hydrochloride-H2O

Solid e vapor pressure
Liquid e vapor pressure
Solideliquid equilibria

N-ethylmorpholine

Vapor pressure

N-ethylmorpholine-H2O

Liquid heat capacity
Dissociation equilibria

N-methylmorpholine hydrochloride

Vapor e liquid equilibria
N-ethylmorpholine hydrochloride

Solid e vapor pressure
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