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1. 1,4-Bis (2-Hydroxy Ethyl Piperazin) (BHEP)
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Introduction

The phenomenon of amine degradation includes a
series of irreversible reactions that remove amine
from the cycle of gas absorption and desorption
process, causing loss and efficiency of the solvent,
and are generally divided into two types of thermal
degradation and oxidative degradation [1,2]. Among
alkanolamines, MEA is a benchmark in CO, capture
processing and its degradation at high temperatures
has recently been well-explained in the literature [3].
Except for investigation on the thermal degradation of
MEA, other fundamental studies related to common
alkanolamines, such as diethanolamine DEA, MDEA,
AMP, and mixtures of these amines were reported in
the literature [3-4]. Nowadays, mixture of chemical
and physical solvents known as hybrid process has
been utilized in industry. Moreover, the sulfinol process
developed by Shell Company in the 1960s [5] or the
Parsi-Sol process that was offered by the Oil Industry
Research Institute [6] are two important process in this
area. In the sulfinol process, the mixture of solvents
used was the mixture of DIPA, sulfolane and water
and was known as (Sulfinol-D) for the first time. Later,
DIPA was replaced by MDEA and it was named as
Sulfinol-M solvent, and then by adding piperazine as
an absorption accelerator, it was named Sulfinol-X.

In order to evaluate and predict the rate of amine
degradation and estimate the exact amount of amine
composition required to maintain the carbon dioxide
absorption capacity in the absorption cycle process and
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also to better understand the degradation mechanism
during the carbon dioxide absorption operation, it is
necessary to prepare a strategy to prevent or at least
reduce solvent degradation. It should be noted that
the rate of thermal degradation of the amine selected
for carbon dioxide absorption is very important in
the selection of the solvent, because more than one-
third of the life time of an industrial system is spent
at a temperature above 100 degrees Celsius, and if the
amine is resistant to thermal degradation, the stripping
tower can be operated at higher temperatures and
pressures to reduce attempts and costs. Furthermore,
excessive thermal degradation should be avoided to
minimize economic loss of amine and environmental
impact of degradation products. In this research, the
details of the experiment method will be described
first, then for the systems of 1) MEA in aqueous
medium and temperature of 145 °C, 2) MEA in a
hybrid medium (water-SFL) and a temperature of
145 °C, 3) MDEA in an aqueous medium and a
temperature of 145 °C, 4) MDEA in a hybrid medium
and a temperature of 145 °C, and 5) MDEA in an
aqueous environment and a temperature of 145 °C,
the pseudo-first-order rate constant of MEA and
MDEA degradation will be experimentally measured
and analyzed and investigated using the mechanisms
presented in scientific articles. Ultimatly, validation
of the experimental data obtained for the thermal
degradation of MEA in the aqueous environment,
where many experimental data have been reported, is



reviewed.

Materials and Methods

Methyldiethanolamine (MDEA) with CAS
Registration number [9-59-105] and purity of >99
wt.% was purchased from Sigma Aldrich Company.
Sulfolane with CAS Registry number [126-33-0] was
purchased from Sigma Aldrich Company with a purity
of > 99 wt% containing 0.2 wt% of water, carbon
dioxide with CAS Registry number [124-38-9] was
purchased from Roham Company with a purity of
99.5 mol%. Moreover, the total amount of impurities
in water measurements was less than 10 ppm (using
conductivity measurements). All solutions were
prepared by calibrated balance (Mettler model AE
200) with a standard deviation of £ 0.001 g.

Thermal Degradation Experimental Design

Most of the degradation reports in the literatures were
carried out by means of batch or semi-batch reactors
at laboratory scale. Batch reactors have been used in
many degradation studies, especially investigation
of thermal degradation. In batch reactors, stainless
steel or glass vessels are utilized depending on the
operating pressure. Unlike dynamic and semi-batch
reactors, batch ones allow a more precise control of the
experimental conditions (e.g., pressure), and are more
suitable if only one type of degradation is studied.
Generally, speaking, the experimental procedure was
the same for all the cited references. About 40-70%
of the vessel volume was loaded with the solution and
the reactor was sealed to ensure no gas leakage. Then,
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the solution was stirred between 200 and 500 rpm and
heated at the desired temperature.

In the present study, the MEA and MDEA degradation
apparatus in a batch reactor (Fig. 1) includes the
following parts: Needle valve vl and v2 that connect
the CO, and N, cylinders to the reactor. Furthermore, an
amount of N, was added to the system in the gas phase
to compensate for the pressure drop or the pressure
losses produced during the sampling process. As a
whole, adding some amount of N, made the sampling
process somehow easy. Moreover, needle valve v3 is
for vacuum of cylinder and system lines. The needle
valves v4 and v5 connect the cylinders to the gas
sample and the gas sample to the reactor, respectively.
Needle valves v7, v10 and v6 are used for draining
and washing the reactor as well as vacuuming. Needle
valve v9 is used to inject solvent into the reactor and
v8 for sampling. The electrical heating system, GMH
3750 temperature sensor, was located inside the
Thermo-well of the equilibrium cell and also a digital
magnetic stirrer hot plate utilized for agitation. The
reactor volume is 1800 cc and was loaded with 800 cc
of prepared solution and was stirred at 400 rpm with a
magnet bar. All the connecting pipes used in this study
were stainless steel 316 (SS-316) with a size of 1.8 and
1.4 inches. A sampling line with a size of 1.8 was used
to control the sampling rate and up to 2 cm from the
bottom of the reactor was covered.

After sampling the solution at different times, the
concentration of MEA, MDEA and some main
degradation species were detected at any moment by
GC [2.7].
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Fig. 1 The batch reactor schematic diagram for measuring the amine thermal degradation.
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The CP-3800 model of the VARIAN brand of gas
chromatography instrument was used, which has a
1041 split/ splitless inlet. The injector temperature is
set at 320 ° C. GC was combined with an appropriate
flame ionization detector (FID) to identify and quantify
the main degradation products and the alkanolamine
remaining, as well [8], in which its temperature is set
at 300 °C. The HP-1 column of the Agilent Technology
Company with a length of 60 meter and a diameter of
0.53 millimeter and a film thickness of 5 micrometer was
used. In this method, the temperature was programmed
as follows; first, the oven temperature was set at 90 °C
and kept for three minutes at this temperature; then, at
a rate of 60 °/min, the temperature went up to 150 °C
and remained at this temperature for 5 minutes. This
temperature program performed the good separation of
the mentioned species in the column and then, to remove
all impurities, the oven temperature was set at 230 °C at
a rate of 60 °/min and remained at that temperature for
20 minutes to ensure that all contaminants are removed
from the column. An external standard method was
used for calibration and the standard samples were
synthesized in the laboratory.

Results and Discussion

In order to validate the data obtained in this work and
compare it with the works that have been done so far, a
loaded solution of 20 wt.% of monoethanolamine was
used and its thermal degradation rate was carried out
for 21 days at a temperature of 145°C. According to
the data of Fig. 2, the constant value of pseudo-first-
order rate was found to be 6.22E-08. By considering
that under the temperature conditions of 145 °C, the
rate of degradation of MEA is not reported, we use the
correlation provided by Lennard et al. [9].
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In Equation 1, R is the general gas constant, T is
the Kelvin temperature, and the carbon dioxide
concentration is in molar terms. If approximately the
amount of carbon dioxide gas loading at 145 degrees
Celsius in 20% MEA solution is 0.03, the obtained
value of pseudo-first-order rate constant in this study
is in full agreement with the equation presented by
Lepamir. The degradation reaction of MEA was
repeated and the value of pseudo-first-order rate
constant was (6.28+0.1) <107,
According to the exponential behavior of MDEA and
MEA concentration changes with time, it can be said
that its degradation follows a pseudo-first-order rate.
_d(Amine) _ k, -(Amine) (2)
Instead of the amine concentration, a fraction of the
concentration of amine in the solution can be used.
(Amine) p
n(Amine)0 - 3)
According to Equation 3, the fraction of the
concentration of amine obtained from GC analyses at

different times was fitted through a linear correlation
with zero intercept constraint, and thereby the pseudo-
first-order kinetic constant, k1, can be calculated
using data regression for each experiment. The
logarithmic curve of changes in the relative concentration
of amines (MEA and MDEA) has been measured by a gas
chromatography device, and for the case of MDEA they are
displayed in Fig.s 2 and 3. The results of the degradation of
MEA show that 5% and 22% are degraded in the aqueous
medium during 20 and 47 days, respectively, and 30% are
degraded in the hybrid medium during 20 days. which
shows that the presence of SFL has caused the intensity of
thermal degradation of MEA by six times at 145 degrees
Celsius. Fig. 2 shows that using the logarithmic curve, the
changes in the concentration of MDEA at temperatures of
145 and 160 degrees Celsius are 19.3 x 10-8, 2.12 x 107
per second, respectively. That is, the pseudo-first-order rate
constant of MDEA degradation at 160 °C is about 7 times
that at 145 °C, and the pseudo-first-order rate constant of
MEA at 145 °C is as much as twice the decomposition
of MDEA at the same temperature. Fig. 3 is related to
the logarithmic changes of MDEA concentration with
respect to time. As it can be obtained from the fitting of
the data using the linear correlation of the data, the pseudo-
first-order constant of MDEA degradation in the hybrid
medium and the temperature of 145 °C is equal to 8.09 x
10-8. According to the obtained results, the pseudo-first-
order rate constant of MDEA in the hybrid medium is
about 2.5 times that of the aqueous medium at 145 °C.
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in terms of time for tests 3 and 4 (Degradation of MDEA in
aqueous media and temperatures of 145 and 160 0C).
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in terms of time for test 5 (Degradation of MDEA in hybrid
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Mechanism of MDEA and MEA Degradation in
Aqueous and Hybrid Context

Lepaumier et al. [1] studied the mechanisms of
thermal degradation of amines with different structures
including 1) amines having one or two hydroxyl
groups, 2) diamines, 3) steric hindrance amines, and
4) amine with cyclic structure. They found that 1) the
presence of CO, is so necessary in thermal degradation
of amines. 2) Amine degradation in the presence
of CO, can obey four main mechanisms containing
oxazolidinone and imidazolidinones formation,
methylation and demethylation reaction, addition
reactions and ring closure reactions. Oxazolidinone
and imidazolidinones formation is great important
for ethanolamine and ethylenediamines. After
carbamate formation with reaction of CO, and primary
or secondary amine, carbamate ring closure gives
oxazolidinone from hydroxyl amine structures and
imidazolidinone from ethylenediamine structures.
Although  imidazolidinones are very stable,
oxazolidine can be imposed to form a dimer, trimmer
or even polymer and participate in addition reactions
[1,2]. Polderman et al. [10] have shown that the main
mechanism of degradation of primary and secondary
alkanolamines is carbamate polymerization. In 2011,
Lepaumier et al., [2] showed in the presence of carbon
dioxide at T=135 °C, ethanolamine degraded about
57.6% after five weeks, and 2-oxazolidinone (OZD),
N-(2-hydroxyethyl) imidazolidinone (HEIA)) and
N-(2-hydroxyethyl)  ethylenediamine = (HEEDA),
along with; N-(2-aminoethyl)-N'-(2-hydroxyethyl)
imidazolidinone (AEHEIA) were identified.
Methylation and demethylation reactions are
dominated by tertiary amines. After carbamate or
bicarbonate formation, a nucleophilic substitution is
performed in which the methyl group transfers from
ammonium salt to amine. The mechanisms of addition
reactions can include all nucleophilic substitutions,
leading to addition products. Finally, a cyclic ring
closure mechanism would be obtained when molecules
have both a leaving group and an amine function. In
this case, intramolecular nucleophilic substitution may
occur. This mechanism is important, because in the
case of diamine, it leads to the formation of piperazine.
It means degradation of piperazine may be taking a
route just the opposite of the ring closure mechanism.
In the case of hybrid solutions, considering that no
different degradation product was detected, it is
expected the presence of Solfolane in the solution does
not change the main degradation mechanism, but by
reducing the activation energy required to carry out the
reactions, it accelerates them.

According to the ionic Gibbs free energy expression,
the rate constant relationship in the solution compared
to the gas or ideal phase is obtained as follows:
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where Z is the charge of the particle, e is the electron
charge, ¢, is the vacuum permittivity constant and € is
the dielectric constant of the solvent, kB is the Stefan
Boltzmann constant, r is the radius of the particle and
r* is the radius of the formed complex.

In Eq. (4), k° is the rate constant in the gas phase and
k is the rate constant in the solution phase. The second
term is the effect of the liquid phase on the reactivity
of two ionic species, and considering that the radius
of the species in the transition state is larger than the
two primary species, it can be said that the effect of
the second term is positive, and in the liquid phase, the
temperature, the dielectric constant of the solution, and
the change in the radius of the transition state relative
to primary species can be effective on the rate constant.
It is known that its effect decreases with increasing
temperature. It is possible that the same values of the
rate constants at high temperatures in both aqueous
and hybrid media are for the same reason, i.e., the
reduction of the electrostatic Gibbs free energy effect.

Conclusions

In the present work, the rate of thermal degradation
of MEA as a benchmark alkanolamine and thermal
degradation of MDEA, which is used in the sweetening
industry of sour natural gas flow, was investigated
in water and hybrid media (water + Solfolane). The
previous works of researchers have shown that the
thermal degradation of MEA and MDEA is of the
first order, the pseudo-first order rate constant for a
solution of 20 wt.% of MEA at a temperature of 145
°C in an aqueous environment is (6.2840.1)x10%
and in the hybrid medium (2.26+0.3) x107 seconds
were obtained and for the degradation of 40 wt.%
MDEA solution in aqueous medium at 145 and 160
°C respectively 3.19 x 10-8 and 2.12 x 107, and
for the hybrid medium at 145 °C, it was 8.09 x 10*
seconds. Degradation of MDEA at a temperature of
160°C is faster and with more diverse products than at
a temperature of 145°C. As mentioned, the dominant
mechanism of MDEA degradation involves the transfer
of a methyl group (methylation or demethylation)
or the transfer of a hydroxyethyl group through an
intermolecular or intramolecular nucleophilic attack.
At 145°C, the main product of thermal degradation
is MDEA is methyl monoethanolamine and a small
amount of 1,4-bis (2-hydroxyethylpiperazine) and
a much smaller amount of triethanolamine amine
are produced and at a temperature of 160 °C, the
mentioned products are produced in a larger amount.
So that the amount of methyl monoethanolamine
and 1,4-bis (2-hydroxyethylpiperazine) produced at
160°C in eight weeks is as much as 3 and four times
its amount at 145 °C, respectively. In addition, in the
degradation of methyl diethanolamine at 160 °C, the
product piperazinyl ethylene amine is produced, which
may be explained through the mechanism presented
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with the methylation and demethylation reaction and
also addition reactions.
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